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Editorial

See corresponding articles on pages 46 and 53.

Two more pieces to the 1000-piece carbohydrate puzzle1,2

Joanne Slavin

The primary role of carbohydrate is to provide energy to
all cells in the body. The conclusions of the 2010 Dietary Guide-
lines Advisory Committee carbohydrate chapter are summarized
below (1):

● Healthy diets are high in carbohydrate. The Acceptable Mac-
ronutrient Distribution Range for carbohydrates is 45–65%.
A maximum intake of 25% of added sugars is suggested.

● Americans should choose fiber-rich foods such as whole grains,
vegetables, fruit, and cooked dry beans and peas as staples in
the diet. Dairy products are also a nutrient-dense source of
carbohydrates.

● Carbohydrates are the primary energy source for active people.
Sedentary people, including most Americans, should decrease
consumption of caloric carbohydrates to balance energy needs
and attain and maintain ideal weight.

The movement to a higher carbohydrate diet in the United States
is linked to publication of the Dietary Goals for the United States
(also known as the McGovern report) (2), which included the
following 3 recommendations:

1) Increase carbohydrate intake to account for 55–60% of
energy intake

2) Reduce fat consumption to 30% of energy intake
3) Reduce sugar consumption by 40%

In 1977, fat accounted for ~42% of total caloric intake, so the
Dietary Goals recommendation supported substituting fat with
carbohydrate. These recommendations were based on epidemi-
ologic findings that higher intakes of fats, especially saturated
fats, were linked to higher rates of ischemic heart disease (IHD).
Examples of low-fat, high-carbohydrate, and low-sugar diets are
not given in the document, and dietitians would wonder how you
were supposed to increase carbohydrates while reducing sugars
so drastically.

The Dietary Guidelines for Americans (3) were first published
in 1980 in response to the Dietary Goals and have been pub-
lished every 5 y since that time. The dietary advice has remained
remarkably unchanged, with higher carbohydrate diets recom-
mended over higher fat diets to reduce the risk of IHD.

Harper (4) published many articles that questioned the wisdom
of recommending high-carbohydrate diets for all. Breast milk
derives >50% of its calories from fat so that infants consume
high-fat diets. Children who consume low-fat diets experience
‘‘failure to thrive’’ (4). Overzealous parents who want to prevent heart

disease in their children assume that low-fat diets are appropriate
across the life cycle. Such well-intentioned dietary restrictions
may do more harm than good.

In this issue of the Journal, Rebello et al (5) report that total
carbohydrate intake is not linked to IHD mortality. They conducted
a prospective cohort study in a Chinese population. Dietary in-
formation was collected by a food-frequency instrument with in-
vestigator decisions—excluding the consumption of potatoes and
preserved vegetables from total vegetable consumption—adding
to the confusion of studies of fruit and vegetables and health outcomes
(6). Efforts to examine the effect of whole grains and desserts on
mortality were generally not successful, perhaps because of low
intakes of these items in their population. Dietary fiber intake
was found to be protective against IHD in this study.

In contrast, Kell et al (7) found that added sugars in the diet
were positively associated with diastolic blood pressure and tri-
glycerides in children. Strengths of this study are that it was in
a diverse group of children and dietary data were collected by
24-h recalls. Weaknesses include the design (cross-sectional) and
small sample size (n = 320). The authors conclude that increased
consumption of added sugars may be associated with adverse car-
diovascular health variables in children. According to the trial
registry (clinicaltrials.gov), this study was designed to determine
the role of genetic markers on insulin response, not whether in-
take of added sugars is linked to cardiovascular biomarkers.

To learn about nutrition we always have to look at the body of
evidence. It would be great if we had randomized controlled trials
(RCTs) for every nutrition question (8). But not all diet and health
outcome relations can be practically or ethically evaluated by
RCTs. Therefore, many dietary recommendations are supported
by evidence primarily from observational data, particularly from
prospective cohort studies. Although such evidence is of critical
importance, the limitations must be appreciated by nutrition
scientists and policy makers. Cross-sectional studies are low on
the hierarchy of evidence scale and are given less weight than RCTs
or prospective cohort studies.

Added sugars have become the nutrition villain du jour with
proposed guidelines to list added sugars on the Nutrition Facts
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panel and bans on chocolate milk in schools. As a card-carrying
dietitian in good standing, I certainly am not going to tell people
to eat more sugar. But we must be clear that added sugars pro-
vide 4 kcal/g just like any other digestible carbohydrate and are
no more likely to cause weight gain than any other calorie source
(1). The rationale to reduce intake of added sugars in the Dietary
Guidelines for Americans is to reduce calories and thereby in-
crease nutrient density. Added sugars are not the new trans fats.
They are not the ‘‘smoking gun.’’

People do not eat added sugars; they eat foods that provide
nutrients, and dietary guidance to drive out added sugars will
have unintended consequences of actually detracting from public
health. Banning chocolate milk in school cafeterias leads students
to take less milk overall, drink less (waste more) of the white milk
they do take, and no longer purchase school lunch (9). Milk
contains important nutrients of concern in the US population,
particularly calcium, potassium, and vitamin D. The 8 g of high-
quality protein provided in each serving of milk will only be de-
livered if the milk is consumed.

Nutritional nit-picking has been unsuccessful in improving
public health. Nutrient-based interventions are generally ineffec-
tive, as are bans on sugar-sweetened beverages (10). Dietary
pattern recommendations are more likely to show success in
improving cardiovascular health (11).

Although the 2 studies published in the current issue of the
Journal provide 2 more pieces to the carbohydrate puzzle, my
carbohydrate puzzle is starting to look more like foods, not grams
of added sugar. I see a wide range of popular carbohydrate foods:
French bread, Italian pasta, Chinese rice, Indian dal, Greek yogurt, Irish
potatoes, African plantains, Mexican corn tortillas, and even American
hamburger buns taking shape on the carbohydrate puzzle plate.

I would like to echo the words of the Food and Nutrition Board
in their publication Toward Healthful Diets (12): ‘‘The Board
expresses its concern over excessive hopes and fears in many
current attitudes toward food and nutrition. Sound nutrition is
not a panacea. Good food that provides appropriate proportions

of nutrients should not be regarded as a poison, a medicine, or
a talisman. It should be eaten and enjoyed.’’

The author had no conflicts of interest to report.
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The road between early growth and obesity: new twists and turns1–3

Laura Dearden and Susan E Ozanne

An association between low birth weight, indicative of re-
stricted fetal growth, and increased metabolic and cardiovascular
disease in later life was first noted in the seminal studies by
Barker et al (1) and Hales et al (2) >20 y ago. These observa-
tions led Hales et al and Barker et al to propose the ‘‘thrifty
phenotype’’ hypothesis, which suggests that poor fetal and post-
natal nutrition imposes adaptations for nutritional thrift in an
individual and that these adaptations predispose the individual
to metabolic disease on exposure to plentiful nutrition later in
life (3). The link between small-for-gestational-age (SGA) births
and increased risk of cardiovascular disease and type 2 diabetes
(T2D) is now well established, and the initial findings have been
replicated in many studies worldwide incorporating many dif-
ferent ethnic groups. It has also become increasingly apparent
that rapid postnatal ‘‘catch up’’ growth after SGA birth appears
to exaggerate the effect of suboptimal growth in utero on risk of
metabolic and cardiovascular diseases later in life (4). In addi-
tion, there is evidence that accelerated early postnatal growth,
independent of growth in utero, is associated with increased
cardiometabolic disease (5). The realization that such ‘‘program-
ming’’ effects were not limited to only the fetal period led to
what is now widely called the developmental origins of health
and disease hypothesis (6).

Although an association between SGA birth and increased risk
of cardiovascular disease and T2D is established, the link be-
tween fetal growth and adiposity is less clear. Early reports from
the 1970s–1990s suggested that children born SGA consistently
remain smaller and lighter than their appropriate-for-gestational-
age counterparts (4). However, some more recent studies have
reported a U-shaped curve between birth weight and adiposity
and suggest that increased adiposity may underlie the later de-
velopment of chronic metabolic diseases (7).

The disparity in findings from the aforementioned studies of
fetal growth and adiposity may arise from the confounding im-
pact of complex socioeconomic patterns of obesity in Western
societies as well as differences in patterns of early postnatal
growth. In this issue of the Journal, Kramer et al (8) present
observations in a cohort of children from the nontraditional
study setting of the Republic of Belarus. The study is unusual
in its use of a cohort from a former Soviet-bloc country that is
classed as middle income, where childhood obesity rates are
lower than those seen in Western countries and socioeconomic
patterning of obesity is different (9).

Kramer et al examined the effects of birth weight and growth
during early infancy on adiposity outcomes at age 11.5 y. The

authors report a dose-response relation between both birth weight
and fetal growth with later adiposity, with SGA children remaining
smaller and thinner and with reduced adiposity compared with their
appropriate-for-gestational-age counterparts. When the cohort is
grouped according to BMI at 11.5 y, SGA birth children contribute
the least, whereas large-for-gestational-age children contribute the
most, to the overweight and obese group, regardless of postnatal growth
rate. The association between fetal growth and adiposity is amplified
during childhood from 6.5 to 11.5 y, presumably due to persistent in-
fluences of the environment and genetics. This study also addresses the
timely issue of the relative importance of fetal growth compared with
growth during early infancy and finds the dose-response relation per-
sists even in the presence of either ‘‘catch up’’ growth of SGA children
or ‘‘catch down’’ growth of large-for-gestational-age children
over the first 3–6 mo of life. It is notable that all children in this
study were initially breastfed. This may be important because the
timing of the catch-up growth may be critical in terms of effects
on long-term obesity risk. There is some evidence that the most
critical period is the first few weeks postnatally (5, 10).

Although this study provides invaluable information on the
association between birth weight and later adiposity in a middle-
income country, a major limitation of the study acknowledged
by the authors is the exclusion of newborns with a birth weight
<2500 g from the original cohort. Birth weight <2500 g is the
classification officially used by the WHO to define SGA, and
therefore this study unfortunately does not include individuals
who would be considered by official guidelines to be severely
growth-restricted. Thus, whether an association between more
severe growth restriction and adiposity exists within the socio-
economic setting of a middle-income country remains unknown.

Whether the children within the Belarus cohort will develop
other cardiovascular and metabolic phenotypes related to birth
weight and infant growth as they age remains to be examined. How-
ever, any further phenotypes that develop will be independent of
adiposity, and these initial findings thus rule out adiposity as an un-
derlying cause of later metabolic disease in this cohort. The authors
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are currently analyzing the data from the children at age 16.5 y, and
it will be interesting to see whether the onset of puberty affects ad-
iposity outcomes, especially because there is some evidence that
early growth and nutrition can affect the timing of puberty.

The authors wisely urge caution when extrapolating their results
to other non-Western countries, particularly low-income countries
where maternal and childhood malnutrition may affect growth and
adiposity associations. However, it is clear from this study that so-
cioeconomic factors have a strong influence on outcomes related to
the perinatal environment, and this is something that must be con-
sidered when developing health guidelines based on proposed as-
sociations between fetal growth and adult disease risk.

LD and SEO cowrote the manuscript and both approved the final version.

Both authors declared that they have no conflicts of interest.
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The plausible health benefits of nuts: associations, causal conclusions,
and informed decisions1–4

Dwight W Lewis Jr, Edward Archer, and David B Allison

There is an old proverb that the gods send nuts to those who
have no teeth. If there are gods of nutrition, they must have won-
derful fun teasing us mortals with so many tantalizing signs of
plausible causal effects that are so difficult to unequivocally con-
firm or refute. They send us nuts but do not give us much in the
way of inferential teeth.

Still, it is appealing to think about nuts. Nuts have had a special
place in nutrition and cuisine for ages. The Book of Genesis,
according to the Darby Bible translation (1), states: ‘‘And their
father Israel said to them, If it is then so, do this: take of the best
fruits in the land in your vessels, and carry down the man a gift: a
little balsam and a little honey, tragacanth and ladanum, pistacia-
nuts and almonds.’’ Were these biblical events transpiring or
being written in today’s political climate of antifructose senti-
ment, we suspect the honey would be turned to ashes in the
men’s mouths by the avenging angel Aldolase. But whether in
biblical or present times, the nuts are seen as a great gift, and this
seems to have been so throughout most of history. Alabama’s
George Washington Carver is well known to have advocated
consumption of peanuts (although peanuts are not true nuts)
and their health benefits. A 1908 USDA farmer’s bulletin (2)
on ‘‘Nuts and Their Uses as Foods’’ advocated nuts as good
sources of protein for persons with diabetes and almond meal
as a replacement for flour in selected baked goods, because nuts
contain little carbohydrate. During World War II, nuts were
advocated as a good alternative to meat to obtain protein (3). Yet,
there was a period of exception. From approximately 1950 to the
mid-1990s, nuts were often seen as undesirable because of their
high fat content. A 1951 article in Circulation (3) describing the
health benefits of implementing a low-fat diet suggested the
following food groups to avoid: ‘‘(a) fried foods, (b) fatty cuts
of meat, (c) cream, whole milk and their products, (d) concen-
trated vegetable oils such as peanut butter, shortening, mayon-
naise, and similar substances, (e) avocados, nuts, olives, and soy
beans.’’ The article specifically stated ‘‘No chocolate or nuts.’’
Ironically, although debate remains, many nutrition experts to-
day believe with equal conviction that these are some of the best
foods for us to eat. Then, in the heyday of anti–dietary fat
sentiment, the worm started to turn for nuts. In the same year
that the Planters (Nabisco) company was coming out with a new
low-fat line of nuts (5), Jenkins (6) published an article advo-
cating a healthy diet in which nuts played a vital role. A few
articles had been published showing apparent health benefits in

previous years, but in the late 1990s the flood gates seemed to
open and a wave of short-term studies showed benefits of nuts on
biomarkers and another wave of observational epidemiologic
studies showed associations between greater nut consumption
and reduced risk of some diseases.

Now, 3 new integrative summaries give us a chance to pause
and take stock. What do we really know about the health effects
of nuts and what do we still need to learn?

RESULTS OF THESE STUDIES

The 3 reviews (7–9) in this issue of the Journal examined the
association between nut consumption and long-term risk for
health outcomes such as type 2 diabetes (T2D)5, coronary artery
disease (CAD), and stroke. Collectively, these investigations
included 65 reports from multiple observational studies and 2
reports from a randomized study. Across the 3 reviews, 2 clear
themes emerge. First, findings do not support an association be-
tween nut consumption and stroke incidence or mortality. Second,
there is evidence of a modest but consistent inverse relation be-
tween nut intake and CAD. Also, Luo et al’s (8) and Zhou et al’s
(9) findings suggest that there is not an association between nut
consumption and T2D, whereas the results of Afshin et al (7)
suggest a modest but significant reduction in T2D risk.

WHAT THESE STUDIES CONTRIBUTE TO THE
SCIENCE OF DIET-HEALTH RELATIONS

Although many dietary components are purported to play a role
in the decrement in disease risk, fruit and nut consumption has
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received increasing attention over the past decade (10, 11). Yet,
current epidemiologic evidence on the relation between nut in-
take and risk of some health outcomes is inconsistent. As such,
by the examination of an extremely large meta-sample of par-
ticipants, these reviews appear to provide convincing evidence
for a lack of an association between nut consumption and stroke.
Given the myriad claims for the nutritive properties of nuts (10–
12), providing a definitive conclusion on previous speculations
with regard to stroke is a productive step forward. Despite the
large sample sizes, collectively these studies provide more
equivocal results for the relation with T2D. Given the breadth
of the research studies analyzed in these reviews, there is no
clear evidence for a relation. With respect to cardiovascular
disease in general and specifically CAD, the modest but consis-
tent inverse association suggests that nut consumption may play
a part in the varied dietary patterns that are recommended to
confer heart-health benefits (10, 13), but more randomized con-
trolled feeding studies are warranted to examine if a causal re-
lation does in fact exist.

STRENGTHS AND LIMITATIONS

The authors of the systematic reviews performed an investiga-
tion that warrants discussion of the studies’ strengths and limita-
tions. A major strength of the 3 independent reviews was the high
overlap in studies selected in analyses, suggesting that many of
the studies included in the reviews arguably represent the ‘‘best
available’’ prospective studies on nut consumption and risk for
cardiovascular disease and T2D.

But how good is this ‘‘best’’ research? Since 2003, have studies
consistently applied scientific methods conducive to determining
whether there is sufficient evidence that consuming a minimum
amount of nuts per day (or week) reduces the long-term risk of
heart disease or any other health condition (14)? Because of
the low application of randomization and overreliance on food-
frequency questionnaires (FFQs) in studies investigating long-
term health outcomes of interest in the reviews, we contend that
the answer is ‘‘no.’’ If one applies Hill’s (15) 9-point criteria of
establishing causality, it would be arguably naive to assume that
there is not a potential causative link between nut consumption and
at least CAD. Unfortunately, because the etiology of most chronic
diseases in the reviews is multifactorial, randomized controlled
feeding studies will better determine whether nuts provide a sig-
nificant long-term health benefit or whether associations exist
because people who live a healthier lifestyle are more likely to eat
nuts (8). Hence, conducting a well-designed randomized con-
trolled trial (RCT) will better reduce confounding and is an
essential step to providing more definitive results. The frequent
application of FFQs appears to be another limitation that should
be highlighted. This is especially important to stress given FFQs
purported low predictive validity with true food consumption (eg,
type of nut, grams consumed, how consumed nut was processed)
serving as a possible explanation for mixed results in the meta-
analyses (14). Even when semiquantitative FFQs are validated
with dietary interviews, it is still questionable to generalize dietary
findings when recall bias remains a significant limitation (17).

With respect to the 2 trials, the RCTs examining the relation
of interest included data from the first 3 y of the Prevención
con Dieta Mediterránea (PREDIMED) Study where there was
a problematic discrepancy in the intensity of intervention be-

tween treatment and control conditions (18). For the first 3 y
of the PREDIMED study, participants in the intervention group
received intensive dietary training and advice, whereas the con-
trol group received leaflets once a year. As the authors noted,
‘‘the realization that the more infrequent visit schedule and less
intense support for the control group might be limitations of the
trial prompted us to amend the protocol in October 2006.’’ By
altering the protocol during the study period, the internal validity
of the study was significantly compromised. Hence, whether cur-
rent findings from the RCTs would remain if the control condition
received more than a pamphlet during the first 3 y of the study is
debatable. In addition, there were significant baseline differences
between the intervention and control groups on variables directly
related to the outcome [ie, waist circumference and physical ac-
tivity (PA)], further compromising the validity of the conclusions.
Nevertheless, the PREDIMED study in Spain appears to be taking
a step in the right direction by randomizing food consumption and
validating self-reported food intake with key biomarkers (18).
Given these considerations, we agree with the systematic reviews’
conclusion that more RCTs are needed before we make any de-
finitive conclusions with regard to nut intake.

CONCLUSIONS AND INFORMED DECISIONS

With regard to associations, it seems we can now conclude with
reasonable confidence that nut consumption is associated with re-
duced risk of CAD. We can now also conclude with reasonable con-
fidence that nut consumption is either not associated with reduced
risk of stroke or all-cause mortality or the associations may be so
small as to be of minimal importance. These findings suggest that
with respect to nut consumption and CAD, stroke, and mortality,
additional research testing associations would be gratuitous and
not a valuable use of research resources. Finally, we cannot con-
clude with confidence whether nut consumption is associated with
diabetes. This suggests that additional association studies with re-
spect to diabetes may be in order, although given the large sample
sizes already brought to bear, one must wonder whether additional
studies will have much probative value (19).

With regard to causation, conclusions would be premature.
This relates to both conclusions of causation for prevention of
CAD and to conclusions of lack of causation for prevention of
stroke or delay of death. There are too few RCTs to support con-
clusions of causation or lack thereof. The RCTs that do exist are
limited in the conclusions they can support because, as discussed
above, many fail to accurately control for confounding variables.
It has been shown that, as with dietary self-reports, PA question-
naires suffer from severe systematic biases (20). As such, PA
cannot be accurately measured via surveys and therefore cannot
be controlled for in multivariate analyses. Clearly, if we want to
be able to draw confident conclusions, more RCTs with better
controls, objective measurement of PA, and of the longest du-
ration possible are in order. That said, one would have to ask
whether the value of the information to be gained exceeds the
cost of obtaining it (21).

With regard to actions, given the extant data, it seems at least as
plausible as not that nuts confer overall health benefits. There-
fore, for those who can afford and are not allergic to nuts, reg-
ularly consuming them in reasonable quantities seems a wise
decision. And, although the prudence of this decision should
not be conflated with the reasonableness of a conclusion about
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causal effects, for those who also enjoy eating nuts this may be all
that is needed.
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Narrative Review

Measuring exposure to the polyphenol metabolome in observational
epidemiologic studies: current tools and applications and their limits1–3

Raul Zamora-Ros, Marina Touillaud, Joseph A Rothwell, Isabelle Romieu, and Augustin Scalbert

ABSTRACT
Much experimental evidence supports a protective role of dietary
polyphenols against chronic diseases such as cardiovascular diseases,
diabetes, and cancer. However, results from observational epidemi-
ologic studies are still limited and are often inconsistent. This is
largely explained by the difficulties encountered in the estimation
of exposure to the polyphenol metabolome, which is composed of
~500 polyphenols distributed across a wide variety of foods and
characterized by diverse biological properties. Exposure to the poly-
phenol metabolome in epidemiologic studies can be assessed by the
use of detailed dietary questionnaires or the measurement of bio-
markers of polyphenol intake. The questionnaire approach has been
greatly facilitated by the use of new databases on polyphenol com-
position but is limited by bias as a result of self-reporting. The use
of polyphenol biomarkers holds much promise for objective estima-
tion of polyphenol exposure in future metabolome-wide association
studies. These approaches are reviewed and their advantages and
limitations discussed by using examples of epidemiologic studies on
polyphenols and cancer. The current improvement in these tech-
niques, along with greater emphasis on the intake of individual
polyphenols rather than polyphenols considered collectively, will
help unravel the role of these major food bioactive constituents in
disease prevention. Am J Clin Nutr 2014;100:11–26.

INTRODUCTION

Polyphenols are plant secondary metabolites that are present in
a diverse range of foods and beverages such as tea, coffee, wine,
fruit, vegetables, whole-grain cereals, and cocoa. Their antiox-
idant properties have raised considerable interest and a large
number of clinical, preclinical, and epidemiologic studies have
suggested a possible role in the prevention of chronic diseases
such as cardiovascular diseases, diabetes, cancers, osteoporosis,
and neurodegenerative diseases (1–3). The strongest evidence of
health-protective effects is for cardiovascular diseases (4–7). In
contrast, epidemiologic evidence that polyphenol intake protects
against cancer is still limited and inconsistent (8–11), although
many experimental studies in animal and cell culture models and
a few human interventions have shown that polyphenols may
exert anticarcinogenic effects (12, 13). More epidemiologic
studies are required to further explore associations between
polyphenol intake and the risk of cancers and other diseases.

Large-scale observational epidemiologic studies investigating the
relation between polyphenol intake and health rely on the accurate
estimation of intake by participants, but measurement of intake is
challenging because of the large number of compounds present in
foods, their distribution across a wide range of foods, and the many
factors that may affect their contents in foods such as plant variety,
season of harvest, or food processing and cooking (14). The most
common dietary assessment methods use food-frequency ques-
tionnaires (FFQs)4, 24-h dietary recalls (24-HDRs), and food diaries
(15). These methods rely on both the participants’ ability to report
their own food intake and the availability of reliable data on the
polyphenol contents of foods, which often results in biases and
measurement errors. More refined techniques for dietary assessment
of polyphenol intake are therefore required. The use of innovative
technologies and methodologies for the dietary assessment of
polyphenol intake such as the collection of multiple 24-HDRs and
food records and interactive computer- and camera-based technol-
ogies may facilitate this process (16, 17). Alternatively, biomarkers
that reflect the intake of individual or groups of polyphenols may be
measured. Recent developments in analytic techniques and in me-
tabolomics should allow the measurement of large sets of polyphenols
in blood or urine as indicators of exposure to the polyphenol metab-
olome, which is defined as the whole set of polyphenols or poly-
phenol metabolites present in foods or in human biospecimens (18).

1 From the Section of Nutrition and Metabolism, International Agency for

Research on Cancer, Lyon, France (RZ-R, JAR, IR, and AS); the Unit of

Nutrition, Environment, and Cancer, Catalan Institute of Oncology, Bellvitge

Biomedical Research Institute (IDIBELL), Barcelona, Spain (RZ-R); and the

Cancer and Environment Unit, Centre Léon Bérard, Lyon, France (MT).
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The aim of this article is to review and critically evaluate the
techniques available for measuring exposure to the polyphenol
metabolome. The advantages and limits of methods based on dietary
assessment and biomarkers are successively discussed. Results of
observational epidemiologic studies on polyphenols and cancer
obtained by either of the 2 approaches are compared. With >500
polyphenols known in foods, the data described in this article also
suggest some promising approaches for characterizing the complex
relations between exposure to highly diverse families of bioactive
constituents in foods and the associated disease risk.

THE POLYPHENOL METABOLOME

Dietary polyphenols form a large family of >500 different mole-
cules with highly diverse structures and are divided into 4 main
classes: flavonoids, phenolic acids, lignans, and stilbenes (14). Fla-
vonoids are themselves distributed into several subclasses: antho-
cyanidins, flavonols, flavanones, flavones, flavanols or flavan-3-ols
(including monomers, proanthocyanidin oligomers and polymers
and the oxidized theaflavins and thearubigins), isoflavones, chal-
cones, dihydrochalcones, and dihydroflavonols. To add to this di-
versity, polyphenols in foods are not usually found in the free
(aglycone) form but are usually bound to sugars, in the case of
flavonoids, or esterified to polyols, in the case of phenolic acids (19).

Food sources

Polyphenols can be found in all plants and foods of plant origin
(19). Some, such as quercetin and (+)-catechin, occur in a wide range
of foods, whereas others are characteristic of single foods, such as
theaflavins in tea or phloretin in apples. Major differences in
polyphenol profile can be found between members of the same
botanical family. For example, both garlic and onions belong to
Alliaceae, but only onions are a major dietary source of quercetin
(14). Polyphenol profiles in individual foods also vary as a result of
variety, geographical area, state of maturity at harvest, and food
processing and cooking. A range of samples must therefore be
analyzed to obtain representative polyphenol content values. Poly-
phenols present in one variety of a plant food may also be absent
from another because of variation of the expression of some bio-
synthetic enzymes. For example, red onions contain anthocyanins
that give them their typical color, whereas white onions do not (14).

Some dietary sources are particularly rich in polyphenols, such
as spices, cocoa powder, berries, and nuts, whose polyphenol
contents range from 200 to 15,000 mg/100 g (20). Other foods
such as tea, red wine, coffee, some fruit and vegetables, legumes,
and cereals, although less rich in polyphenols, are more widely
consumed and still constitute major sources (20–22).

Bioavailability

Polyphenols are usually absorbed in the small intestine or in
the colon. They are almost totally metabolized in the gut mucosa
and the liver and conjugated to glucuronide, sulfate, and/or
methyl groups. Polyphenols that reach the colon are extensively
transformed by the microbiota; and their main products, phenolic
acids, are themselves absorbed and found in the systemic cir-
culation. Finally, these metabolites are largely excreted in urine
and the bile, usually within 24–48 h (19, 23).

The chemical structures of polyphenols greatly influence gut
absorption and metabolic fate in the body. The recovery in urine

of intact polyphenols can be as low as <0.01% for anthocyanins
or as high as 43% for some isoflavones (23). Glycosylation of
flavonoids and esterification of phenolic acids are key factors
affecting their absorption from the gut. The type of glycosyla-
tion also influences bioavailability. Glucosides of quercetin, as
found in onions, are efficiently absorbed in the small intestine,
whereas rhamnoglucosides of quercetin are poorly absorbed
until they reach the colon where they are deglycosylated by the
microbiota and finally absorbed as quercetin aglycone (23–25).
Esterification also limits the bioavailability of phenolic acids
when compared with their free form (26, 27). These few ex-
amples show that it is essential to take into account the fine
chemical structures of polyphenols to understand their role in
the prevention of diseases through epidemiologic studies.

MEASURING POLYPHENOL INTAKE THROUGH
DIETARY ASSESSMENT

The most common method of estimating polyphenol intake in
epidemiologic studies is to use dietary questionnaires, such as
FFQs, 24-HDRs, and food diaries, to record all food consumption
over a prescribed time period. Food-composition tables built
from databases are then used to estimate intake per individual.
The estimation of intake is complex, because many foods con-
tribute to polyphenol intake; for example, 232 foods contributed
to the intake of 337 polyphenols in the French SU.VI.MAX
(Supplementation en Vitamines et Mineraux Antioxydants) co-
hort (21). It is therefore important to collect accurate data on the
intake of all polyphenol-containing foods together with accurate
content values for all polyphenols in these foods.

Databases on polyphenol content in foods and polyphenol
intake measurement

Food-composition tables for polyphenols are built with the use
of data from large polyphenol databases containing extensive food-
composition data extracted from the scientific literature (28, 29).
Analytic methods used to obtain these data vary, and the quality of
the analyses must be carefully evaluated before data are accept-
ed for inclusion in these databases and exploited to build food-
composition tables. HPLC is sensitive and specific and is the method
most commonly used to quantify individual polyphenols. A hydrolysis
step is sometimes necessary to convert glycosides to their aglycones to
simplify the analysis of complex extracts when standards for individual
glycosides are not available. Alternatively, total polyphenols may be
measured by using the Folin-Ciocalteu colorimetric assay, which
provides crude estimates of polyphenol contents in foods. However, the
assay is susceptible to interference by other nonphenolic constituents
that may be present such as ascorbic acid, sugars, and other reducing
agents (20) and different analytic methods should then be used. Where
possible, content data for individual polyphenols should be preferred
given their variable bioavailabilities and bioactivities.

The first database on polyphenol contents in foods was de-
veloped by the USDA in the early 2000s and has been period-
ically updated since. It provides data on the contents of 38 of the
most important flavonoids in foods, expressed as aglycones (28,
30, 31). In 2009, Phenol-Explorer, a comprehensive Web data-
base on the content in foods of all known polyphenols, was
released. It contains data on 502 polyphenols from all classes
(flavonoids, phenolic acids, lignans, and stilbenes) and thus
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differs from the USDA database by its more comprehensive
coverage of dietary polyphenols (29). The content in food of all
known aglycones and their glycosides or esters are described.
This detailed information on all individual polyphenol com-
pounds is important because glycosylation and esterification
strongly influence gut absorption and bioavailability of poly-
phenols (see previous subsections).

The USDA and Phenol-Explorer databases have recently been
exploited in France and Finland to provide the most comprehensive
data on polyphenol exposure. A mean total polyphenol intake of
~850 mg/d (polyphenols expressed as aglycone equivalents) was
reported in both studies (21, 22). Phenolic acids accounted for the
highest proportion of all dietary polyphenols (50–75% of total
intake) followed by flavonoids (25–50%). Intake of polyphenols
from other classes was very limited (<30 mg/d). Mean flavonoid
intake was also compared in different European countries and
ranged from 161 to 428 mg/d (expressed as aglycone equivalents)
(32). Intake was most influenced by the consumption of coffee
and tea, which were the most frequently consumed polyphenol-
containing foodstuffs. Polyphenol intake was also shown to be
associated with age, sex, socioeconomic status, and ethnicity, all
factors known to affect food choices (32, 33).

Limitations of polyphenol intake estimations

Despite advances in dietary data collection techniques that
have decreased the frequency of systematic and random mea-
surement errors (15, 34), dietary questionnaires are subject to bias
as a result of self-reporting. Participants may report perceived
acceptable rather than actual food intakes or just report foods
inaccurately. Data from FFQs only concern the foods most
commonly consumed by the target population and may not be
detailed enough to reliably estimate the intake of highly diverse
polyphenol-containing foods. More precise polyphenol intake
measurements are obtained when using 24-HDRs or food diaries,
but only short-term intake is measured unless repeated measurements
are carried out during the year to provide more long-term intake
estimates as required in epidemiologic studies (16, 17).

Databases on polyphenol content in foods also have their
limitations. Polyphenol content in a given food can vary widely
according to plant species, time of year, year of harvest, and
extent of processing. The exact nature of the foods and beverages
consumed and their mode of preparation are not always fully
documented in dietary records. Red and white wines differ
greatly in their polyphenol content but their intake is often not
distinguished in dietary records. Polyphenol concentrations in
coffee are also quite different between an espresso and a cup of
filtered coffee (35), and the brewing method used by individuals
is often not available. In addition, the reliability of a particular
polyphenol content value increases with the number of samples
analyzed to produce a representative mean content value (29).
Polyphenol content values may be missing for some foods, and
missing data cannot be easily extrapolated because polyphenol
profiles may vary considerably between similar foods. For ex-
ample, citrus fruit are the main sources of flavanones, but each
citrus fruit provides different profiles of flavanones. Oranges are
rich in hesperetin and naringenin, grapefruit in naringenin,
lemons in eriodictyol and hesperetin, and limes in hesperetin (28,
29). Furthermore, polyphenol contents change with processing,
such as after cooking, storing, jam-making, canning, and freezing.

For example, flavonoid losses of 30–75% have been reported after
different culinary treatments (36, 37). New information on poly-
phenol retention factors after cooking and processing has been
recently incorporated into the Phenol-Explorer database (38). This
will further improve the coverage and accuracy of polyphenol
food-composition data. Last, some polyphenols are commonly
used as additives in food formulation (39). They can serve as
natural or synthetic phenolic pigments (eg, elderberry and grape
skin extracts rich in anthocyanins) or preservatives (eg, rosemary
extracts rich in phenolic acids). Their contribution to polyphenol
intake is not known.

Another limitation of polyphenol intake measurements is the
lack of accurate data on the consumption of polyphenols from
dietary supplements. Many herbal or plant extract supplements
that are rich in polyphenols have been marketed worldwide for
>20 y. They may contain much greater quantities of polyphenols
than are possible to ingest naturally from foods. In general, di-
etary supplements have not been considered in polyphenol da-
tabases and food-composition tables, and few resources exist on
the identity and composition of polyphenol supplements given
the wide and unregulated product market (40–42). The estimation
of the polyphenol content of dietary supplements is also prob-
lematic. Dietary supplements are regulated as foods (eg, by the
European Food Safety Agency in Europe and the Food and Drug
Administration in the United States), and polyphenol contents are
often not indicated on the label. Polyphenol content in supple-
ments varies widely, as has been shown for soy isoflavone products
commonly consumed as alternatives to hormone replacement
therapy, and the dose indicated on the supplement label was often
found to be unreliable (43, 44). Overall, this lack of data may
result in the underestimation of intake for some specific phenolic
compounds or among particular populations such as those taking
polyphenol-rich supplements.

MEASURING POLYPHENOL EXPOSURE THROUGH
BIOMARKERS

Polyphenol biomarkers could replace or complement tradi-
tional dietary assessment as a means of reducing self-reporting
inaccuracies and improve the reliability of exposure measure-
ments (45). Biomarkers in the field of nutrition can be defined as
any compound measurable in biological specimens that is an
indicator of intake, exposure, or status of some food or nutrient
(46). Being independent of the errors associated with dietary
questionnaires, their use provides more objective estimates of
exposure that can be used to validate measurements of dietary
intake. Unfortunately, such a validation has rarely been per-
formed for polyphenols. This may raise doubts about the re-
liability of some epidemiologic data on polyphenols and diseases.
Biomarkers may be particularly useful when reliable food content
values are missing (eg, no difference is generally made in
questionnaires between different types of coffee varying widely
in their dilution) or when a polyphenol compound is distributed in
a large diversity of foods (eg, quercetin present in tea, onions, and
various other fruit and vegetables), making the evaluation of its
intake particularly difficult and prone to errors.

Most of the epidemiologic studies that have used polyphenol
biomarkers concern flavonols, isoflavones, and lignans, partic-
ularly for cancer studies as presented in Table 1. These 3 classes
of polyphenols account for only a minor fraction of all
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polyphenols regularly consumed (~50 mg of a total of 1193 mg
consumed per day in a French cohort) (21). The same poly-
phenol biomarkers have also been measured in cross-sectional
studies aiming to validate tools and methods for measurement of
polyphenol intake (Table 2). Notably, the applicability of
polyphenol biomarkers in epidemiologic studies relies on their
ability to reflect the dose ingested, reliability over time, and
availability of appropriate analytic methods for their estimation
in biospecimens.

Analytic techniques for biomarker measurement

Polyphenols are commonly measured in human biofluids after
enzymatic deconjugation with glucuronidases and sulfatase, and
the released aglycones are analyzed by chromatography with
mass, fluorescent, or electrochemical detection (95). Polyphenols
are found in low concentrations (from nmol to μmol/L ranges) in
both plasma and urine (23), and analytic methods must be sen-
sitive enough to allow reliable and reproducible quantitation. In
a European cohort study, plasma concentrations of the ubiquitous
enterolactone were below the limit of detection (LOD; 0.4 nmol/L)
in 31% of subjects (96). Similarly, in a Chinese study, plasma
concentrations of quercetin, kaempferol, isorhamnetin, apigenin,
and luteolin were below the LOD for 20%, 39%, 22%, 27%, and
35% of subjects, respectively (75). There is thus a need to im-
prove the sensitivity of analytic methods for polyphenols found
in low concentrations in plasma.

LODs depend on analytic techniques and on the nature of the
polyphenol biomarker. LODs commonly reported for isoflavones
and lignans in plasma or urine were 10, 0.4, and 0.3 nmol/L when
using HPLC coupled to diode array detection, gas chromatogra-
phy–mass spectrometry, and liquid chromatography–tandem mass
spectrometry techniques, respectively (84, 88, 96, 97, 98). LODs
were reported to be similar for other polyphenols: for example, 0.3
nmol/L for resveratrol in urine with the use of liquid chromatography–
tandem mass spectrometry (99) or 2.3 nmol/L for some flavo-
noids in plasma with the use of HPLC coupled to diode array
detection (75). Mass spectrometry techniques are evolving rap-
idly and should constitute the best option for the analysis of
a large number of polyphenol biomarkers in a single analytic run
with high sensitivity. Labeled internal standards should be used
to reduce technical variability (100–102). However, none of the
methods presented in Table 2, often based on mass spectrometry,
used such labeled standards because of the high cost to syn-
thesize them. There is a need to make these standards available
at lower prices for use in large epidemiologic studies.

Polyphenol metabolism and selection of polyphenol
biomarkers

Choosing an appropriate polyphenol biomarker requires a good
understanding of metabolism. In particular, it is essential to clearly
identify all possible precursors of each biomarker, particularly for
metabolites that may have several precursors. Our knowledge of
polyphenol metabolism has increased enormously over the past
20 y (19, 103). More than 350 polyphenol metabolites have been
described and compiled in the Phenol-Explorer database, and it is
now possible to quickly identify all known precursors of a par-
ticular metabolite or all metabolites formed from a parent poly-
phenol (104, 105). The parent compounds, as present in the dietT
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(generally measured in biofluids after enzymatic deconjugation of
their glucuronides and sulfate esters), are the most direct indicators
of exposure to the polyphenol ingested.

Polyphenol metabolites can also be measured in biofluids and
have sometimes been used as biomarkers of exposure (106, 107).
However, interindividual variability in their bioavailability may limit
their reliability as biomarkers. Genetic factors such as poly-
morphisms of the xenobiotic-metabolizing enzymes may contribute
to this interindividual variation (108). The gut microbiome also
differs between individuals, and this may also result in interindividual
variations in the concentrations of polyphenol microbial metabolites.
For example, the microbial metabolites equol, O-desmethylango-
lensin, dihydrodaidzein formed from daidzein, and dihydrogenistein
from genistein were less strongly correlated with polyphenol intake
than their parent compounds (109). Therefore, they will be poorer
indicators of exposure to their parent compounds.

Correlation of polyphenol biomarkers with polyphenol
intake

Some polyphenol biomarkers reflect very specifically the intake
of plant foods, such as resveratrol for intake of wine (89) and
alkylresorcinol metabolites for intake of whole-grain cereals (110).
A number of cross-sectional studies have shown that concentra-
tions of these biomarkers in plasma or urine often correlate well
with intakes of polyphenol-rich foods or of individual polyphenols
consumed the previous day (111). A linear response to the dose
ingested has generally been observed in a large number of small
acute-intervention studies, with high correlation coefficients (0.7–
0.9) (109). The strong correlations seen in intervention studies
when compared with observational studies are mainly explained
by a controlled or more accurate measurement of polyphenol
intake, the more homogeneous population, the collection of the
biospecimens straight after polyphenol intake, and the better
handling and shorter storage time of biospecimens.

Polyphenol biomarkers have been measured both in urine (spot
and 24-h) and plasma (fasting and nonfasting). Polyphenols are
absorbed and excreted relatively quickly after ingestion, reaching
maximum concentrations in plasma after as little as 0.5 h (fla-
vanols) and as long as 9 h (isoflavones, flavonols) depending on
the nature of the compounds and the food source (23). Their
elimination half-lives also vary from 1 h (flavanols) to 28 h
(flavonols) (23). These variations in concentrations in plasma
resulting from rapid absorption and elimination might be less
prominent in urine, because urine samples integrate polyphenol
elimination over a few hours. However, in a Japanese study, both
plasma and 24-h urine isoflavone concentrations correlated
similarly with intake (81), which may be explained by the rel-
atively long half-life of isoflavones and the frequency of con-
sumption of their food sources. Overall, no clear difference in the
correlations with intake can be observed between urine and
plasma for the different biomarkers (Table 2).

For isoflavones, the strongest correlations between intake and
biomarker concentrations (0.57–0.72) were observed in Korean
and Chinese populations in whom the consumption of soy
products, rich in isoflavones, is substantially higher (32–46 mg/d)
(112) than that of Western populations. In the Western pop-
ulations studied, the consumption of soy products is much less
frequent and the average consumption of isoflavones did not
usually exceed 2 mg/d (113). Correlations between intake and

biomarker concentrations were lower and varied between 0.24
and 0.54, with the exception of one study conducted in the
United Kingdom for which high (mean isoflavone intake: 49
mg/d) and low soy consumers were selected (78).

Plasma and urine concentrations of the 2 mammalian lignans,
enterolactone and enterodiol, which are formed in the gut by the
microbiota, did not reflect lignan intake (r = 0.10–0.20) (83, 88).
This is attributed to the limited understanding of their dietary
origin. In these studies, the intakes of 2 to 4 dietary lignans were
measured. These lignans are present in trace amounts in a range
of foods and their concentrations may be insufficient to explain
the high concentrations of mammalian lignans in biofluids; other
precursors, such as lignin polymers which are most abundant in
whole-grain cereal products, may actually be the main pre-
cursors of the mammalian lignans (114).

Biomarkers of flavonol and flavone consumption have been
measured in plasma. Correlation with intake varied from 0.30 to
0.52 (Table 2). Similarly, correlations between alkylresorcinol
concentrations in plasma and alkylresorcinol intake varied between
0.33 and 0.65 depending on the study and the nature of the
polyphenol within each class. The correlation coefficient between
resveratrol metabolites in spot urine and resveratrol intake was
particularly high (r = 0.89) (89). This finding could be attributable
to the limited dietary distribution of resveratrol, whose principal
contributor was wine (98%) in Spanish populations (115).

Last, total polyphenols measured with the Folin-Ciocalteu col-
orimetric assay in urine were poorly correlated with total poly-
phenol intake measured by the same assay (r = 0.18–0.26). These
low values are explained by the lack of specificity of the colori-
metric assay used for these measurements and the well-known
occurrence of interfering substances in both foods and urine, such
as ascorbic acid, sugars, thiols, and other reducing agents (92).

Biomarker reliability

Biomarker reliability over time is another key issue to consider
in epidemiology. In most prospective cohort studies, biospecimens
are collected at a single time point. It is therefore essential to check
that measurements made at this time point reflect usual exposure.
Reliable biomarkers should be subject to little intraindividual
variability relative to interindividual variability. Reliability is often
expressed as the intraclass correlation (ICC) coefficient, defined
as interindividual variance over total variance (intra- plus in-
terindividual variance). Ideally, this ICC value should be close to 1.
However, it rarely reaches this value because of host factors, such
as variations in intestinal transit time, microbiota, and expression
of metabolic enzymes and transporters that may influence poly-
phenol absorption and metabolism; interactions of polyphenols
with other dietary factors in the gut; or the irregular consumption of
the individual’s dietary sources.

ICC values are usually measured on repeated biospecimens
collected at different time intervals in a set of individuals. They have
rarely been estimated for polyphenol biomarkers (Table 3). Low
ICC values were observed for isoflavones (<0.1) in an American
cohort because of the low frequency of their consumption (118).
ICC values of ~0.6 were measured for other flavonoids, phenolic
acids, and lignans. Values were similar for biospecimens collected
4 d or 4 wk apart. In one study in which alkylresorcinols were
measured in fasting and nonfasting plasma samples, the ICC co-
efficient was found to be lower for nonfasting plasma (91). This is
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likely explained by the high intraindividual variability resulting
from the different time intervals that elapsed between consumption
of the sources of polyphenols during the meal and biospecimen
collection. Similarly, a relatively low ICC value was observed for
enterolactone when measured in nonfasting plasma samples (118).
ICC coefficients measured in these few studies suggest that plasma
or urine samples can equally be used to measure polyphenol bio-
markers in epidemiologic studies and fasting samples should also
be recommended when available.

Limitations of polyphenol biomarker measurements

The data discussed above show the potential benefits of using
biomarkers to improve the assessment of polyphenol exposures.

However, polyphenol biomarkers also have a number of limitations

that need to be addressed. The first is the lack of available methods

combining high sensitivity and coverage to quantify the many

polyphenols present in human biospecimens. Tagging polyphenols

with an isotope-labeled reagent and quantification of the labeled

polyphenols by mass spectrometry constitute a promising approach

to both increase the sensitivity of detection and to alleviate the need

for synthesizing costly labeled polyphenol standards (119, 120).
The rapid absorption and elimination of polyphenols may also

limit the use of polyphenol biomarkers in observational epide-

miology. Polyphenols differ from other nutritional biomarkers

such as carotenoids or lipids that are partly stored in fatty tissues

and which show for this reason more stable concentrations in

TABLE 3

Summary of reliability studies on biomarkers of polyphenol consumption1

Biomarker2 Biofluid

No. of

subjects Country

Period of

sample collection

No. of

samples

ICC

coefficient3 Ref

Flavanols

Gallocatechin Plasma (fasting) 7 Germany 4 wk 3 0.60 (116)

Quercetin Plasma (fasting) 7 Germany 4 wk 3 0.79 (116)

Quercetin Urine (24-h) 154 France 4 d 3–4 0.61 (117)

Kaempferol Plasma (fasting) 7 Germany 4 wk 3 0.78 (116)

Kaempferol Urine (24-h) 154 France 4 d 3–4 0.54 (117)

Isorhamnetin Plasma (fasting) 7 Germany 4 wk 3 0.68 (116)

Isorhamnetin Urine (24-h) 154 France 4 d 3–4 0.59 (117)

Flavones

Luteolin Plasma (fasting) 7 Germany 4 wk 3 0.67 (116)

Flavanones

Hesperetin Plasma (fasting) 7 Germany 4 wk 3 0.65 (116)

Hesperetin Urine (24-h) 154 France 4 d 3–4 0.57 (117)

Naringenin Urine (24-h) 154 France 4 d 3–4 0.58 (117)

Isoflavones

Daidzein Plasma (nonfasting) 40 USA 2–3 y 2 0.00 (118)

Daidzein Urine (24-h) 45 USA 2–3 y 2 0.00 (118)

Genistein Plasma (nonfasting) 40 USA 2–3 y 2 0.03 (118)

Genistein Urine (24-h) 45 USA 2–3 y 2 0.02 (118)

Equol Plasma (nonfasting) 40 USA 2–3 y 2 0.00 (118)

Equol Urine (24-h) 45 USA 2–3 y 2 0.09 (118)

Lignans

Enterolactone Plasma (nonfasting) 40 USA 2–3 y 2 0.44 (118)

Enterolactone Urine (24-h) 45 USA 2–3 y 2 0.52 (118)

Enterolactone Plasma (fasting) 7 Germany 4 wk 3 0.70 (116)

Enterolactone Urine (24-h) 154 France 4 d 3–4 0.65 (117)

Enterodiol Urine (24-h) 154 France 4 d 3–4 0.57 (117)

Alkylresorcinols

Total alkylresorcinols Plasma (fasting) 18 Sweden 3 d 3 0.60 (91)

Total alkylresorcinols Plasma (nonfasting) 18 Sweden 3 d 3 0.18 (91)

Phenolic acids

Caffeic acid Plasma (fasting) 7 Germany 4 wk 3 0.61 (116)

Caffeic acid Urine (24-h) 154 France 4 d 3–4 0.58 (117)

Chlorogenic acid Urine (24-h) 154 France 4 d 3–4 0.64 (117)

Ferulic acid Plasma (fasting) 7 Germany 4 wk 3 0.76 (116)

p-Coumaric acid Plasma (fasting) 7 Germany 4 wk 3 0.67 (116)

m-Coumaric acid Urine (24-h) 154 France 4 d 3–4 0.54 (117)

Gallic acid Urine (24-h) 154 France 4 d 3–4 0.59 (117)

4-O-Methylgallic acid Urine (24-h) 154 France 4 d 3–4 0.48 (117)

Ellagic acid Plasma (fasting) 7 Germany 4 wk 3 0.73 (116)

Dihydrochalcones

Phloretin Urine (24-h) 154 France 4 d 3–4 0.48 (117)

1 ICC, intraclass correlation; Ref, reference.
2 Biomarkers were measured after deconjugation of glucuronides and sulfate esters with glucuronidases and sulfatases, respectively.
3 ICC coefficients describe the reliability of biomarkers and are defined as the proportion of variance between and within individuals.
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blood (121). However, a number of polyphenol biomarkers show
ICC values that range between 0.50 and 0.79 (Table 3), which
were considered “good” to “excellent” in a previous study on 86
biomarkers measured in samples from the Nurses’ Health Study
and comparable to ICC values of other nutritional biomarkers
commonly measured in epidemiology (118). In agreement with
these relatively high ICC values, polyphenol biomarkers were not
only correlated with acute polyphenol intake but also with ha-
bitual polyphenol intake as estimated with FFQs (Table 2).
Nevertheless, the reliability of polyphenol biomarkers also de-
pends on the nature of the polyphenol and on the population in
whom it is applied. Isoflavone biomarkers can be used reliably in
Asian populations who regularly consume soy products, whereas
they are too unstable (ICC <0.1; Table 3) in Western populations.

The availability of biological samples is another factor to consider.
Polyphenol biomarkers have been measured in both plasma and
urine. Urine samples are collected less often in large cohort studies,
but they offer some advantages, notably higher polyphenol con-
centrations when compared with plasma and a more straightforward
sample processing before analysis. Unlike blood, urine must be
normalized to urine volume or creatinine to take into account var-
iations in dilution (122). The measurement of polyphenol bio-
markers also requires appropriate equipment, analytic skills,
and resources. Projects based on the use of polyphenol bio-
markers are necessarily resource-dependent, which limits the
number of samples that can be analyzed in a particular study.
For these reasons, the use of polyphenol biomarkers so far has
been limited to (nested) case-control studies with a number of
subjects not exceeding 2000 (Table 1).

Last, when correlating many polyphenol biomarkers with the
risk of chronic diseases, a set of statistical inferences are being
made simultaneously. This results in a problem well known by the
epidemiologists as multiple comparison testing. Several statistical
techniques have been developed to counter this problem. The
Bonferroni test is considered the simplest and most conservative
method to control the family-wise error rate. The false discovery
rate is also commonly used, because it is less stringent than family
error rate procedures. Despite these statistical techniques, it is
highly recommended to retest the hypotheses in another in-
dependent study and verify that the results are not a result of chance
(123). Another approach is to limit the redundancy of variables
corresponding to highly correlated polyphenols that cooccur in
a same food source. Principal components analysis can then be
used to reduce the number of polyphenol variables in the data set to
a smaller number of uncorrelated factors (124).

MEASUREMENT OF POLYPHENOL EXPOSURE IN OB-
SERVATIONAL EPIDEMIOLOGIC STUDIES ON CANCER

Polyphenol exposure has been assessed in numerous obser-
vational epidemiologic studies by using either food-composition
tables or biomarkers to evaluate the possible role of polyphenols
in the prevention of chronic diseases. Because of limitations in
the analytic instrumentation and databases used to estimate
polyphenol exposure, most research conducted so far has been
focused on a limited number of polyphenol variables. These
specific approaches largely failed to consider the polyphenol
family in all of its complexity. Cancer epidemiologic studies are
reviewed here to critically evaluate the utilization of these tools
and to make recommendations for future studies.

Polyphenol intake assessment in observational
epidemiologic studies on cancer

Most observational studies on polyphenols and cancer risk have
reported polyphenol intake based on polyphenol food-composition
tables and dietary questionnaires (Supplemental Table 1 under
“Supplemental data” in the online issue). Polyphenol food-com-
position tables were first developed for phytoestrogens (mostly
isoflavones and lignans) because of their putative effects on
hormone-dependent cancers. Meta-analyses could be conducted
only on dietary intake of isoflavones and lignans and the risk of
breast (125, 126) or prostate (127) cancer because of the lack of
sufficient data from individual epidemiologic studies on other
polyphenols and other cancer sites, except for flavonoid intake
and the risk of lung (10) and breast (128) cancer. These obser-
vational epidemiologic studies on phytoestrogens were extended
to other specific classes of flavonoids, particularly flavonols (129)
and flavanols (130), after additional food-composition data be-
came available, and later to all main classes of flavonoids (8, 9)
after the release of the first flavonoid database from the USDA.
Because of the relatively recent publication of Phenol-Explorer,
the most detailed database on polyphenol contents of foods, this
database was still little used to investigate the link between
polyphenol intake and risk of cancers (131–134).

In most observational epidemiologic studies published to date,
polyphenols were considered grouped into classes rather than as
individual compounds because of the large complexity of the
various classes of polyphenols. This reduces the number of var-
iables considered in association studies, but it also presents 2 major
drawbacks. First, differences in bioactivities of individual poly-
phenols within each particular class are masked. Second, it makes
it difficult to compare studies in which polyphenol classes rather
than individual polyphenols are considered, because no data on the
detailed composition of the classes are usually given. For example,
a very low intake of total anthocyanidins was measured in the Iowa
Women’s Health Study (0.1 mg/d) (135). This value is surpris-
ingly low in comparison to intakes observed in French, Finnish,
or Spanish cohorts (35, 47, and 19 mg/d, respectively) (21, 22,
136) and raises questions about the reliability of the polyphenol
intake measurements in this study and the plausibility of the in-
verse association found between anthocyanidin intake and car-
diovascular disease mortality. Therefore, for future epidemiologic
studies, the publication of polyphenol food-composition tables or
the study of individual polyphenols rather than total polyphenols
in different polyphenol classes is recommended to facilitate
comparisons of results obtained in different study populations.

Polyphenol biomarkers in observational epidemiologic
studies on cancer

Cancer-risk associations have also been assessed in observa-
tional studies with the use of polyphenol biomarkers (Table 1),
although less frequently than those studies based on intake
measurements (Supplemental Table 1 under “Supplemental data”
in the online issue). Similar to dietary studies, most polyphenol
biomarker research has focused on phytoestrogens and their
possible protection against sex hormone–related cancers. Few
biomarker studies have been carried out on other classes of
polyphenols, such as flavanols and flavanones.

The biomarker-based approach presents the advantage of taking
into account interindividual variations in bioavailability and
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interactions with other dietary compounds (45). However, the
limited number of biomarker-based observational studies con-
ducted so far limits comparison with studies based on intake
measurements. Both types of studies suggest protective effects of
isoflavones against breast cancer in Asian populations. In contrast,
among men, no associations between isoflavones and the risk of
prostate cancer could be observed in studies that used biomarkers
(60, 64), whereas a meta-analysis on isoflavone intake and prostate
cancer in Asian populations showed a reduced risk of cancer in
individuals with a high dietary intake of soy isoflavones (127). The
limited number of biomarker-based studies in diverse populations
with very different lifestyles or an insufficient reliability of iso-
flavone biomarkers over time may explain these discrepancies
between results obtained by the 2 different approaches.

Similarly, lignan exposure has been inconsistently associated
with postmenopausal breast cancer risk, both in studies based on
lignan intake assessment (125, 132) and in studies based on
lignan biomarkers (125, 137). The limited knowledge of the
dietary precursors of mammalian lignans (114) makes the
comparison between both types of studies difficult and suggests
that current food-composition tables for the few lignans often
present in trace amounts in foods are insufficient to assess ex-
posure to mammalian lignans. Further study of lignins and other
potential precursors of mammalian lignans is warranted.

These 2 examples, isoflavones and lignans, show the incon-
sistencies of observational studies that are based on either bio-
markers or intake measurements and the possible bias and
systematic errors in the estimation of polyphenol exposures. It will
be essential for future work on polyphenol epidemiology to val-
idate polyphenol intake measurements with biomarkers and
to better assess the reliability of polyphenol biomarkers. Most
biomarker-based studies used a single measurement of polyphenol
exposure, and repeated measures might be needed to increase the
reliability of long-term exposure measurements.

The use of a larger variety of biomarkers will also be essential in
future epidemiologic research. More than 300 polyphenol me-
tabolites have been described in various clinical and experimental
studies (103), of which any one could represent a potential
polyphenol biomarker to be used in some metabolome-wide as-
sociation studies. The recent and rapid development of metab-
olomics brings new opportunities to discover novel polyphenol
biomarkers and to develop studies on the polyphenol metabolome
in which a large number of polyphenol biomarkers could be si-
multaneously measured (18, 138–140). Such studies would offer
great promise in identifying the phenolic compounds most sig-
nificant for health. They will also be needed to further validate
polyphenol food-composition tables and polyphenol intake mea-
surements in dietary intervention and observational studies.

CONCLUSIONS

Most studies investigating the links between polyphenol ex-
posure and risk of chronic diseases have relied on the estimation
of polyphenol intake from dietary questionnaires. The USDA
flavonoid databases, and more recently the Phenol-Explorer
database, have provided new opportunities to establish links
between diseases and intakes of various polyphenols. A limita-
tion of the studies published so far is that they most often
measured consumption of total polyphenols or total polyphenols
in each class, instead of individual polyphenols, masking their

large diversity in terms of structure, physicochemical properties,
and biological effects. More studies on individual polyphenols
should be conducted in the future. The polyphenol databases now
available should allow us to estimate the wide variety of com-
pounds consumed within the diet and help in identifying the
components of the polyphenol metabolome that play a major role
in the maintenance of health.

Biomarkers are a promising alternative to traditional dietary
assessment methods and may reduce biases associated with self-
reporting. They may also better reflect exposure of target tissues
to polyphenols than intake measurements, which do not take into
account interindividual variations in bioavailability. Their ap-
plication to polyphenol epidemiology has so far been essentially
limited to phytoestrogens. The main barrier to the successful use
of biomarkers as dietary assessors is the lack of comprehensive
and validated analytic methods for their measurement in pop-
ulation studies. These methods should be highly sensitive and
specific to be compatible with the low concentrations commonly
found in plasma and urine samples. The reliability of these
biomarkers over time should also be carefully assessed to ensure
that they reflect habitual exposure, particularly for polyphenols
and their food sources, which may not be regularly consumed.

There is greater interest than ever in improving and refining the
estimation of intake of and exposure to the many nutrients and
bioactive compounds regularly consumed within the diet. The
development of databases for other food bioactive components and
of analytic techniques for their measurement in human biospeci-
mens should greatly contribute to clarify their effects on health and
diseases. Progress recently made on the highly complex poly-
phenol family, and more particularly the development of com-
prehensive databases on polyphenol content in foods and their
metabolism, could be extended to other classes of food bioactive
constituents, such as terpenoids, alkaloids, glucosinolates, or fatty
acids, to develop a broad information system on dietary constit-
uents, their chemical structures, occurrence and concentrations in
foods, biological properties, and effects on health (29). This should
contribute to the development of metabolome-wide association
studies and to the further integration of nutrition and food science
into the “omics” era. This is a major challenge for nutritionists of
the 21st century, which, if properly addressed, may radically
change our understanding of the relations between diet and health.
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Schwartz SM, Lampe JW. Overnight urinary isoflavone excretion in
a population of women living in the United States, and its relationship
to isoflavone intake. Cancer Epidemiol Biomarkers Prev 2002;11:
253–60.

81. Yamamoto S, Sobue T, Sasaki S, Kobayashi M, Arai Y, Uehara M,
Adlercreutz H, Watanabe S, Takahashi T, Iitoi Y, et al. Validity and
reproducibility of a self-administered food-frequency questionnaire to
assess isoflavone intake in a Japanese population in comparison with
dietary records and blood and urine isoflavones. J Nutr 2001;131:
2741–7.

82. Huang MH, Harrison GG, Mohamed MM, Gornbein JA, Henning SM,
Go VL, Greendale GA. Assessing the accuracy of a food frequency
questionnaire for estimating usual intake of phytoestrogens. Nutr
Cancer 2000;37:145–54.

83. Horn-Ross PL, Barnes S, Lee VS, Collins CN, Reynolds P, Lee MM,
Stewart SL, Canchola AJ, Wilson L, Jones K. Reliability and validity
of an assessment of usual phytoestrogen consumption (United States).
Cancer Causes Control 2006;17:85–93.

84. Heald CL, Bolton-Smith C, Ritchie MR, Morton MS, Alexander FE.
Phyto-oestrogen intake in Scottish men: use of serum to validate
a self-administered food-frequency questionnaire in older men. Eur J
Clin Nutr 2006;60:129–35.

85. Frankenfeld CL, Patterson RE, Horner NK, Neuhouser ML, Skor HE,
Kalhorn TF, Howald WN, Lampe JW. Validation of a soy food-fre-
quency questionnaire and evaluation of correlates of plasma iso-
flavone concentrations in postmenopausal women. Am J Clin Nutr
2003;77:674–80.

86. Frankenfeld CL, Patterson RE, Kalhorn TF, Skor HE, Howald WN,
Lampe JW. Validation of a soy food frequency questionnaire with
plasma concentrations of isoflavones in US adults. J Am Diet Assoc
2002;102:1407–13.

87. Chen Z, Zheng W, Custer LJ, Dai Q, Shu XO, Jin F, Franke AA.
Usual dietary consumption of soy foods and its correlation with the
excretion rate of isoflavonoids in overnight urine samples among
Chinese women in Shanghai. Nutr Cancer 1999;33:82–7.

88. Milder IE, Kuijsten A, Arts IC, Feskens EJ, Kampman E, Hollman
PC, Van’t Veer P. Relation between plasma enterodiol and

24 ZAMORA-ROS ET AL



enterolactone and dietary intake of lignans in a Dutch endoscopy-
based population. J Nutr 2007;137:1266–71.

89. Zamora-Ros R, Urpi-Sarda M, Lamuela-Raventos RM, Estruch R,
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ABSTRACT
Background: Low–glycemic index (GI) diets have been proven to
have beneficial effects in such chronic conditions as type 2 diabetes,
ischemic heart disease, and some types of cancer, but the effect of low-
GI diets on weight loss, satiety, and inflammation is still controversial.
Objective: We assessed the efficacy of 2 moderate-carbohydrate diets
and a low-fat diet with different GIs on weight loss and the modulation
of satiety, inflammation, and other metabolic risk markers.
Design: The GLYNDIET study is a 6-mo randomized, parallel, con-
trolled clinical trial conducted in 122 overweight and obese adults.
Participants were randomly assigned to one of the following 3 iso-
caloric energy-restricted diets for 6 mo: 1) a moderate-carbohydrate
and high-GI diet (HGI), 2) a moderate-carbohydrate and low-GI diet
(LGI), and 3) a low-fat and high-GI diet (LF).
Results: At weeks 16 and 20 and the end of the intervention,
changes in body mass index (BMI; in kg/m2) differed significantly
between intervention groups. Reductions in BMI were greater in the
LGI group than in the LF group, whereas in the HGI group, re-
ductions in BMI did not differ significantly from those in the other 2
groups (LGI: －2.45 ± 0.27; HGI: －2.30 ± 0.27; LF: －1.43 ±
0.27; F = 4.616, P = 0.012; pairwise comparisons: LGI compared
with HGI, P = 1.000; LGI compared with LF, P = 0.016; HGI
compared with LF, P = 0.061). The decrease in fasting insulin,
homeostatic model assessment of insulin resistance, and homeostatic
model assessment of β cell function was also significantly greater in
the LGI group than in the LF group (P < 0.05). Despite this tendency
for a greater improvement with a low-GI diet, the 3 intervention
groups were not observed to have different effects on hunger, satiety,
lipid profiles, or other inflammatory and metabolic risk markers.
Conclusion: A low-GI and energy-restricted diet containing moderate
amounts of carbohydrates may be more effective than a high-GI and
low-fat diet at reducing body weight and controlling glucose and
insulin metabolism. This trial was registered at Current Controlled
Trials (www.controlled-trials.com) as ISRCTN54971867. Am J
Clin Nutr 2014;100:27–35.

INTRODUCTION

Despite all the efforts of the scientific community and public
health strategies, obesity is still one of the most important public
health concerns and has been related to such comorbidities as
hypertension, dyslipidemia, type 2 diabetes (T2D)4, cardiovas-

cular disease, and cancer (1). Current weight-management strate-
gies have proposed physical activity, changes in diet, and changes
in behavior as the keys to preventing and treating excess weight
and obesity. Traditionally, these strategies have included energy-
restricted diets with >50% of calories from carbohydrates, <30%
of calories from fat, and the rest of calories from protein, but
there is still no consensus on the role of the quality of the dietary
macronutrient composition in long-term weight loss. A recent
meta-analysis of randomized controlled trials that compared
low-carbohydrate non–energy-restricted diets with energy-
restricted low-fat (LF) diets showed that they were all equally
effective for weight loss. However, low-carbohydrate diets were
related to better improvements in the lipid profile (2). None-
theless, in a pooled analysis that was based on observational
studies, low-carbohydrate diets seemed to be associated with
increased risk of all-cause mortality (3).

In 1998, the Food and Agriculture Organization of the United
Nations suggested that the glycemic index (GI) of foods, which
was a concept introduced by Jenkins et al (4) in 1981 to measure
the quality of carbohydrates, could determine health status (5).
Since then, several studies have evaluated the importance of
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dietary GI in different chronic conditions (6–9). However, the
European Food Safety Authority has concluded that there is
insufficient scientific evidence to recommend low–glycemic
index (LGI) diets in the context of obesity treatment (10).

Physiologic mechanisms that relate high glycemic index (HGI)
and body weight gain could be based on the postprandial met-
abolic environment precipitated by hyperglycemia and hyper-
insulinemia, which accelerate glucose oxidation and stimulate fat
storage. Even so, some authors have suggested that this relation is
not of sufficient magnitude or duration to modify fuel oxidation
(11). Satiety modulation also appears to be a potential mechanism
that relates LGI and weight loss. Short-term satiety has been
shown to increase in the vast majority of studies, although results
have been inconsistent in long-term studies (12–14). Finally, few
randomized clinical trials have been designed to evaluate the
effect of GI or glycemic load (GL) on inflammation or related
inflammatory markers (15–19). Most of these studies have been
conducted in a reduced number of participants, have evaluated
few biochemical markers, were of short duration, and usually
did not control for other potential dietary confounders. For these
reason, the precise role that dietary GI plays in inflammation is
still controversial. We hypothesized that LGI diets exert a
greater beneficial effect on weight loss than do HGI or tradi-
tional LF diets. The GLYNDIET study was a 6-mo randomized,
controlled, dietary-intervention trial designed to assess the effi-
cacy of 2 moderate-carbohydrate diets and an LF diet with
different GIs on weight loss and the modulation of satiety,
inflammation, and other metabolic risk markers.

SUBJECTS AND METHODS

Study population

The GLYNDIET study was designed as a 6-mo randomized,
parallel, controlled, clinical trial with the aim of evaluating the
effect of dietary GI on weight loss, satiety, glucose and insulin
metabolism, lipid profile, inflammation, and other emergent
metabolic risk markers. Full details of the GLYNDIET study
protocol have been published elsewhere (20). Eligible partici-
pants were community-dwelling men and women aged between
30 and 60 y with BMI (in kg/m2) between 27 and 35 who were
recruited from 2010 to 2012. Participants were excluded if
they had one of the following criteria: 1) noncontrolled T2D
defined as glycated hemoglobin >8%; 2) systolic blood pres-
sure >159 mm Hg or diastolic blood pressure >99 mm Hg; 3)
plasma LDL cholesterol concentration >160 mg/dL; 4) plasma
triglyceride concentration >400 mg/dL; 5) suspicion of secondary
obesity; 6) presence of any inflammatory or chronic obstructive
pulmonary disease, infection, active neoplastic, endocrine, or he-
matologic disease at the time of the study; 7) blood leukocyte count
≥11 × 106 cells; 8) use of anti-inflammatory drugs, steroids,
hormones or antibiotics that could affect the variables analyzed
in the study; 9) changes in medication for lipid profile, diabetes,
or hypertension in the previous 3 mo; 10) active alcoholism or
drug dependence, excluding tobacco use; 11) a restrictive diet
3 mo before the study or weight loss >5 kg in the previous 3 mo;
12) any medical condition that advised against being included in
the study; and 13) problems understanding the study or antici-
pated difficulty in making dietary changes according to the
Prochaska and DiClemente model (21). Participants who ful-

filled inclusion criteria were randomly assigned to 3 different
dietary intervention groups of the same size. Random assign-
ment was done by using a computer-generated, random-number
sequence. Subjects were assigned to blocks of 3 participants
balanced for sex, age (<45 and ≥45 y), and antidiabetic med-
ication use (yes or no). The Institutional Review Board of the
Sant Joan University Hospital (Reus, Spain) approved the study
protocol on February 2009. All participants gave their written
informed consent to participate in the study. This trial was
registered at Current Controlled Trials (www.controlled-trials.
com) as ISRCTN54971867.

Diets

The LGI and HGI diets had similar energy contents and
macronutrient compositions but included foods with different
GIs. GI values of each food were extracted from the International
Glycemic Index, and GLs were determined by using glucose as
the reference scale (22). The LF diet fulfilled the criteria defined
by the American Heart Association (23). The total daily energy
expenditure for each participant was estimated by using WHO
(2001) equations and taking into account the estimated physical
activity. Diets were designed at 1500, 1700, 2000, and 2500 kcal/d,
and all participants were categorized as having one of the 4 cate-
gories of dietary energy content after subtracting 500 kcal/d of the
total estimated energy intake to achieve a desired weight loss.
Main characteristics of the diets used in the 3 intervention groups
are shown in Table 1.

Anthropometric and biochemical measurements

Individual examinations were scheduled at baseline, 15 d into
the intervention, and monthly until the end of the study. Labo-
ratory technicians and statisticians were blinded to group as-
signments. Body weight and height were measured by using
calibrated scales and a wall-mounted stadiometer with subjects
wearing light clothes and no shoes. BMI was calculated. Waist
circumference was measured twice midway between the lowest
rib and the iliac crest. Body composition was measured by using
a bioelectrical impedance analysis (TANITA TBF-300; Tanita),
and we encouraged participants to void their bladders before all
visits. Blood pressure was measured in the nondominant arm of
each participant by using a validated semiautomatic oscillometer
(Omron HEM-705CP; OMRON Corp) in duplicate with a 5-min
interval between each measurement. Means of these values were
recorded. Satiety was evaluated at baseline after a test meal by
using visual analog scales (VASs). Physical activity was evalu-
ated by using the validated Spanish version of the Minnesota
Leisure Time Physical Activity Questionnaire (24). Blood samples

TABLE 1

Characteristics of diets1

LGI diet

(n = 41)

HGI diet

(n = 40)

LF diet

(n = 40)

Energy from protein (% of kcal) 18 18 18

Energy from carbohydrates (% of kcal) 42 42 52

Energy from total fat (% of kcal) 40 40 30

Glycemic index 34 62 65

1 HGI, high glycemic index; LF, low fat; LGI, low glycemic index.
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were collected at baseline and end of the study. Plasma fasting
glucose, serum total cholesterol, HDL cholesterol, LDL cholesterol,
triglyceride, and nonesterified fatty acid concentrations were
determined by using standard enzymatic automated methods
(COBAS; Roche Diagnostics Ltd). In subjects whose triglyceride
concentrations were <400 mg/dL, LDL-cholesterol concentrations
were estimated by using Friedewald’s formula. Fasting insulin
(Merck Millipore), oxidized LDL (Mercodia), total osteocalcin
(DRGInstruments GmbH), and uncarboxylated osteocalcin (Ta-
kara Bio) were determined in plasma by using enzyme-linked
immunosorbent assay commercial kits. All other metabolic bio-
markers [ie, glucose-dependent insulinotropic polypeptide (gastric
inhibitory polypeptide), glucagon-like peptide-1 (GLP-1), peptide
YY, leptin, monocyte chemotactic protein-1, adiponectin, plas-
minogen activator inhibitor-1, soluble intercellular adhesion
molecule 1, and soluble vascular cell adhesion molecule 1) were
determined by using a MILLIPLEX MAP Plex Kit (Merck Mil-
lipore). Insulin resistance and secretion were estimated by using
HOMA-IR and homeostatic model assessment of β cell function
(HOMA-BCF) methods (25).

Dietary assessment

Dietary intake was estimated at baseline and first, third, and sixth
months of the intervention by using 3-d dietary records that in-
cluded 2 workdays and a weekend day. Energy and nutrient intake
were calculated by using Spanish food-composition tables (26).

VASs

At baseline, a fixed breakfast test, according to the nutritional
characteristics of the intervention-assigned diets, was served to
all subjects (see Supplemental Table 1 under “Supplemental
data” in the online issue). VASs were evaluated in a fasted state
(immediately before the breakfast) and every 30 min after for
a period of 2 h in a controlled environment. Appetite ratings
consisted of questions regarding hunger, satiety, fullness, and
desire to eat. Participants were instructed to consider the ex-
tremes of each rating as the most-intense sensation they could
imagine. Questions included “How hungry do you feel now?”
“How satiated do you feel now?” “How full do you feel now?”
and “How strong is your desire to eat now?” and were accom-
panied by horizontal lines anchored at each end by the words
“Not at all” and “Extremely.”

Statistical analysis

Descriptive data of participants at baseline and differences
between final and baseline visits for continuous measures are
shown as means (±SEMs) or medians and IQRs. Descriptive
data for categorical variables are shown as numbers and per-
centages. The normal distribution of variables was tested by
using the Kolmogorov-Smirnov test. An ANOVA and ANCOVA
were used to assess differences intervention groups both in an-
thropometric and biochemical variables, respectively, in those
variables with a normal distribution. Changes in biochemical
variables were adjusted for their baseline values. The Bonferroni
post-hoc test was used for multiple comparisons. Variables without
a normal distribution were analyzed by using the Kruskal-Wallis
test for comparisons between intervention groups and the Mann-
Whitney test for pairwise comparisons by applying Bonferroni

correction. These variables were adjusted by baseline values of
each variable by using the residual method (27). All statistical
analyses were conducted by both intention-to-treat (ITT) and per
protocol (PP) approaches. The ITT analysis included all randomly
assigned participants. The last observation carried forward was
used for handling missing data. The PP analysis excluded par-
ticipants who did not attend the last visit (see Supplemental
Tables 2 and 3 under “Supplemental data” in the online issue for
results). A power analysis for ANOVA showed that a sample
size of 33 participants was required for each group to detect
a mean weight-loss difference similar to that published by other
authors (28, 29), with an α error of 0.05, and a power of 0.90.
All analyses were done with SPSS 19.0 software (SPSS Inc),
and significance was defined as P < 0.05.

RESULTS

Study participants

The study flowchart is shown in Figure 1. A total of 543
participants were screened by telephone to identify 215 eligible
participants. Of these individuals, 122 subjects met all inclusion
criteria and were randomly assigned to one of the 3 intervention
groups. During the intervention, 17 of 122 randomly assigned
participants (14%) dropped out of the study. The dropout rate
was lower in both LGI- and HGI-diet groups than in the LF-diet
group (9.8% compared with 22.5%). One participant was finally
excluded from the analysis because she decided to withdraw her
informed consent, and she was not included in any of the
analyses. Baseline characteristics of participants are shown in
Table 2. At baseline, no significant differences were observed
between intervention groups in sex, age, anthropometric mea-
surements, blood pressure, or prevalence of comorbidities.

Diets

See Supplemental Table 4 under “Supplemental data” in the
online issue for baseline and 6-mo changes in dietary variables.
At baseline, study intervention diets were similar between
groups, with the exception of percentage of energy coming from
protein intake (mean ± SEM: 17.0% ± 0.4%, 18.8% ± 0.5%, and
18.4% ± 0.5% for LGI-, HGI-, and LF-diet groups, respectively;
P = 0.023). After 6 mo, subjects in the LF-diet group showed
significantly higher intake of carbohydrates and lower intake of
fat than did subjects in the HGI- and LGI-diet groups (P <
0.001). Also, participants allocated to the LGI-diet group had
significant lower dietary GI than did those allocated to HGI- and
LF-diet groups (P < 0.001).

Total-body weight loss

In the ITT analysis, BMI decreased significantly throughout
the 6-mo intervention in the 3 experimental groups (Figure 2).
During the first 12 wk of intervention, no significant differences
in body weight loss were observed between groups. At weeks
16, 20, and 24, decreases in BMI were higher in the LGI-diet
group than in the LF-diet group (Figure 2). No significant
changes in waist circumference (Figure 2) or body composition
were observed between groups (changes in the percentage of fat-
free mass with respect to changes in body weight were 41.5 ±
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8.4%, 37.9 ± 8.2%, and 43.7 ± 8.3% in the LGI-, HGI-, and
LF-diet groups, respectively; P = 0.879).

The PP analysis included 104 participants who finished the
study. After 6 mo of intervention, changes in BMI were higher in
the LGI-diet group than in the LF-diet group (P = 0.01). Other
anthropometric measurements were similar to those taken in the
ITT analysis (see Supplemental Figure 1 under “Supplemental
data” in the online issue).

Glucose metabolism and lipid profile

Mean (±SEM) values for glucose metabolism and lipid
profile at baseline and 6-mo changes are shown in Table 3.
Improvements in fasting insulin, HOMA-IR, and HOMA-BCF

were greater in the LGI-diet group than in the LF-diet group. No
significant differences were observed compared with the HGI-
diet group. After adjustment for changes in BMI, the improve-
ment in HOMA-BCF remained significant (P = 0.03), and
changes in HOMA-IR were slightly attenuated (P = 0.05).
Changes in lipid profile were not different between groups. PP
results (see Supplemental Table 2 under “Supplemental data” in
the online issue) were very similar to those shown by using the
ITT approach.

Satiety, inflammation status, and other related markers

Baseline and 6-mo changes in satiety, inflammation status, and
biomarkers of endothelial function are shown in Table 4. No

TABLE 2

Baseline characteristics of study participants1

Variable LGI diet (n = 41) HGI diet (n = 40) LF diet (n = 40) P

Sex (F) [n (%)] 33 (81) 33 (83) 31 (78) 0.853

Age (y) 42.5 ± 1.12 44.0 ± 1.3 44.1 ± 1.3 0.603

Weight (kg) 82.7 ± 1.5 82.7 ± 1.6 83.5 ± 1.7 0.912

BMI (kg/m2) 31.3 ± 0.3 30.8 ± 0.3 30.8 ± 0.3 0.544

Waist circumference (cm) 101.8 ± 1.2 100.0 ± 1.3 103.1 ± 1.1 0.204

Free fat mass (kg) 49.6 ± 1.2 50.3 ± 1.5 51.3 ± 1.6 0.721

Systolic blood pressure (mm Hg) 128.0 ± 2.7 128.0 ± 2.4 131.3 ± 2.2 0.555

Diastolic blood pressure (mm Hg) 80.2 ± 1.7 81.2 ± 1.5 82.8 ± 1.4 0.493

Hypercholesterolemia [n (%)] 3 (7) 2 (5) 5 (13) 0.459

Hypertension [n (%)] 7 (17) 5 (13) 5 (13) 0.791

Current smokers [n (%)] 8 (20) 5 (13) 5 (13) 0.591

Leisure-time physical activity (kcal/d) 205.5 ± 47.1 280.9 ± 47.2 200.0 ± 37.3 0.355

1 P values of differences between intervention groups (ANOVA was used for continuous variables, and the chi-square

test was used for categorical variables). HGI, high glycemic index; LF, low fat; LGI, low glycemic index.
2 Mean ± SEM (all such values).

FIGURE 1. Flowchart of the study participants. GI, glycemic index.
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significant differences were observed in baseline peripheral
blood metabolic marker concentrations between groups. The
exception was concentrations of adiponectin, which were lower
in the LF-diet group. At 6 mo, a decrease in GLP-1 observed in
the HGI-diet group differed from changes observed in the LF-
diet group (median ± IQR: －1.65 ± 2.88 compared with 0.30
± 3.28 pg/mL, respectively; P = 0.028). These differences were
attenuated after adjustment for changes in BMI (P = 0.144; data
not shown). Diets were not observed to have any significant
effects on other biomarkers analyzed although they tended to
improve throughout the intervention in the LGI diet. PP changes
in metabolic risk markers were similar to those shown by using
the ITT approach (see Supplemental Table 3 under “Supple-
mental data” in the online issue).

VASs

Subjective VAS measures for hunger and satiety (time-course
and incremental AUC data) taken in 95 participants who an-
swered all questionnaires are shown in Figure 3. Two hours after
the breakfast, significantly greater reductions in hunger sensa-
tions were shown in subjects allocated to the LGI-diet group

than in those allocated to the HGI-diet group (mean ± SEM:
－4.13 ± 0.46 compared with －2.52 ± 0.45 cm, respectively;
P = 0.048). No differences were shown between dietary in-
terventions in subjective perceptions of hunger 2 h after the
breakfast test. Subjective sensations of satiety in the 2 h after the
breakfast study are shown in Figure 3. No differences were
shown at any of the time points analyzed. The incremental AUC
for subjective sensations of hunger and satiety were not signif-
icantly different between dietary intervention groups.

DISCUSSION

To our knowledge, this is the first study to simultaneously
evaluate the effectiveness of moderate-carbohydrate LGI,
moderate-carbohydrate HGI, and LF diets with weight loss as the
main outcome. Results of the current randomized, controlled,
clinical trial (RCT) showed that the LGI diet reduced weight
more effectively than did a traditional LF diet. Moreover, the LGI
diet led to a significantly greater improvement in insulin re-
sistance and sensitivity than did the LF diet. LGI and HGI diets
were not observed to have different effects on body weight and
insulin metabolism. Postprandial satiety and hunger rates, lipid

FIGURE 2. Changes in BMI (A) and waist circumference (B) during the 6-mo follow-up for each intervention group. Total n = 121. ANOVA models were
used to assess differences between intervention groups. aP < 0.05 between low-GI and low-fat groups. The P value of changes in BMI at the end of the
intervention was 0.012; pairwise comparisons: low-GI group compared with high-GI group, P = 1.000; low-GI group compared with low-fat group, P = 0.016;
high-GI group compared with low-fat group, P = 0.061. GI, glycemic index.
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profile, inflammation ,and related peripheral metabolic risk
markers were similarly affected by the 3 dietary interventions.

Even though GI and GL modulation has emerged as a dietary
alternative for the prevention or treatment of obesity, the effect
of GI and GL on weight management remains controversial. A
meta-analysis conducted on 6 RCTs with a total of 202 subjects
who were randomly assigned to dietary interventions that ranged
between 5 wk and 6 mo showed that LGI diets had a greater effect
on weight loss (30) than did HGI or other control diets. Un-
fortunately, the studies did not adjust for potential confounders
such as protein or total fiber. Recently, long-term effects of LGI

compared with HGI diets have been assessed by a meta-analysis
of 14 RCTs. Although the decrease in total body fat–free mass
was significantly more pronounced after LGI diets, no signifi-
cant changes were observed in weight and waist circumference
between diets with a different GI or GL (31). In our study,
subjects assigned to an LGI- or HGI diet lost more weight than
did those in the LF-diet group, even after adjustment for po-
tential dietary confounders. Our results suggested that diets rich
in fat mainly derived from plant sources and with moderate
amounts of carbohydrate, such as the Mediterranean Diet, are
more effective at managing obesity than traditional LF diets are,

TABLE 3

Baseline and 6-mo changes in glucose metabolism metabolites and lipid profiles1

Variable LGI diet (n = 41) HGI diet (n = 40) LF diet (n = 40) P

Fasting plasma glucose (mg/dL)2

Baseline 99.00 ± 10.00 98.00 ± 12.00 100.00 ± 16.50 0.312

6-mo change －2.76 ± 13.00 －5.08 ± 18.25 －3.35 ± 10.00 0.575

Fasting plasma insulin (mU/mL)3

Baseline 5.96 ± 0.49 4.44 ± 0.48 4.94 ± 0.49 0.091

6-mo change －1.41 ± 0.344 －1.10 ± 0.35 －0.09 ± 0.34 0.019

HOMA-IR2

Baseline 1.20 ± 1.01 0.90 ± 0.69 1.07 ± 1.08 0.101

6-mo change －0.62 ± 0.544 －0.58 ± 0.33 －0.39 ± 0.42 0.009

HOMA-BCF2

Baseline 55.18 ± 38.97 38.88 ± 33.33 40.51 ± 30.18 0.037

6-mo change －11.78 ± 30.634 －6.78 ± 18.09 －4.60 ± 21.13 0.022

Total osteocalcin (ng/mL)3

Baseline 7.74 ± 0.54 8.56 ± 0.53 8.01 ± 0.53 0.548

6-mo change 1.90 ± 0.38 1.85 ± 0.39 1.08 ± 0.39 0.242

Uncarboxylated osteocalcin (ng/mL)3

Baseline 7.09 ± 0.64 6.56 ± 0.63 6.63 ± 0.63 0.823

6-mo change 0.91 ± 0.41 0.35 ± 0.41 －0.43 ± 0.41 0.072

Total cholesterol (mmol/L)3

Baseline 4.99 ± 0.13 5.13 ± 0.13 4.82 ± 0.13 0.203

6-mo change －0.05 ± 0.11 0.13 ± 0.11 0.00 ± 0.11 0.485

HDL cholesterol (mmol/L)3

Baseline 1.45 ± 0.05 1.47 ± 0.05 1.37 ± 0.05 0.248

6-mo change 0.03 ± 0.03 0.08 ± 0.03 0.05 ± 0.03 0.581

LDL cholesterol (mmol/L)3

Baseline 3.05 ± 0.11 3.15 ± 0.10 2.95 ± 0.10 0.383

6-mo change 0.03 ± 0.08 0.14 ± 0.08 －0.02 ± 0.08 0.419

Oxidized LDL (mU/L)3

Baseline 48.69 ± 2.21 50.60 ± 2.18 46.46 ± 2.19 0.408

6-mo change －0.46 ± 1.64 －0.90 ± 1.67 －3.37 ± 1.67 0.413

Total-cholesterol:HDL-cholesterol ratio3

Baseline 3.51 ± 0.11 3.59 ± 0.10 3.59 ± 0.10 0.827

6-mo change －0.13 ± 0.05 －0.14 ± 0.05 －0.13 ± 0.05 0.992

LDL-cholesterol:HDL-cholesterol ratio3

Baseline 2.16 ± 0.09 2.22 ± 0.09 2.20 ± 0.09 0.867

6-mo change －0.04 ± 0.05 －0.05 ± 0.05 －0.09 ± 0.05 0.725

Triglycerides (mmol/L)2

Baseline 1.00 ± 0.47 1.03 ± 0.70 0.98 ± 0.85 0.819

6-mo change －0.27 ± 0.42 －0.26 ± 0.49 －0.25 ± 0.38 0.516

Nonesterified fatty acids (μmol/L)3

Baseline 534.18 ± 30.92 490.04 ± 30.19 475.46 ± 30.31 0.390

6-mo change －26.02 ± 25.15 －41.69 ± 25.11 －77.26 ± 25.14 0.340

1 ANCOVA models were used to assess differences between intervention groups in variables with normal distributions,

and the Kruskal-Wallis test was used in variables without normal distributions. Changes in biochemical variables were

adjusted for baseline values of each biochemical variable. HGI, high glycemic index; HOMA-BCF, homeostatic model

assessment of β cell function; LF, low fat; LGI, low glycemic index.
2 Values are medians ± IQRs (variable without a normal distribution).
3 Values are means ± SEMs.
4 Significant difference compared with LF-diet group (P < 0.005).
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irrespective of the quality of the carbohydrates determined by
the GI. Nonetheless, the LGI diet had a slightly greater effect on
body weight loss than did the HGI diet, which indicated that
these diets can be used for clinical weight management.

In the current study, no differences were observed between
diets in satiety or hunger rates derived from VASs, which sug-
gested that the effect on body weight of LGI or HGI diets is
mediated by other mechanisms rather than short-term satiety
modulation. Despite this, and in line with results of short-term
satiety studies (12), we observed a nonsignificant tendency to
higher satiety rates and lower hunger rates in the LGI-diet group
than in other groups.

Insulin sensitivity has been thought to have an important
association with the effectiveness of GI on weight change (32).
However, reports on the effect of dietary GI or GL on glucose and
insulin metabolism have provided inconsistent data. Results of
a recent systematic review and meta-analysis of RCTs showed no
significant effects of diets with a different GI or GL on fasting
glucose and glycated hemoglobin. However, the same meta-
analysis showed that LGI diets had a significantly greater effect

on fasting insulin than did HGI diets (31). In the GLYNDIET
study, both insulin sensitivity and resistance significantly im-
proved in participants in the LGI-diet group even after adjustment
for changes in body weight, which suggested additional mech-
anisms that link GI and GL and insulin metabolism rather than
body-weight reduction. Improvements in glycemia and insuli-
nemia attributable to LGI diets could be mediated by changes in
the incretin axis. In this regard, a 28-d weight-maintaining, HGL
controlled diet led to significantly lower postprandial concen-
trations of GLP-1 than did a low-GL diet after a test breakfast
(33). Results of our study support a long-term effect of GI on the
incretin axis. However, the significant decrease in glucagon-like
peptide-1 circulating concentrations observed in the HGI-diet
group could explain the higher decrease of glucose concentra-
tions observed in the same dietary intervention group. Additional
research is needed to understand the exact long-term effect of GI
and GL on the incretin axis and its implication in obesity and
T2D. Because of the postulated effect of both osteocalcin and
uncarboxylated osteocalcin forms on insulin resistance (34), the
slightly higher increase in osteocalcin and uncarboxylated

TABLE 4

Baseline and 6-mo changes in satiety, inflammation, and other metabolic risk biomarkers1

Variable LGI diet (n = 41) HGI diet (n = 40) LF diet (n = 40) P

Gastric inhibitory polypeptide (pg/mL)2

Baseline 23.71 ± 19.91 19.77 ± 16.58 23.11 ± 12.59 0.804

6-mo change －5.66 ± 19.45 －7.67 ± 8.35 －5.41 ± 13.87 0.511

Glucagon-like peptide-1 (pg/mL)2

Baseline 64.63 ± 16.25 64.23 ± 18.44 66.51 ± 14.23 0.944

6-mo change －0.49 ± 4.11 －1.65 ± 2.883 0.30 ± 3.28 0.028

Peptide YY (pg/mL)2

Baseline 111.64 ± 20.41 110.40 ± 24.35 111.00 ± 23.96 0.531

6-mo change －2.99 ± 7.19 －3.48 ± 9.24 －1.92 ± 5.55 0.231

Plasminogen activator inhibitor-1 (pg/mL)4

Baseline 159.72 ± 10.84 170.66 ± 10.72 190.61 ± 10.76 0.133

6-mo change －12.56 ± 7.74 －15.17 ± 7.81 －6.02 ± 7.87 0.700

C-reactive protein (μg/mL)2

Baseline 2.99 ± 4.34 3.58 ± 6.25 3.70 ± 5.59 0.520

6-mo change －0.19 ± 1.78 －0.07 ± 2.74 －0.04 ± 1.72 0.457

IL-6 (pg/mL)2

Baseline 1.67 ± 1.18 1.36 ± 0.90 1.66 ± 1.11 0.324

6-mo change －0.27 ± 0.86 0.12 ± 0.91 －0.01 ± 0.72 0.162

Leptin (ng/mL)2

Baseline 14.47 ± 12.46 13.74 ± 10.36 13.01 ± 14.67 0.663

6-mo change －5.64 ± 7.23 －6.03 ± 6.81 －3.75 ± 4.81 0.144

Monocyte chemotactic protein-1 (pg/mL)4

Baseline 96.22 ± 4.33 95.78 ± 4.29 95.76 ± 4.30 0.997

6-mo change －5.39 ± 3.01 －2.87 ± 3.05 －9.79 ± 3.05 0.271

Adiponectin (ng/mL)2

Baseline 63.18 ± 71.84 69.97 ± 72.10 51.29 ± 44.02 0.020

6-mo change 1.95 ± 21.76 0.33 ± 26.89 0.24 ± 14.79 0.840

Intercellular adhesion molecule 1 (pg/mL)2

Baseline 0.51 ± 0.25 0.57 ± 0.21 0.53 ± 0.25 0.375

6-mo change 0.01 ± 0.09 0.01 ± 0.14 0.02 ± 0.12 0.343

Vascular cell adhesion protein 1 (pg/mL)4

Baseline 7.71 ± 0.26 8.23 ± 0.25 8.05 ± 0.25 0.364

6-mo change 0.19 ± 0.20 －0.07 ± 0.20 0.18 ± 0.20 0.592

1 ANCOVA models were used to assess differences between intervention groups in variables with normal distributions,

and the Kruskal-Wallis test was used in variables without normal distributions. Changes in biochemical variables were

adjusted for baseline values of each biochemical variable. HGI, high glycemic index; LF, low fat; LGI, low glycemic index.
2 Values are medians ± IQRs (variable without a normal distribution).
3 Significant difference compared with LF-diet group (P < 0.005).
4 Values are means ± SEMs.

EFFECT OF GLYCEMIC INDEX ON WEIGHT LOSS 33



osteocalcin in the LGI-diet group than HGI- or LF-diet groups
observed in our study reinforced the beneficial role that this type
of diet plays in insulin metabolism. Overall, our results are in line
with those of a previous meta-analysis (32) and support findings
from prospective cohort studies that consistently indicated that
the consumption of lower GI are associated with lower T2D risk
(7). As expected, we observed that HDL cholesterol tended to
increase, and triglycerides slightly decreased, although differ-
ences observed between groups were NS.

Inflammatory modulation has also been postulated as a po-
tential mechanism that links dietary GI and GL with the man-
agement of obesity and its related comorbidities, although both
observational and intervention studies have reported inconsistent
data. Moreover, few clinical trials have evaluated the effect of GI
and GL on inflammatory markers, and most studies have focused
on C-reactive protein (CRP) (15–19). In 773 obese adults from
the Diet, Obesity, and Genes trial, changes in CRP were sig-
nificantly greater in LGI- than HGI-diet groups (19). Decreased
IL-6, TNF-α, plasminogen activator inhibitor-1, and leptin

concentrations have also been observed after weight loss in-
duced by LF or LGI hypocaloric diets with no between-group
differences (35). In our study, subjects allocated to the LGI-diet
group show a significant reduction in peripheral CRP and leptin
concentrations and a tendency to a higher decrease in IL-6 after
the intervention. However, changes were shown to be different
between intervention groups. In our study, the GI and GL of
the diet were not observed to have any effect on the other in-
flammatory markers analyzed although, as expected, most of
markers tended to improve because of the weight loss in all
intervention groups.

Among the strengths of this study were its medium-term
duration; randomized design balanced in each intervention group
for sex, age, and use of T2D drugs; and differences between diets
in relation to GI and GL. Moreover, to our knowledge, our trial is
the first study to simultaneously analyze the effect of LGI, HGI,
and LF diets on weight loss, satiety, glucose and insulin me-
tabolism, and several associated metabolic risk markers.

There were also some study limitations. First, because the
study has been conducted in a Mediterranean country, dietary fat
sources were derived mainly from vegetable foods. Therefore,
both LGI and HGI diets were rich in vegetable fatty acids, which
limited the generalizability of our results to non-Mediterranean
populations.

Second, our findings should not be generalized to obese people
with obesity-related diseases (eg, T2D) who were not represented
in our study subjects. Finally, we used dietary food records during
the follow-up as an indirect marker of dietary compliance. A lack
of specific biochemical markers of dietary compliance related to
GI and GL was also a limitation of the study.

In conclusion, we showed that following a moderate-
carbohydrate, LGI diet may be more effective for weight loss
than a moderate-carbohydrate, HGI diet or a conventional LF
diet. Metabolic benefits observed for insulin resistance and
sensitivity in subjects who were consuming an LGI diet and the
tendency to improve other inflammatory and associated meta-
bolic risk markers also indicated that LGI diets are better tools for
managing obesity and its associated comorbidities. Additional
insights into this topic require additional studies to focus on
mechanisms linking GI with body weight control.
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oration. We thank Núria Aguilera and Mònica Baldrich for their help in

carrying out the study and Carles Munné for his help in preparing the
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Sucrose compared with artificial sweeteners: a clinical intervention
study of effects on energy intake, appetite, and energy expenditure
after 10 wk of supplementation in overweight subjects1–3

Lone B Sørensen, Tatjana H Vasilaras, Arne Astrup, and Anne Raben

ABSTRACT
Background: There is a lack of appetite studies in free-living sub-
jects supplying the habitual diet with either sucrose or artificially
sweetened beverages and foods. Furthermore, the focus of artificial
sweeteners has only been on the energy intake (EI) side of the energy-
balance equation. The data are from a subgroup from a 10-wk study,
which was previously published.
Objective: The objective was to investigate changes in EI and
energy expenditure (EE) as possible reasons for the changes in body
weight during 10 wk of supplementation of either sucrose or artifi-
cial sweeteners in overweight subjects.
Design: Supplements of sucrose-sweetened beverages and foods
(2 g/kg body weight; n = 12) or similar amounts containing artificial
sweeteners (n = 10) were given single-blind in a 10-wk parallel
design. Beverages accounted for 80% and solid foods for 20% by
weight of the supplements. The rest of the diet was free choice.
Indirect 24-h whole-body calorimetry was performed at weeks
0 and 10. At week 0 the diet was a weight-maintaining standard-
ized diet. At week 10 the diet consisted of the supplements and ad
libitum choice of foods. Visual analog scales were used to record
appetite.
Results: Body weight increased in the sucrose group and decreased
in the sweetener group during the intervention. The sucrose group
had a 3.3-MJ higher EI but felt less full and had higher ratings of
prospective food consumption than did the sweetener group at week
10. Basal metabolic rate was increased in the sucrose group,
whereas 24-h EE was increased in both groups at week 10. Energy
balance in the sucrose group was more positive than in the sweet-
ener group at the stay at week 10.
Conclusion: The changes in body weight in the 2 groups during the
10-wk intervention seem to be attributable to changes in EI rather than
to changes in EE. Am J Clin Nutr 2014;100:36–45.

INTRODUCTION

Overweight and obesity are influenced by genetic and envi-
ronmental factors, including insecurity, stress, lack of sleep, and
epigenetics (1, 2). The cause of the worldwide increase in the
prevalence of obesity is not known but is most probably a result of
2 major lifestyle factors: an increasingly sedentary lifestyle and
the energy content of the modern diet (3). An inappropriate
macronutrient composition of the diet can increase energy intake
(EI)4 (4). Both cohort studies and randomized controlled studies
have found positive associations between consumption of sugars
and body weight, especially when the sugar was added to bev-

erages (5–8). Whether this is the result of an effect by sugar per
se or an effect explained by the additional energy from the sugar
or of the effects of food forms is controversial. However, it may
be relevant to reduce the consumption of sugar as part of
a strategy to lose weight or maintain a normal body weight.

Intuitively, using artificial sweeteners as a substitute for sugar
could be a way to reduce sugar consumption and thus EI. Whereas
some earlier short-term studies have indicated a stimulating effect
of artificial sweeteners on appetite, more recent studies have not
shown this effect (9). However, these studies have mainly been
preload studies (10, 11). There is a lack of appetite studies in free-
living subjects supplying the habitual diet with either sugar or
artificially sweetened beverages and foods for a longer period of
time. Furthermore, until now the focus of artificial sweeteners has
only been on the EI side of the energy-balance equation. No studies
have compared the effect of sugar and artificial sweeteners on
energy expenditure (EE). Diet-induced thermogenesis (DIT) after
a meal is proportional to the energy and macronutrient contents
of the meal (12). In addition, earlier studies have suggested that
both the amount and type of carbohydrate has an influence on EE
(13–15); results have shown that consumption of mono- and di-
saccharides lead to a higher DIT than do polysaccharides, pre-
sumably because of an increased sympathetic nervous system
activity (13). Because DIT accounts for 10% to 15% of total daily
EE, it could be expected that daily EE would be lower with
consumption of artificial sweeteners than with consumption of
sugars, all else being equal (12).

The current study is a substudy that investigated the effect on
energy balance of supplementation of sucrose and artificial
sweeteners for 10 wk. Results from the main study showed that
during 10 wk, the sucrose group had an increase in body weight of
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1.6 kg, and the sweetener group had a decrease in body weight of
1.0 kg (16). Considering these results, it could be expected that
the sucrose group would be in positive energy balance and the
sweetener group in negative energy balance on the test day at
week 10. Thus, the objective of the current study was to compare
the effects of sucrose and artificial sweeteners on EI, subjective
appetite sensations, and EE for 24 h in a respiration chamber.

SUBJECTS AND METHODS

The main part of the study, conducted in 42 subjects, was
described in detail elsewhere (16).

Study design

The main study had a single-blind, parallel design with 2 in-
tervention groups. For 10 wk, one group received supplemental drinks
and foods containing sucrose and the other group received similar
drinks and foods containing artificial sweeteners. In the current
substudy, the subjects were tested in respiratory chambers on 2
different test days; the first test day was before the intervention (week
0) and the second test day was the last day of the 10-wk intervention.

Subjects

A total of 24 healthy, overweight subjects were included in this
substudy; subjects from the main study volunteered to participate
in the substudy. None of the subjects were dieting, and none of the
women were pregnant or lactating. Approval was obtained from
the Ethical Committee of Copenhagen and Frederiksberg, and the
study was performed in accordance with the Helsinki II Dec-
laration. Each subject signed an informed-consent document
before the start of the study. The study was conducted in 1995.

Diets

The diet during the 10-wk intervention

During the 10-wk intervention, the subjects were supplemented
with a specific minimum amount of either sucrose-sweetened or
artificially sweetened foods and drinks daily. The subjects were
assigned to 3 different levels of supplements according to their
initial body weight: level 1, 2, or 3 corresponding to 60–75, 75–90,
and >90 kg, respectively. The minimum intake of the experi-
mental diet was regulated by the sucrose intake and corresponded
to a sucrose intake of 125 g/d (level 1), 150 g/d (level 2), and
175 g/d (level 3). This corresponded to a total EI from sucrose
supplements of 2.74, 3.29, and 3.83 MJ/d, respectively. The
sweetener group received an equivalent amount (by weight) of
foods and drinks, which resulted in an average EI of 694, 832, or
971 kJ/d at levels 1, 2, and 3, respectively. The artificial sweetener
content of the intervention diet was 54% aspartame, 23% cycla-
mate, 22% acesulfame K, and 1% saccharin.

In the sucrose group, ~70% of the sucrose came from drinks
(average: ~1.3 L/d), and ~30% came from solids foods. About
80% by weight of the supplements were beverages, and ~20%
by weight were solid foods. The beverages consisted of several
soft drinks and fruit juices, and the solid foods consisted of
yogurt, marmalade, ice cream, and stewed fruit. Some of the
artificially sweetened products were low fat, so the subjects in
the sweetener group were given additional butter or corn oil to

keep the fat intake in the 2 intervention diets as similar as
possible.

The subjects were supplied with all the drink and food sup-
plements at the Department of Nutrition, Exercise, and Sports.
The content of sucrose and artificial sweeteners in the supple-
mented products was unknown to the subjects. The subjects were
all told that they would receive supplements containing artificial
sweeteners, and they were not informed about the real purpose of
the study. In addition to consuming the food and drink supple-
ments, the subjects were free to consume their habitual diet ad
libitum.

The diets during the chamber stays

During the chamber stay in week 0, the diet was a weight-
maintaining standardized diet estimated to meet each subject’s
individual energy requirement, adjusted to the nearest 0.5 MJ.
The subjects’ energy requirements were estimated by using the
results from the measurements of electrical impedance (17),
corresponding to a mean EI of 9.69 MJ in both groups. Car-
bohydrate provided 50.2% of energy, fat 36.8% of energy, and
protein 13.9 % of energy.

During the chamber stay in week 10, the diet consisted of the
supplement assigned to each individual; the supplements con-
sisted of the same kind of beverages and foods provided to the
subjects during the 10 wk. In addition, the subjects were offered
an ad libitum choice of foods served at breakfast, lunch, and
dinner. The breakfast buffet contained different types of bread,
butter, cheese, fruit juice, cereals, and milk. The lunch buffet
consisted of different types of bread, butter, cheese, vegetables,
sandwich spread with meat and fish, eggs, and milk. The lasagna
served for dinner was made of pasta, minced meat, onion, garlic,
oil, carrots, milk, squash, and red pepper. The subjects were
allowed to consume all of the meals ad libitum, and the amounts
consumed were recorded. The solid supplemental foods were
consumed at breakfast and the supplemental beverages were served
at all 3 meals. The amount of water, coffee, and tea consumed
during the first chamber stay were recorded and reproduced during
the second chamber stay.

Measurements during the 10-wk intervention

Body weight, fat mass, and lean body mass were measured at
weeks 0, 2, 4, 6, 8, and 10. Subjects completed 7-d weighed
dietary records and 24-h urine collections (to validate the protein
intake records) at weeks 0, 5, and 10. Waist and hip circum-
ferences, sagittal height, and blood pressure were measured, and
blood samples were collected at weeks 0 and 10. After the in-
tervention, subjects also completed a questionnaire about the
experimental diet. The questionnaire included questions in-
dicating how much of each of the following substances was in the
supplements, in the subjects’ opinion: salt, sucrose, protein,
vitamin C, artificial sweetener, carbohydrate, fat, or other. The
questions were part of a smokescreen to investigate whether all
subjects believed that they had been consuming artificial
sweeteners. Protocols for carrying out the 7-d weighed dietary
records, the collection of urine samples, and the conversion of
urinary protein to ingested protein and calculation of dietary
protein recovery were reported elsewhere (16). The same ap-
plied to the results concerning the effects of the diets on body
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weight, sagittal height and blood pressure (16), and blood
samples (18, 19).

Experimental protocol for the chamber study

The subjects had been instructed to maintain the same level of
physical activity on the day before the test days (weeks 0 and 10)
to ensure equally filled glycogen stores (20). On the evening
before the test days, the subjects arrived at the respiratory
chamber at 2200. Bedtime was set at 2300, but reading was
allowed until 2400. The following morning at 0800, body weight
was measured after the subjects voided, and body composition
was measured after the subjects rested for 10 min in a supine
position. The chamber was closed and assessments started at
0900. Urine was subsequently collected throughout the 24-h
measurement. Appetite sensations were recorded every hour from
0900 onward. Breakfast was served at 0900, lunch at 1300, dinner
at 1800, and coffee or tea at 2000. Palatability ratings were
assessed immediately after consumption of the test meals.
Bedtime was at 2315; however, reading was allowed until 2400.
During the day, physical activity was scheduled; at 0930 and 1430
there were sessions of walking back and forth 25 times in the
chamber, and at 1100 and 1600 there was 15 min of cycling on an
ergometer bicycle (Monark 814E; Monark AB) (75 W). On the
following day, the subjects were wakened at 0730. While the
subjects were resting in a supine position, the basal metabolic rate
(BMR) was measured from 0800 to 0900; the subjects were
awake but lying relaxed in bed.

Appetite ratings

Appetite ratings were recorded on 10-cm visual analog scales
(VASs) with words anchored at each end describing the extremes
of a unipolar question (eg, for hunger: “I am not hungry at all”
and ”I have never been more hungry”). VASs were used to as-
sess hunger, satiety, fullness, prospective food consumption,
desires for special foods, and palatability of the test meal (taste,
smell, visual appeal, aftertaste, and overall palatability) (21).

Measurements in the respiratory chamber

The 24-h EE, BMR, and substrate oxidation rates were measured
in 2 open-circuit respiratory chambers that were described in detail
previously (22). The gas exchange of the subjects was calculated
from measurements of oxygen and carbon dioxide concentrations
at the outlet of the chamber and from measured air flow through the
chambers. Protein oxidation was calculated from urea nitrogen
content in the 24-h urine collection. The oxygen and carbon dioxide
exchanges, including urinary nitrogen measurements, were used to
calculate EE, and utilization rates of lipid and carbohydrate were
calculated as described by Elia and Livesey (23). The whole unit
was regularly calibrated by comparing a known volume of carbon
dioxide entering the chamber with the volume of carbon dioxide
measured by the unit (22). The within-subject variation for 24-h EE
measured in the chambers is 2.3% (22).

DIT was calculated as the incremental area under the curve for
EE for 4 h after the dinner meal (1800–2200), with BMR as the
baseline measure, and 24-h energy balance was calculated (en-
ergy balance = EI － EE). Body weight was measured to the
nearest 0.1 kg on a digital scale (Seca model 708; Seca Mess
und Wiegetechnik). Body composition was estimated by using

bioelectric impedance (Animeter; HTS-Engineering Inc). Fat
mass and lean body mass were calculated as described pre-
viously (24).

Statistical analyses

On the basis of a previous study (25), power analysis showed
that 10 subjects in each group were sufficient to detect a differ-
ence of 145 kJ in 24-h EE; 24 subjects were originally recruited in
order to allow for dropouts.

Repeated-measures ANOVA was used to test for differences in
dietary intake during the 10-wk intervention and during the test
day in week 10 and differences in VAS scores between diet
groups and time. The MIXED procedure in the SAS software
package (version 9.3) was used (SAS Institute). Subjects were
included as random factors.

To investigate the effect of diet on EE, carbohydrate and fat
oxidation, and spontaneous physical activity (SPA), repeated-measures
ANOVA was used to test for interaction between diet groups,
week, and time. EE was additionally adjusted for sex, age, 24-h
SPA, EI, fat mass, and lean body mass. To investigate the effect of
diet on protein oxidation, ANOVA was used to test interactions
between diet and week. The effect of diet on body weight, BMI,
fat and lean body mass, BMR, DIT, and energy balance was tested
with ANCOVA, with week 10 values as response and week 0 values
as covariates. BMR was additionally adjusted for sex, age, SPA
recorded during the period when BMR was measured, and changes
in fat mass and lean body mass at week 10 and EI in the chamber at
week 10. Energy balance was additionally adjusted for sex, age,
24-h SPA, fat mass, and lean body mass at week 10. DIT was
additionally adjusted for sex, age, SPA recorded during the 4-h
measurement, fat mass, and lean body mass at week 10. Tukey’s
adjustments for multiple testing were applied.

RESULTS

A total of 24 subjects participated, and 22 subjects completed
the study; one subject dropped out after the randomization but
before the intervention had started, and another subject did not
complete the second chamber stay and was excluded. Thus, 12
subjects from the sucrose group and 10 subjects from the
sweetener group were included in the data analyses (Table 1). No
differences were found at baseline (week 0) in food intake,
anthropometric characteristics, subjective appetite sensations,

TABLE 1

Characteristics of the subjects at baseline

Sucrose group

(n = 12)

Sweetener group

(n = 10)

Age (y) 35.3 ± 9.81 35.2 ± 12.4

Sex (M/F) 2/10 2/8

Body weight (kg) 84.5 ± 8.4 80.5 ± 10.1

Height (m) 1.72 ± 0.69 1.72 ± 0.63

BMI (kg/m2) 28.7 ± 2.3 27.3 ± 2.5

Fat mass (kg) 31.2 ± 3.9 27.3 ± 4.92

Lean body mass (kg) 53.3 ± 5.8 53.2 ± 8.0

24-h SPA3 (%) 7.2 ± 0.4 8.7 ± 0.72

1 Mean ± SD (all such values).
2 Significantly different from the sucrose group, P < 0.05 (unpaired t test).
3 SPA, spontaneous physical activity.
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and respiratory measurements between the 2 groups, except for
a higher fat mass and a lower 24-h SPA in the sucrose group than
in the sweetener group.

Results from the 10-wk intervention

Dietary intake

The 7-d dietary food records showed that there was a higher
intake of carbohydrate and sucrose in the sucrose group com-
pared with the sweetener group during the 10-wk intervention.
The intake of energy was higher in the sucrose group than in the
sweetener group; the average difference in total EI between the 2
groups was 2.29 MJ (95% CI: 0.56, 4.01 MJ) during the 10 wk.
Validation of the protein intake showed no differences between
urinary protein and self-reported dietary protein, either between
groups or times. Urinary protein correlated with dietary protein at
all 3 time points (16).

Body weight

In the sucrose group, mean (±SEM) body weight (1.4 ± 0.6 kg)
and fat mass (1.2 ± 0.6 kg) increased and in the sweetener group
body weight (－1.2 ± 0.6 kg) and fat mass (－0.9 ± 0.6 kg) de-
creased during the 10-wk intervention, which resulted in between-
group differences amounting to 2.7 kg body weight (95% CI: 0.8,
4.6 kg body weight; P = 0.007) and 2.0 kg body fat (95% CI: 0.2,
3.8 kg body fat; P = 0.007). No changes in lean body mass was
found in the 2 groups during the intervention.

Results from the chamber study

Dietary intake

During the test day in week 10, the sucrose group had a higher
total EI than did the sweetener group, which resulted in a be-
tween-group difference of 3.26 MJ (95% CI: 0.28, 6.58 MJ)
(Table 2). The mean (±SEM) energy from the supplements was

TABLE 2

Average intake, including the supplements, of energy and macronutrients in the sucrose (n = 12) and sweetener (n = 10)

groups at breakfast, lunch, and dinner on the test day during the chamber stay in week 101

Breakfast Lunch Dinner P for main diet effect2

Energy (MJ)

Sucrose 4.26 ± 0.42 4.53 ± 0.58 5.77 ± 0.46 0.04

Sweetener 2.91 ± 0.47 3.60 ± 0.45 4.78 ± 0.47

Carbohydrate (g)

Sucrose 184 ± 20 126 ± 21 197 ± 14 0.003

Sweetener 110 ± 24 83 ± 8 162 ± 22

Carbohydrate (% of energy)

Sucrose 73 ± 3 47 ± 3 58 ± 3 0.05

Sweetener 61 ± 4 41 ± 2 56 ± 3

Sucrose (g)

Sucrose 91 ± 133 49 ± 143 28 ± 7 <0.00014

Sweetener 11 ± 8 0.2 ± 0.1 7 ± 4

Sucrose (% of energy)

Sucrose 35 ± 33 18 ± 33 12 ± 35 <0.00016

Sweetener 3.6 ± 2.6 0.1 ± 0.0 2.2 ± 1.4

Fat (g)

Sucrose 21 ± 4 44 ± 6 42 ± 5 0.3

Sweetener 16 ± 3 39 ± 8 34 ± 4

Fat (% of energy)

Sucrose 18 ± 2 37 ± 3 27 ± 2 0.6

Sweetener 21 ± 3 39 ± 3 28 ± 2

Protein (g)

Sucrose 31 ± 3 38 ± 6 53 ± 7 0.7

Sweetener 28 ± 3 36 ± 4 46 ± 3

Protein (% of energy)

Sucrose 13 ± 1 14 ± 1 15 ± 1 0.003

Sweetener 19 ± 2 17 ± 1 17 ± 1

Dietary fiber (g)

Sucrose 7 ± 1 13 ± 1 12 ± 1 0.7

Sweetener 8 ± 1 14 ± 1 11 ± 1

Energy density (kJ/g)

Sucrose 3.5 ± 0.2 3.6 ± 0.2 4.5 ± 0.3 0.02

Sweetener 2.7 ± 0.2 3.5 ± 0.4 3.9 ± 0.3

Weight of food (g)

Sucrose 1315 ± 174 1296 ± 180 1309 ± 87 0.4

Sweetener 1167 ± 211 1077 ± 89 1267 ± 111

1 All values are means ± SEMs.
2 P values were derived by repeated-measures ANOVA of the interaction between diet groups and meals. Subjects were

included as random factors.
3,5 Significant difference between the sucrose and sweetener groups (Tukey’s post hoc tests): 3P < 0.0001, 5P < 0.05.
4,6 Significant group × time interaction: 4P = 0.002, 6P = 0.007.
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3.46 ± 0.09 MJ in the sucrose group and 0.93 ± 0.05 MJ in the
sweetener group. No difference in ad libitum EI was found
between the groups, which amounted to 11.10 ± 1.13 MJ in the
sucrose group and 10.37 ± 1.16 MJ in the sweetener group
(P = 0.7).

No group × meal interactions were found for any of the
variables, except for sucrose (Table 2). The intake of carbo-
hydrate and sucrose and the percentage of energy from protein
and the energy density were higher in the sucrose group than in
the sweetener group during the test day in week 10 (Table 2).
The palatability of the test meals was rated similarly in the 2
groups.

Subjective appetite sensations

On the test day in week 10, a group × time interaction was
found in the feeling of fullness (P = 0.005) and prospective
consumption (P = 0.003), and post hoc tests showed that the
subjects in the sucrose group felt less full in the periods after
lunch and dinner and had higher ratings of prospective food

consumption in the period after lunch and dinner, compared with
the sweetener group (Figure 1). No group × time interactions
were found with respect to sensations of satiety and hunger
(Figure 1). No differences in the subjective desires for sweet,
salty, or fatty foods were found between the 2 groups.

Respiratory measurements

BMR increased in the sucrose group (7.6%) after the 10-wk
intervention (between-group mean difference: 24 kJ/h; 95% CI:
0.3, 47.5 kJ/h; P = 0.02) (Table 3). However, the difference
between the 2 groups disappeared after adjustments for sex, age,
and SPA recorded during the period when BMR was measured,
changes in fat mass and lean body mass, and the energy con-
sumed in the chamber (Table 3). The significant covariates were
sex (P = 0.001), SPA (P = 0.01), and the energy consumed
during the chamber stay (P = 0.008). No difference in DIT was
found between the 2 groups either before or after adjustments
for sex, age, SPA recorded during the 4-h measurement, fat
mass, and lean body mass.

FIGURE 1. Mean (±SEM) appetite scores (hunger, satiety, fullness, and prospective food consumption) recorded during the chamber stay at week 10 in
the sucrose group (n = 12) and in the sweetener group (n = 10). The visual analog scale equal to 10 cm corresponds to “I cannot eat another bite” (satiety), “I
have never been more hungry” (hunger), “I am totally full” (fullness), and “I can eat a lot” (prospective food consumption). Repeated-measures ANOVA was
used to test differences between appetite scores in the 2 groups. The group × time interactions were significant for the appetite variables: fullness: P = 0.005;
prospective food consumption: P = 0.003. Tukey’s post hoc tests: *P < 0.05, **P < 0.01, ***P < 0.001.
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There was a group × week × time interaction for EE (P =
0.03); however, after Tukey’s adjustments for multiple tests, the
post hoc tests showed no relevant differences. After adjustment for
sex, age, 24-h SPA, fat mass, lean body mass, and EI, the in-
teraction remained and post hoc tests showed a difference between
the groups at week 10; EE was higher at 1100 in the sucrose group
than in the sweetener group, P = 0.008) (Figure 2). A group ×
week interaction for EE (P = 0.0003) was also found. Post hoc
tests showed that 24-h EE increased in the sucrose group by
686 kJ/d (95% CI: 514, 859 kJ/d; P < 0.0001) and in the
sweetener group by 329 kJ/d (95% CI: 142, 518 kJ/d; P < 0.0001)
after 10 wk (Figure 2). However, after adjustment for sex, age, 24-h

SPA, fat mass, lean body mass, and EI, this interaction disappeared
(group × week: P = 0.3). The significant covariates were 24-h SPA
(P < 0.001), EI (P < 0.001), and lean body mass (P < 0.001).

No difference in SPAwas found between the sucrose (7.7%; 95%
CI: 7.0, 8.4%) and sweetener (8.4%; 95% CI: 7.7, 9.2%) groups
during the chamber stay in week 10. A group × week interaction
was found for carbohydrate oxidation (P < 0.0001); post hoc tests
showed that carbohydrate oxidation was 44% higher in the sucrose
group than in the sweetener group during the chamber stay in
week 10 (P < 0.0001) (Figure 3). A group × week interaction
was also found for fat oxidation (P < 0.0001). Post hoc tests
showed that fat oxidation was 37% lower in the sucrose group than

TABLE 3

BMR, DIT, and 24-h energy expenditure before (day 0) and after (day 70) the intervention in the sucrose (n = 12) and

sweetener (n = 10) groups1

Day 02 Day 702 LS means3 P3 LS means (adjusted) P

BMR (kJ/h)

Sucrose 314 ± 8 338 ± 16 332 (319, 348) 0.02 332 (323, 341)4 0.074

Sweetener 310 ± 14 309 ± 18 308 (294, 323) 318 (308, 327)

DIT (kJ/4 h)

Sucrose 344 ± 28 377 ± 34 374 (317, 431) 0.4 429 (354, 504)5 0.25

Sweetener 332 ± 37 409 ± 28 412 (350, 475) 347 (261, 432)

24-h EE (kJ/d)

Sucrose 9611 ± 225 10,298 ± 395

Sweetener 9402 ± 357 9732 ± 385

1 There were no significant differences in baseline values between the 2 groups (unpaired t test). BMR, basal metabolic

rate; DIT, diet-induced thermogenesis; EE, energy expenditure; LS, least squares.
2 Values are means ± SEMs.
3 Derived by ANCOVA with diet (sucrose and sweetener) as factor and baseline values as covariates. Values in

parentheses are 95% CIs (all such values).
4 P values were derived by ANCOVA with diet as factor and baseline values, age, sex, spontaneous physical activity

during measurement of BMR, changes in fat mass and lean body mass, and energy intake during the chamber stay in week

10 as covariates.
5 P values were derived by ANCOVA with diet as factor and baseline values, age, sex, spontaneous physical activity

during the 4-h measurement of DIT, lean body mass, and fat mass at week 10 as covariates.

FIGURE 2. Mean (±SEM) energy expenditure during 24 h measured at week 0 (A) and after 10 wk of intervention (B) in the sucrose group (n = 12) and in
the sweetener group (n = 10). Breakfast was consumed at 0900, lunch at 1300, and dinner at 1800. Physical activity was scheduled: walking back and forth 25
times in the chamber at 0930 and 1430 and 15 min of cycling on an ergometer bicycle at 1100 and 1600. Repeated-measures ANOVA was used to test for
differences between energy expenditure in the 2 groups. The group × week × time interaction was significant (P = 0.03). Tukey’s post hoc tests after
adjustment for sex, age, 24-h spontaneous physical activity, fat mass and lean body mass, and energy intake during the chamber stay: **P<0.01.
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in the sweetener group during the chamber stay in week 10 (P <
0.0001) (Figure 3). No difference in 24-h protein oxidation was
found between the 2 groups during the chamber stay in week 10.
The 24-h respiratory quotient was higher in the sucrose group
(0.87; 95% CI: 0.85, 0.88) than in the sweetener group (0.92; 95%
CI: 0.90, 0.94; P < 0.0001) during the chamber stay at week 10.

Energy balance

Mean (±SEM) energy balance was more positive in the sucrose
group (4264 ± 889 kJ) than in the sweetener group (1565 ± 997 kJ);
the mean difference was 3321 kJ (95% CI: 997, 5645 kJ; P = 0.008).
After adjustments for sex, age, 24-h SPA, fat mass, and lean body
mass, the difference disappeared (P = 0.2). The energy balance
correlated with 24-h respiratory quotient at the chamber stay in week
10 (r = 0.64, P=0.001).

DISCUSSION

The main findings of the current study were that the sucrose
group had a higher EI during the chamber stay in week 10 than did

the sweetener group. Despite this, there was a strong trend for the
subjects in the sucrose group to have a higher appetite between
lunch and dinner and after dinner compared with the sweetener
group. BMR increased in the sucrose group, whereas no difference
in DITor 24-h EE was found between the 2 groups after the 10-wk
intervention. Both groups were in positive energy balance during
the chamber stay in week 10, although energy balance in the
sucrose group was more positive than that in the sweetener group.

Nearly 3.5 MJ of the higher EI in the sucrose group was from
the supplements; 70% of the sucrose in the supplements came
from sucrose-sweetened beverages. Already in the 1990s, it was
hypothesized that liquid calories fail to trigger appetite regulation
(26, 27); at present, several studies support this. Recently, Maersk
et al (11) conducted a test meal crossover study that served
a sucrose-sweetened soft drink, semiskim milk, an artificially
sweetened soft drink, or water. An ad libitum meal was served
after 4 h. Total EI was higher after the energy-containing bev-
erages than after the artificial sweetened beverage and water, as
were insulin and glucagon-like peptide-1 (GLP-1) concentrations
(11). In a crossover design, Anton et al (28) served preloads

FIGURE 3. Mean (±SEM) carbohydrate oxidation and fat oxidation during 24 h measured at week 0 and after 10 wk of intervention in the sucrose group
(n = 12) and in the sweetener group (n = 10). Breakfast was consumed at 0900, lunch at 1300, and dinner at 1800. Physical activity was scheduled: walking
back and forth 25 times in the chamber at 0930 and 1430 and 15 min of cycling on an ergometer bicycle at 1100 and 1600. Repeated-measures ANOVA was
used to test for differences between carbohydrate oxidation and fat oxidation in the 2 groups. The group × week interaction was significant for both
carbohydrate and fat oxidation (P < 0.0001). Tukey’s post hoc tests: difference between weeks 0 and 10 for the sucrose group (P < 0.0001) and difference
between the sucrose and the sweetener groups for substrate oxidation (P < 0.0001).
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containing stevia (290 kcal), aspartame (290 kcal), or sucrose
(493 kcal) before an ad libitum lunch and an ad libitum dinner.
Despite differences in energy in the preloads and a difference in
glucose and insulin concentrations, no differences in ad libitum
food intake and hunger or satiety scores were observed (28). This
phenomenon could be a result of insufficient sensory signaling
(29) because liquids are easier to consume and therefore can be
consumed more rapidly (30).

In connection with the current study, another substudy was
conducted to measure, among others, fasting and postprandial
glucose, insulin, leptin, and GLP-1 concentrations (18). Blood
sampling was started after the subjects had ended the stay in the
chambers. Breakfast and lunch were precise reproductions of the
meals on the day before in the chamber. Analyses showed that
fasting insulin and leptin concentrations and postprandial glu-
cose, insulin, GLP-1, and leptin concentrations were higher in the
sucrose group than in the sweetener group. Regardless of this, the
sucrose group consumed 3 MJ more than did the sweetener group.
Furthermore, the sucrose group reported a periodically higher
appetite. So, it seems that the physiological satiety mechanisms
were being put out of action in the current study. This was also the
case with the studies mentioned above by Maersk et al (11) and
Anton et al (28). Karl et al (31) also showed that higher-energy-
density meals were associated with higher concentrations of
insulin, peptide YY, and GLP-1; however, there was no energy
compensation at the following meal. The authors suggest that an
explanation for the lack of energy compensation observed in their
study may be that the effects of gut hormones on appetite are
masked by the numerous environmental, sensory, and cognitive
cues that can affect appetite and EI (31). The current study
provides possible support for this suggestion. Results from the
main study showed that the subjects in the sucrose group were
partly unaware of the caloric manipulation (16). Consequently,
they did not acknowledge the need to compensate for the extra
energy. The sweetener group, on the other hand, thought that they
received no sucrose and medium to much artificial sweetener. In
another study conducted by Maersk et al (32), participants
consumed 1 L/d of sugar-sweetened cola, diet cola, semiskim
milk, or water for 6 mo. That study was not blind, which gave the
participants the opportunity to acknowledge the additional energy
they consumed. After the 6-mo intervention, there were only
small numerical differences in body weight between the 4 groups.
The sugar-sweetened beverage group had managed to compen-
sate for most of the extra energy during the 6 mo (32).

The sweetener group in the current study had a reduced EI
during the 10-wk intervention. However, in the chamber, the
subjects increased the ad libitum EI equivalent to that in the
sucrose group. The unexpected higher ad libitum intake in both
groups could partly be a result of boredom or because of the
awareness of the time before they had access to food again. In
a preload-test meal design, De Graaf et al (33) showed that
subjects who had 90 min between an ad libitum soup and an ad
libitum meal consumed more soup than when they only had
15 min between the 2 meals. Giving the subjects in the current
study access to 1 or 2 more meals and also instructing the subjects
to eat only until comfortably satisfied could probably have
avoided some of the overeating.

BMR increased in the sucrose group by 7.6% after 10 wk and
body weight increased by 1.7%. Most of the weight gain in the
sucrose group consisted of fat mass, and neither fat mass nor lean

body mass was associated with changes in BMR. So, the increase
in BMR can probably not be explained by the increase in body
weight. It is likely that the increase is related to the “overfeeding
situation.” Dauncey et al (34) measured resting metabolic rate
after just 1 d of overfeeding and found that resting metabolic
rate remained elevated by 12% 14 h after the last meal. Both
Diaz et al (35) and Ravussin et al (36) observed increases in
BMR after long-term overfeeding. However, both research
groups stated that the length of time from the last meal to the
measurement of BMR was possibly inadequate to ensure that
the thermic effect of the evening meal had completely dis-
appeared. Diaz et al performed the measurements after 12.5 h
and Ravussin et al after 14 h. Harris et al (37) recorded weekly
changes in BMR during 8 wk of overfeeding. BMR increased
over the first 2 wk, decreased in the third week, and increased
and reached a plateau after 5 wk (37). In that study, BMR was
measured <10 h from the last meal. When the current study was
planned, it was not predicted that the sucrose group would
overeat in that way. Therefore, the 12.5 h between the last meal
and the measurements of BMR may have been inadequate. This
makes it difficult to distinguish between the short-term effect of
the diet and the long-term effect of the intervention. Statistical
adjustments including the EI during the chamber stay made the
difference between groups disappear, which indicates that most
of the increase in BMR was a result of overeating during the
chamber stay.

The lack of difference in DIT between the groups was un-
expected because the difference in EI at the dinner meal was
almost 1 MJ. A study by Weststrate (38) showed that meal size
differences of <1 MJ result in differences in DIT. An expla-
nation could be that the measured BMR in the sucrose group
was high because it was influenced by the last meal. This would
lead to a lower estimated DIT in the sucrose group and mask the
difference between the groups.

DIT was only estimated after the dinner meal. It is possible that
if DIT had been estimated after every meal, a difference between
groups and/or between weeks 0 and 10 would have been shown,
especially because of the breakfast meal, which was 1.35 MJ
larger in the sucrose group. In addition, the sucrose intake was
higher in the sucrose group than in the sweetener group during
breakfast and lunch. The design of the test day made it impos-
sible, however, to estimate DIT for the breakfast and lunch meals
because of physical activity during the day.

The objective of the current substudy was to investigate the
effect of the sweetener supplements on energy balance, including
some of the components of total EE. To detect small effects
requires a high accuracy of measurements and control of day-to-
day variation in physical activity to ensure any effects to be
detected. Therefore, the respiratory chamber was chosen because
that was the only way to measure all of the variables of interest.
With the use of doubly labeled water, only 24-h EE would be
measured and the ventilated-hood system could measure some of
the components but not total EE. The effect of the sweetener
supplements on 24-h EE and components of total EE could have
been measured in the chamber by serving the subjects meals with
fixed energy instead of ad libitum meals. This could, however, not
have been done within the 10-wk intervention period.

In conclusion, body weight increased in the sucrose group and
decreased in the artificial-sweetener group during the 10-wk
intervention. BMR increased in the sucrose group, but no
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difference in 24-h EE was found between the 2 groups in week
10. The increase in BMR was probably caused by the very high EI
in the sucrose group during the chamber stay in week 10. Thus,
the changes in body weight in the 2 groups during the 10-wk
intervention seemed to be a result of changes in EI rather than of
changes in EE.
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See corresponding editorial on page 4.

Added sugars in the diet are positively associated with diastolic blood
pressure and triglycerides in children1–3

Kenneth P Kell, Michelle I Cardel, Michelle M Bohan Brown, and José R Fernández

ABSTRACT
Background: Hypertension and dyslipidemia have traditionally
been associated with dietary sodium and fat intakes, respectively;
however, they have recently been associated with the consumption
of added sugars in adults and older adolescents, but there is no clear
indication of how early in the life span this association manifests.
Objective: This study explored the cross-sectional association be-
tween added sugar (sugars not naturally occurring in foods) con-
sumption in children, blood pressure (BP), and fasting blood lipids
[triglycerides and total, low-density lipoprotein, and high-density
lipoprotein (HDL) cholesterol].
Design: BP, blood lipids, and dietary intakes were obtained in a multi-
ethnic pediatric sample aged 7–12 y of 122 European American (EA),
106 African American (AA), 84 Hispanic American (HA), and 8 mixed-
race children participating in the Admixture Mapping of Ethnic and
Racial Insulin Complex Outcomes (AMERICO) study—a cross-sectional
study conducted in the Birmingham, AL, metro area investigating the
effects of racial-ethnic differences on metabolic and health outcomes.
Multiple regression analyses were performed to evaluate the relations
of added sugars and sodium intakes with BP and of added sugars and
dietary fat intakes with blood lipids. Models were controlled for sex, race-
ethnicity, socioeconomic status, Tanner pubertal status, percentage body
fat, physical activity, and total energy intake.
Results: Added sugars were positively associated with diastolic
BP (P = 0.0462, β = 0.0206) and serum triglycerides (P = 0.0206,
β = 0.1090). Sodium was not significantly associated with either
measure of BP nor was dietary fat with blood lipids. HA children
had higher triglycerides but lower added sugar consumption than did
either the AA or EA children. The AA participants had higher BP and
HDL but lower triglycerides than did either the EA or HA children.
Conclusions: These data suggest that increased consumption of
added sugars may be associated with adverse cardiovascular health
factors in children, specifically elevated diastolic BP and triglycer-
ides. Identification of dietary factors influencing cardiovascular
health during childhood could serve as a tool to reduce cardiovas-
cular disease risk. This trial was registered at clinicaltrials.gov as
NCT00726778. Am J Clin Nutr 2014;100:46–52.

INTRODUCTION

Cardiovascular disease (CVD)4 is the number one cause of
death in adults in the United States (1) and costs an estimated
$445 billion/y (2). Although the incidence of CVD primarily
occurs in adulthood, CVD precursors such as atherosclerotic
lesions have been shown to begin as early as childhood (3).
Among the major risk factors for CVD are hypertension and

dyslipidemia (4), both of which have become prevalent in
children in the United States (5, 6). Hypertension during
childhood is correlated with hypertension in adulthood (7), and
elevated blood pressure (BP) in children and young adults fur-
ther exacerbates the development of atherosclerotic plaques (8).
Likewise, dyslipidemia during childhood is associated with
dyslipidemia in adulthood and an increased risk of CVD (9–11).

Because of the early nature of the development of CVD, it is
imperative to identify effective lifestyle interventions for the
prevention and treatment of hypertension and dyslipidemia. Di-
etary interventions for BP reduction have traditionally included the
decreased intake of sodium, and interventions for dyslipidemia
have included the decreased intake of dietary fats, with emphasis
on cholesterol, saturated fat, and trans fat (12, 13). More recently,
however, added sugars in the diet (ie, sugars not naturally oc-
curring in foods) have been associated with these conditions. The
main sources of added sugars in the diets of US children and
adolescents are sugar-sweetened beverages (SSBs), grain desserts,
dairy desserts, cold cereal, and candy (14). Studies have shown
positive associations between SSB and BP in both adults and
older adolescents (15–17); furthermore, the reduction of SSB
consumption has been associated with lower diastolic and systolic
BP in adults (18). Components of dyslipidemia have also been
associated with SSBs and added sugars in the diet in adolescents
(19, 20) and with SSB alone in children (21).

Although the relations between some added sugars, hyper-
tension, and dyslipidemia have been explored in various age
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groups, it is not clear whether, when examining added sugars
from all sources, these relations are present in children. There-
fore, we investigated the relation between added sugars, BP
(diastolic and systolic), and blood lipids (total cholesterol, tri-
glycerides, LDL cholesterol, and HDL cholesterol) in children
between the ages of 7 and 12 while controlling for potentially
confounding lifestyle and societal factors. We hypothesized that
the consumption of added sugars in children would be positively
associated with BP, total cholesterol, and triglycerides.

SUBJECTS AND METHODS

Population and data collection

Data were collected from October 2004 to December 2008 as
part of the AMERICO study—a cross-sectional study investigating
the effects of racial-ethnic differences on metabolic and health
outcomes (Figure 1). The final sample included 320 children aged

7–12 y who were self-identified as European American (EA; n =
122), African American (AA; n = 106), Hispanic American (HA;
n = 84), and mixed-race ethnicity (n = 8). The children who were
peripubertal [pubertal stage ≤3 as assessed by a pediatrician ac-
cording to the criteria of Marshall and Tanner (22, 23)] and not
taking any medications contraindicated for study participation (eg,
medication known to affect body composition, metabolism, or car-
diac function) were eligible for participation in the study. Partici-
pants were recruited from the Birmingham, AL, area via newspaper
advertisements, community fliers, and presentations at schools,
churches, and health fairs. A total of 601 children were telephone
screened; 131 were either self-selected out or were excluded because
they did not meet the study criteria. From this stage, 470 participants
came in for the study visit, but only 320 fulfilled the study criteria
and completed the study. The study was approved by the University
of Alabama at Birmingham (UAB) Institutional Review Board for
Human Use (children and parents provided informed assent and
consent, respectively, before participation).

FIGURE 1. Recruitment and final sample size flowchart for the AMERICO study. Reasons for participants not being included between recruitment/study
stages are given to the right of the arrows denoting the transitions between stages. Final sample sizes for all variables of interest in the study are provided at the
bottom of the figure. AMERICO, Admixture Mapping of Ethnic and Racial Insulin Complex Outcomes; ID, identification.
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Data collection occurred across 2 study visits: the first was
outpatient and the second took place at the UAB General Clinical
Research Center (GCRC). Dual-energy X-ray absorptiometry
(DXA) scans and the assessment of pubertal status were conducted
at the first visit, and the children were given an accelerometer to
wear to measure physical activity (collected at the second visit).
The second visit occurred ~7 d later and included an overnight
stay at the UAB GCRC; all participants received the same meal
and snacks, and only receiving water after 2000 until after the
morning blood and BP tests. The 24-h dietary recalls were con-
ducted during both visits. The detailed variable information below
parallels the order found in Table 1 (descriptive statistics).

Socioeconomic status

Socioeconomic status (SES) was calculated via the Hol-
lingshead 4-factor index of social status (24), which includes
educational level, occupational prestige, marital status, and sex.
Educational level was on a 7-point scale (1 = less than seventh
grade completed; 7 = graduate degree) and was weighted by
a factor of 3; occupational prestige was on a 9-point scale (1 =
farm laborers/menial service workers; 9 = higher executives,
proprietors of large businesses, and major professionals) and was
weighted by a factor of 5. Overall scores ranged from 8 to 66 and
were determined for the participant’s working parents(s); higher
scores indicate higher SES.

Pubertal status

Pubertal status was determined via physician assessment by
using the Marshall and Tanner pubertal status evaluation criteria
(22, 23). The 5 stages of pubertal status are based on pubic hair
development in both sexes, breast development in females, and

genital development in males. The higher value of the 2 de-
velopmental criteria is used to assign the Tanner stage. In this
study, only children of Tanner stages 1–3 were used.

Percentage body fat

Body composition was assessed via DXA by using a GE Lunar
Prodigy densitometer (GE Lunar Radiation Corp) with pediatric
software (version 1.5e). DXA scans were conducted while the
participants were wearing light clothing and lying flat on their
back with arms at their sides. Total calculated fat mass from the
scan was divided by total body weight to determine percentage
body fat.

Physical activity

Participants were given a uniaxial ActiGraph accelerometer
(GT1M, standard model 198–0100-02; ActiGraph LLC) to wear to
capture physical activity levels and patterns (7 d of data were
used). Actigraph monitors have previously shown high inter-
instrument reliability and the ability to distinguish between
varying levels of physical activity in children (25). Epoch length
was configured at 1 min, and the data are expressed as counts/min.
Data were characterized as average time (min/wk) spent on
moderate, hard, and very hard activities.

Dietary recalls

Two 24-h dietary recalls were administered and analyzed by
a registered dietitian using the triple-pass method (26). A parent
or guardian was present for, and assisted with, each recall; visual
aids were used to help in portion size estimation, and all 24-h
dietary recalls were conducted on weekdays. Data were entered
by a registered dietitian into the Nutrition Data System for

TABLE 1

Descriptive statistics of the AMERICO study population: overall, by sex, and by race-ethnicity1

Total

(n = 320)

Male

(n = 170)

Female

(n = 150)

EA

(n = 122)

AA

(n = 106)

HA

(n = 84)

MR

(n = 8)

Age 9.5 ± 0.1 9.7 ± 0.1a 9.3 ± 0.1b 9.7 ± 0.2 9.6 ± 0.1 9.4 ± 0.2 9.1 ± 0.7

Socioeconomic status2 38.7 ± 0.8 38.7 ± 1.1 38.8 ± 1.3 49.4 ± 0.9a 37.0 ± 1.1b 25.4 ± 1.3c 39.4 ± 7.3a,b

Tanner stage3 1.5 ± 0.0 1.4 ± 0.1b 1.6 ± 0.1a 1.4 ± 0.1b 1.7 ± 0.1a 1.4 ± 0.1b 1.3 ± 0.2a,b

Percentage body fat (%) 23.4 ± 0.5 21.0 ± 0.8b 26.1 ± 0.7a 22.5 ± 0.8b 20.4 ± 1.0b 28.5 ± 0.9a 21.6 ± 2.7a,b

Physical activity4 2012.3 ± 22.5 2015.0 ± 32.1 2009.3 ± 31.4 2016.5 ± 32.7 2036.0 ± 45.0 1965.1 ± 43.3 2201.6 ± 113.9

Total energy intake (kcal/d) 1894.0 ± 26.4 1950.5 ± 37.4a 1831.1 ± 36.7b 1877.3 ± 38.5 1889.6 ± 50.7 1906.0 ± 52.4 2080.3 ± 156.4

Added sugars (g/d) 76.9 ± 2.4 79.4 ± 3.2 74.2 ± 3.7 82.9 ± 3.6a 84.0 ± 4.8a 59.5 ± 4.0b 77.4 ± 15.2a.b

Dietary sodium (mg/d) 3207.3 ± 59.0 3299.7 ± 80.8a 3104.3 ± 85.7b 3050.1 ± 80.3 3279.8 ± 116.7 3339.6 ± 118.8 3258.9 ± 292.4

Dietary fat (g/d) 74.4 ± 1.4 75.6 ± 2.0 73.2 ± 1.9 71.3 ± 1.9 78.2 ± 2.7 73.1 ± 2.6 86.5 ± 10.1

Diastolic blood pressure

(mm Hg)

60.1 ± 0.4 60.9 ± 0.5a 59.2 ± 0.6b 59.0 ± 0.6b 62.4 ± 0.7a 58.6 ± 0.6b 62.3 ± 2.4a,b

Systolic blood pressure

(mm Hg)

103.3 ± 0.6 104.0 ± 0.8 102.6 ± 0.9 102.4 ± 1.0a,b 105.8 ± 1.1a 101.2 ± 1.0b 108.2 ± 3a,b

Total cholesterol (mg/dL) 154.0 ± 1.6 155.0 ± 2.2 152.8 ± 2.4 153.2 ± 2.3 153.8 ± 2.8 154.6 ± 3.6 164 ± 10.6

Triglycerides (mg/dL) 66.7 ± 2.1 63.1 ± 2.5b 70.8 ± 3.4a 66.1 ± 2.9b 54.3 ± 2.7b 83.4 ± 5.3a 68.2 ± 19.3a,b

LDL (mg/dL) 90.2 ± 1.5 90.4 ± 2.1 89.9 ± 2.3 91.6 ± 2.2 87.6 ± 2.8 91.9 ± 3.4 83.9 ± 6.1

HDL (mg/dL) 50.3 ± 0.7 52.0 ± 1.0a 48.3 ± 1.0b 48.4 ± 1.0b 55.5 ± 1.4a 46.1 ± 1.4b 55.2 ± 6.7a,b

1 All values are means ± SEs. Means with different superscript letters are significantly different, P < 0.05 (Tukey’s post hoc test). AA, African

American; AMERICO, Admixture Mapping of Ethnic and Racial Insulin Complex Outcomes; EA, European American; HA, Hispanic American; MR, mixed

race.
2 Assessed via the Hollingshead 4-factor index; potential scores ranged from 8 to 66.
3 Pubertal stages of 1 to 3 as assessed by a pediatrician according to the criteria of Marshall and Tanner.
4 Physical activity includes total minutes per week of light, moderate, and vigorous activities.

48 KELL ET AL



Research (software version 2006; Nutrition Coordinating Center,
University of Minnesota, Minneapolis, MN). Output from the
same participant’s dietary recalls were averaged, and the vari-
ables of interest included the following: total calories (kcal/d),
total fat (g/d), saturated fat (g/d), dietary cholesterol (mg/d),
dietary sodium (mg/d), and added sugars (g/d). Added sugars
were defined as those not naturally occurring in foods, but were
added as a result of processing or preparation and did not in-
clude 100% fruit juices. The Nutrition Data System for Research
software derived added sugars in the diet by using data from
sources such as the USDA (eg, provisional tables and agricul-
tural handbooks), scientific literature, manufacturers, calcula-
tions from recipes, and calculations from ingredient lists or
similar food products (27).

Blood pressure

During the overnight visit at the UAB GCRC, trained nurses
took 2 BP measurements at 1800 and 2 more the next day at 0700.
An automated pediatric BP cuff (Dinamap Pro 200; GE Medical
Systems) was used for this purpose, and appropriate child-sized
cuffs were used based on participant arm size. Participants were
seated at rest, with feet flat on the floor, for ≥10 min before
measurements were taken, and the first and second measure-
ments were separated by a 5-min seated rest. Evening and
morning measurements were not significantly different. The
systolic and diastolic BP measurements were averaged from
a total of 4 measurements of each.

Blood lipids and lipoproteins

Fasting blood samples were collected at 0700 after the par-
ticipants’ overnight stay at the UAB GCRC. Concentrations of
all serum-derived analytes were measured at the UAB in the
Metabolism Core Laboratory that services the GCRC and Nu-
trition Obesity Research Center. Lipids (total cholesterol, HDL
cholesterol, and triglycerides) were measured by using a Stanbio
SIRRUS analyzer. LDL cholesterol was calculated by using the
method of Friedewald (28).

Statistical analysis

Multiple variable linear regression analyses were performed,
with control for covariates, to evaluate the main associations of
interest. The independent variables in our analyses were total
dietary added sugar intake (g/d), total dietary sodium intake
(mg/d), total dietary fat intake (g/d), total dietary saturated fat
intake (g/d), and total dietary cholesterol intake (mg/d). De-
pendent variables included average diastolic BP (mm Hg),
average systolic BP (mm Hg), total cholesterol (mg/dL), tri-
glycerides (mg/dL), LDL cholesterol (mg/dL), and HDL cho-
lesterol (mg/dL). Covariates included sex, race-ethnicity, SES,
Tanner pubertal status, percentage body fat, physical activity
(min/wk), and total energy intake (kcal/d). All variables were
continuous in nature, other than sex and race-ethnicity. Race-
ethnicity was entered as a dummy-coded variable because it is
nominal in nature; EA participants were used as the reference
group because they are the largest group and have the least
variance for the greatest number of variables of interest.

The associations between added sugars and BP (diastolic and
systolic run independently) and between added sugars and blood

lipids (total cholesterol, triglycerides, HDL cholesterol, and LDL
cholesterol run independently) were tested by using multiple-
variable linear regression analyses. Identical models were also
run between dietary sodium and BP and also between total dietary
fat and blood lipids to evaluate their potentially confounding
effects on associations between added sugars and CVD risk
factors. Only those participants with values for all variables in the
models were included in the analyses.

Descriptive statistics were analyzed by race-ethnicity and then
by sex by using ANOVA with Tukey’s post hoc test. Participants
with missing data were not included in the analyses. To comply
with assumptions of regression, all models were evaluated for
normality of residuals before any potential statistical trans-
formations of the dependent variable. In all regression models,
residuals exceeding 3 SDs were removed; consequently, no
statistical transformations of dependent variables were necessary.
All statistical analyses were performed in SAS version 9.3 (SAS
Institute Inc).

RESULTS

Baseline characteristics of study participants are given in Table 1
for the overall sample and by sex and race-ethnicity. No sta-
tistically significant differences were observed between the sexes
in terms of SES, physical activity, added sugars, dietary fat, or
systolic BP, and no significant differences were observed among
race-ethnicity in terms of physical activity, total energy intake,
total cholesterol, or LDL cholesterol. Relative to males, females
had a higher Tanner stage, percentage body fat, and triglycerides
but had lower total energy intake, dietary sodium, average di-
astolic BP, and HDL cholesterol. HA participants had higher
percentage body fat and triglycerides but lower SES and added
sugar consumption than did the AA or EA children. AA par-
ticipants had a higher Tanner stage, average diastolic and systolic
BPs, and HDL cholesterol but lower triglycerides than did either
the EA or HA children.

A significant positive relation was observed between added
sugars and diastolic BP (P = 0.0462), as described in Table 2,
with a significant contribution of sex in the model (P = 0.0259).
Sodium was not significantly associated with diastolic BP;
however, both sex (P = 0.0301) and total energy intake (P =
0.0436) contributed significantly to the model. No significant
relations were observed between systolic BP and either added
sugars or sodium. When the relation between added sugars and
systolic blood pressure was modeled, the following covariates

TABLE 2

Regression analyses of diastolic and systolic blood pressures compared

with added sugars and dietary sodium, run separately1

Diastolic blood pressure Systolic blood pressure

β Coefficient P value β Coefficient P value

Added sugars (g/d) 0.0206 0.0462 0.0126 0.4827

Dietary sodium (mg/d) －0.0009 0.0645 －0.0001 0.8745

1 Models were linear regressions with statistically significant associations

at P < 0.05. All analyses were controlled for the following covariates: sex,

race-ethnicity (dummy coded), socioeconomic status, Tanner pubertal status,

percentage body fat, total physical activity, and total energy intake. In the

above models, the sample size for which all variables were available was 220.
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contributed significantly to the model: sex (P = 0.0233), Tanner
stage (P = 0.0127), and percentage body fat (P = 0.0107). When
the relation between sodium and systolic blood pressure was
modeled, the following covariates contributed significantly to
the model: sex (P = 0.0246), Tanner stage (P = 0.0092), and
percentage body fat (P = 0.0101). In all models of blood pres-
sure, female sex was associated with lower values. When they
contributed significantly to models of blood pressure, Tanner
stage, percentage body fat, and total energy intake were asso-
ciated with higher values.

Added sugars were positively associated with triglycerides (P =
0.0206), but no other blood lipids, as can be seen in Table 3.
Tanner stage contributed significantly in the following models:
total cholesterol (P = 0.0254), triglycerides (P = 0.0020), and
HDL cholesterol (P = 0.0038). Percentage body fat contributed
significantly in the following models: total cholesterol (P =
0.0009), triglycerides (P = 0.0104), LDL cholesterol (P <
0.0001), and HDL cholesterol (P < 0.0001).

Total dietary fat was not significantly associated with any of
the blood lipids investigated, as can be seen in Table 3. Tanner
stage contributed significantly in the following models: total
cholesterol (P = 0.0397), triglycerides (P = 0.0083), and HDL
cholesterol (P = 0.0040). Percentage body fat contributed sig-
nificantly in the following models: total cholesterol (P =
0.0009), triglycerides (P = 0.0129), LDL cholesterol (P <
0.0001), and HDL cholesterol (P < 0.0001). When it contrib-
uted significantly to models of blood lipids, Tanner stage was
associated with higher values of triglycerides but lower values of
total cholesterol and HDL cholesterol. When it contributed
significantly to models of blood lipids, percentage body fat was
associated with higher values of total cholesterol, triglycerides,
and LDL cholesterol but with lower values of HDL cholesterol.
Results from the aforementioned regression analyses are alter-
natively presented with 95% CIs elsewhere (see Supplemental
Tables 1 and 2 under “Supplemental data” in the online issue).

DISCUSSION

This study evaluated the cross-sectional associations between
added sugars in the diet, as reported via guardian-supervised
children’s 24-h dietary recalls, and CVD risk factors—specifically
blood pressure and blood lipids. Whereas previous studies have
shown positive cross-sectional associations between added
sugars in the diet and elevated BP in adolescents and adults
(15–17), and also between added sugars and triglycerides in ad-
olescents (29), our study evaluated this relation in children
(Marshall and Tanner pubertal status ≤3).

In our study population, a positive statistically significant
association was observed between added sugars and diastolic BP,
but not systolic BP. This dichotomy is particularly noteworthy
because of the young age of our population, given that isolated
diastolic hypertension is much more common in younger than in
older adults (30). The relation between added sugars and diastolic
BP suggested a modest increase of 0.0206 mm Hg per gram of
added sugars. The average daily consumption of added sugars for
our participants was 308 kcal (76.9 g), for boys in the United
States is 362 kcal (90.5 g), and for girls in the United States is
282 kcal (70.5 g) (31)—well above the range of 12 to 32 g recom-
mended by the American Heart Association for the age range of
our study population (32). (Range derivations for added sugars
are available under “Supplemental data” in the online issue.)
This level of added sugar consumption by US children may parlay
into an increase of 1.8643 mm Hg in boys and of 1.4523 mm Hg
in girls, which may be clinically relevant given that a sus-
tained increase of only 5–6 mm Hg in diastolic BP in older
adults over a few years may increase the risk of stroke by
67% (33).

A dietary factor traditionally thought to increase BP, dietary
sodium (34), did not have a statistically significant association
with either measure of BP in our sample. We hypothesized that
the lack of association in our population between dietary sodium
and BP may have been attributable to the age of our population
and the possibility that their vascular tone and renal function have
not yet been impaired. In terms of blood lipids, although added
sugars were associated with triglycerides in our study, dietary fat
did not show this association. When further examined, neither
dietary cholesterol nor saturated fats were significantly associ-
ated with triglycerides (data not shown).

Data from the Framingham study show that patients with
elevated BP also have other metabolic conditions, such as high
cholesterol and triglycerides, lower HDL cholesterol, obesity,
and insulin resistance (30). Other studies have suggested that
hypertriglyceridemia and hypertension tend to coexist in adult
individuals (35). These observations suggest that metabolic
diseases could respond to a common etiology rooted in genetic
and environmental factors that alter the normal functionality of
the body. Our data support that the consumption of added sugars
might represent a modifiable risk factor that deserves further
exploration in the identification of preventive strategies for such
complex diseases, particularly among the pediatric population.

Understanding how risk factors affect disease progression is
critical in the development of effective interventions and treat-
ments. Added sugars in the diet may affect BP by acting on the
kidneys to increase blood concentrations of uric acid, which

TABLE 3

Regression analyses of blood lipids and lipoproteins compared with added sugars and dietary fat, run separately1

Total cholesterol Triglycerides LDL cholesterol HDL cholesterol

β Coefficient P value β Coefficient P value β Coefficient P value β Coefficient P value

Added sugars (g/d) 0.0276 0.5995 0.1090 0.0206 0.0318 0.5259 －0.0127 0.5516

Dietary fat (g/d) 0.1087 0.4480 －0.1351 0.2740 0.0769 0.5735 0.0496 0.3947

1 Models were linear regressions with statistically significant associations at P < 0.05. All analyses were controlled for

the following covariates: sex, race-ethnicity (dummy coded), socioeconomic status, Tanner pubertal status, percentage body

fat, total physical activity, and total energy intake. In the above models, the sample size for which all variables were

available was 210.
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could, in turn, reduce the production and/or availability of nitric
oxide, a powerful vasodilator, and thereby raise BP (36). In fact,
an increased OR of elevated BP has been seen in those ado-
lescents with higher serum uric acid concentrations (37). Al-
ternatively, the mechanism by which added sugars may raise BP
could involve the renin-angiotensin pathway, as has been ob-
served in rat studies (38, 39), or the interplay between this
pathway and nitric oxide production (39). Elevation of tri-
glycerides from added sugars, on the other hand, may have a less
convoluted etiology. A likely mechanism by which added sugars
may increase triglyceride concentrations is through stimulation
of hepatic de novo lipogenesis (DNL) (40, 41). Although glucose
alone does not appear to significantly increase DNL (42),
fructose has been shown to significantly increase DNL within
hours (43, 44). (Both glucose and fructose are found in com-
monly used added sugars such as cane sugar and high-fructose
corn syrup.)

The strengths of our study include the use of a diverse cohort in
terms of race-ethnicity and the ability to more accurately isolate
the association between dietary sugars, BP, and blood lipids by
controlling for lifestyle (physical activity and dietary intakes) and
SES, race-ethnicity, sex, Tanner stage, and percentage body fat.
In addition to the inclusion of these covariates, robust measures of
body composition and physical activity were used. For instance,
percentage body fat was calculated from body-composition
variables and weight obtained via DXA technology instead of
estimated by using BMI, because BMI has been shown to be
inconsistent in classifying adiposity status across racial-ethnic
groups in children, and <50% of children in the 85th–95th BMI
percentile (ie, overweight) show high adiposity levels when
assessed via DXA (45). Physical activity was directly measured
via the use of accelerometers, as opposed to self-reported ac-
tivity. Tanner status was used as a proxy for maturation status,
instead of age alone, to better control for hormonal and de-
velopmental differences among the children.

Limitations of the study include the sample size (n = 320), the
cross-sectional nature of the study, and the inability to obtain
certain data. Given that our sample was from children living in
the Birmingham, AL, metro area, the results may not be readily
generalized to other geographic contexts. As we were not able to
follow the children over time, it is not possible to determine how
the observed relations between added sugars, BP, and blood
lipids may change throughout the life span. The use of self-
reported dietary assessments may raise concerns about the
potential underreporting of added sugars—as observed in adults
(46)—that could have affected the associations reported herein.
Although 24-h dietary recalls may introduce error because of
their reliance on memory and truthfulness in reporting, a pre-
vious review has shown repeated 24-h dietary recalls to be the
most accurate self-reported measure in children as compared
with doubly labeled water (47). Despite control for SES (as
determined via the Hollingshead index), limited parental income
data were available for us to evaluate the possible effects of
purchasing power constraints on diet quality and their associa-
tions with foods high in added sugars. We did not have measures
of serum uric acid, nitric oxide, or the renin-angiotensin system
in our population to evaluate the potential physiologic mecha-
nisms by which added sugars may raise BP.

Our results support the hypothesis that increased consumption
of added sugars may contribute to the development of poor

cardiovascular health before maturity. Further research is needed
in humans, especially randomized control trials and longitudinal
studies, to verify whether the relations between added sugars, BP,
blood lipids, and cardiovascular health are definitively causative
or only correlative. However, in light of the current obesity
epidemic—because added sugars in food products may further
increase caloric load—it would be advisable to limit the con-
sumption of added sugars, especially in children.
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Amount, type, and sources of carbohydrates in relation to ischemic
heart disease mortality in a Chinese population: a prospective
cohort study1–4

Salome A Rebello, Hiromi Koh, Cynthia Chen, Nasheen Naidoo, Andrew O Odegaard, Woon-Puay Koh,
Lesley M Butler, Jian-Min Yuan, and Rob M van Dam

ABSTRACT
Background: The relation between carbohydrate intake and risk of
ischemic heart disease (IHD) has not been fully explored in Asian
populations known to have high-carbohydrate diets.
Objective: We assessed whether intakes of total carbohydrates,
different types of carbohydrates, and their food sources were asso-
ciated with IHD mortality in a Chinese population.
Design: We prospectively examined the association of carbohydrate
intake and IHD mortality in 53,469 participants in the Singapore Chi-
nese Health Study with an average follow-up of 15 y. Diet was assessed
by using a semiquantitative food-frequency questionnaire. HRs and
95% CIs were calculated by using a Cox proportional hazards analysis.
Results: We documented 1660 IHD deaths during 804,433 person-
years of follow-up. Total carbohydrate intake was not associated
with IHD mortality risk [men: HR per 5% of energy, 0.97 (95%
CI: 0.92, 1.03); women: 1.06 (95% CI: 0.99, 1.14)]. When types of
carbohydrates were analyzed individually, starch intake was associ-
ated with higher risk [men: 1.03 (95% CI: 0.99, 1.08); women: 1.08,
(95% CI: 1.02, 1.14)] and fiber intake with lower risk of IHD
mortality [men: 0.94 (95% CI: 0.82, 1.08); women: 0.71 (95%
CI: 0.60, 0.84)], with stronger associations in women than men
(both P-interaction < 0.01). In substitution analyses, the replace-
ment of one daily serving of rice with one daily serving of noodles
was associated with higher risk (difference in HR: 26.11%; 95% CI:
10.98%, 43.30%). In contrast, replacing one daily serving of rice
with one of vegetables (－23.81%; 95% CI: －33.12%, －13.20%),
fruit (－11.94%; 95% CI: －17.49%, －6.00%), or whole-wheat
bread (－19.46%; 95% CI: －34.28%, －1.29%) was associated with
lower risk of IHD death.
Conclusions: In this Asian population with high carbohydrate in-
take, the total amount of carbohydrates consumed was not substan-
tially associated with IHD mortality. In contrast, the shifting of food
sources of carbohydrates toward a higher consumption of fruit,
vegetables, and whole grains was associated with lower risk of
IHD death. Am J Clin Nutr 2014;100:53–64.

INTRODUCTION

The rising prevalence of type 2 diabetes and cardiovascular
diseases (CVDs)5 in Asia and the projected public health and
economic consequences have made identifying and addressing
modifiable risk factors a priority (1). Carbohydrate intakes are
typically higher in Asian (2, 3) than Western (3) populations and

understanding their impact on ischemic heart disease (IHD) risk
may have considerable implications for prevention efforts.
Current evidence on the impact of total carbohydrate intake on
IHD has primarily come from studies in Western populations
and has been equivocal. Metabolic study results have suggested
that the isoenergetic replacement of carbohydrates with un-
saturated fats or proteins can reduce insulin resistance (4) and
blood pressure (5) and improve plasma lipoprotein profiles (5,
6). However, associations between long-term carbohydrate in-
take on IHD (7–9) and CVD (8, 10–15) in prospective cohort
studies have been inconsistent.

Some of these discrepancies in findings with regards to total
carbohydrate intake and cardiovascular health may have been
related to the type of carbohydrates consumed or food sources of
carbohydrates. On ingestion, intake of carbohydrates from foods
with a high glycemic index (GI) cause rapid surges in blood
glucose and has been associated with higher CVD risk (9, 16, 17),
whereas carbohydrates from low-GI food sources (GI ≤57) was
not associated with IHD risk (9). A high dietary glycemic load
(reflecting both the amount of carbohydrates and dietary GI) has
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also been associated with higher CVD risk in several studies (16,
17). Similarly, refined food sources of carbohydrates with higher
GI such as sugar-sweetened beverages and refined-grain cereals
have been related to higher risk of type 2 diabetes and IHD
in some studies (18, 19), whereas the consumption of whole-
grain foods has been associated with lower risk of these diseases
(20). Whole-grain foods are important sources of various phy-
tochemicals such as dietary fiber, magnesium, tocotrienols, and
lignans that can potentially improve cardiovascular health (21).
Therefore, refined carbohydrate-rich foods may increase risk
of cardiometabolic disease directly by straining the glucose-
homeostatic system or indirectly by displacing the consumption of
whole-grain foods that may exert protective effects (18, 19, 21).

The contribution of refined high-carbohydrate foods to CVD
risk is possibly magnified in Asian populations, who derive
a large proportion of their energy from refined grains (2) and may
experience exacerbated glycemic responses to such foods than
do persons of European ancestry (22). White rice, which is one
of the main sources of carbohydrates in a traditional Asian diet,
has been associated with higher risk of type 2 diabetes in both
Western and Asian populations (23). However, few studies have
investigated the associations of different carbohydrate sources
with CVD risk in the context of an Asian population, and these
studies have yielded discrepant results (24–26). Therefore, we
examined the association of total carbohydrate intake, types of
carbohydrates, and food sources of carbohydrates with IHD
mortality risk in a large cohort of Chinese in Singapore.

SUBJECTS AND METHODS

Study population

The Singapore Chinese Health Study cohort was established to
assess the role of lifestyle and dietary factors on risk of cancer and
other chronic diseases in Chinese adults in Singapore. From 1993
to 1998, Singapore citizens or permanent residents aged between
45–74 y who were residing at public housing estates (where ~86%
of the Singaporean population lived at the time of recruitment)
were interviewed during home visits by using a structured ques-
tionnaire that elicited information on height, weight, education,
medical history, and lifestyle behaviors including diet, tobacco
use, alcohol intake, physical activity, and sleep duration. This
cohort comprises 63,257 participants of Chinese ethnicity restricted
to the 2 major dialect groups, the Cantonese and the Hokkiens,
who originated from the contiguous provinces of Fujian and
Guangdong, respectively, in the southern part of China. De-
tails on the study design have been previously published (27).
The study has been approved by the institutional review boards
of the National University of Singapore and the University of
Pittsburgh.

Dietary assessment

Habitual dietary intake over the past 1 y was assessed by
using an interview-administered 165-item semiquantitative food-
frequency questionnaire (FFQ) at the time of study enrollment.
Information on the usual frequency of consumption for each food
item was collected by using 8 categories that ranged from never to
≥2 times/d (never or hardly ever, 1 or 2–3 times/mo, 1, 2–3, or
4–6 times/wk, and 1 or ≥2 times/d). Information on the usual

serving size (generally 3 options) was also obtained. Serving-
size options were either number based for foods that could be
readily counted such as bread (≤1, 2, or ≥3 slices) or based on
colored photographs of food items on same-sized plates with
portions representing the 15th, 50th, and 85th percentiles of
the portion size. Intakes of 15 types of fruit were captured by the
FFQ, and total daily fruit consumption was calculated as the
sum of the servings of all fruit. The FFQ assessed intake of 34
types of fresh vegetables including tomatoes, yellow-orange,
cruciferous, and green vegetables, and vegetable juices. For the
purposes of our analyses, we excluded the consumption of po-
tatoes and preserved vegetables from the total vegetable con-
sumption. Rice intake was assessed by using 8 line items that
included plain rice or porridge, flavored porridges, fried rice,
coconut rice dishes, curry rice dishes, chicken rice, and other
types of flavored rice. Noodle intake was assessed on the basis of
5 line items and included fried vegetarian noodles, other fried
noodles, noodles with a soupy base, noodles with gravy, and dry
noodles.

Nutrient intakes for each participant were computed from the
Singapore Food Composition database (28). The FFQ has sub-
sequently been compared with a series of 24-h dietary recall
interviews collected from 1022 randomly chosen cohort subjects
(425 men and 597 women) (28). Correlation coefficients between
24-h diet recalls and the FFQ for Cantonese and Hokkiens were as
follows: carbohydrate intake (percentage of energy), 0.43 and
0.51 for men and 0.48 and 0.46 for women; and fiber intake
(energy-adjusted residuals), 0.72 and 0.66 for men and 0.67 and
0.65 for women (28). Comparable correlations for carbohydrate-
based foods have been reported in other Asian cohorts (26, 29).
The difference in mean nutrient intake measured by the FFQ and
24-h recall for most nutrients including carbohydrates and fiber
was <10%, which suggested good coverage of carbohydrate-
containing foods by the FFQ (28).

Covariate assessment

Data on other covariates including cigarette smoking, alcohol
consumption, sleep duration, education level, medical history
(physician-diagnosed hypertension, diabetes, heart attack or
angina, and cancer), physical activity, reproductive history (only
women), and height and weight were also collected by using
interview-administered questionnaires. If either height (n = 295;
0.47% of participants) or weight (n = 10,280; 16.3% of partic-
ipants) data were missing, values were estimated by using linear
regression on the nonmissing variable. If both height and weight
data were missing (n = 196; 0.31% of participants), the sex-
specific median value of height was used, and weight was im-
puted by using linear regression on height. BMI (in kg/m2) was
computed as weight divided by the square of height. Alcohol
intake was computed on the basis of the consumption of beer,
rice wine, other wines, and hard liquor. Physical activity was
assessed by asking participants the amount of time they spent
per week on strenuous activities such as jogging, tennis, or
moving heavy furniture and on moderate activities such as brisk
walking or tai chi over the past year. Sleep duration was as-
sessed by asking participants about the average number of hours
slept per day including naps with options that ranged from ≤5 to
≥10 h/d. For women, reproductive history including in-
formation on menstrual status was also obtained.
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IHD mortality assessment

The cohort is followed up for mortality through regular record
linkage with the population-based Singapore Registry of Births
and Deaths. For the current analysis, all deaths including the
specific cause of death and date of death up to 31 December 2011
were used. IHD death was defined according to the International
Classification of Diseases, 9th Revision, codes 410.0–414.9 that
were recorded as the primary cause of death in death certificates.
As of 31 December 2011, only 47 cohort subjects were lost to
follow-up, mainly because of their emigration out of Singapore.
Thus, the identification of deaths in Singapore Chinese Health
Study participants was virtually complete.

Statistical analyses

We excluded participants who had a previous self-reported
history of cancer (n = 864), heart attack or angina (n = 2598),
stroke (n = 947), or diabetes (n = 5696). We also excluded
participants who had extreme daily energy intakes [<700 or
>3700 kcal/d for men (n = 476) and <600 and >3000 kcal/d for
women (n = 584); >3 SDs from the mean]. The number of
participants excluded from each category was not exclusive.
Therefore, the current analyses were based on data from 53,469
participants.

For each participant, we computed the follow-up time in the
study from the date of interview at enrollment to the date of death,
date of last contact, or 31 December 2011, whichever came first.
Carbohydrate, starch, and monosaccharide and disaccharide in-
takes were expressed as a percentage of total energy intake. With
the exception of bread consumption, which was not substantially
associated with energy intake, all other dietary variables were
adjusted for energy intake by using the residual method (30).
We computed sex-specific quintiles for dietary intakes. Distri-
butions of demographic, lifestyle, and dietary characteristics in
study participants were compared across different quintiles of
carbohydrate intake for men and women, separately. Pairwise
Spearman’s correlation coefficients were calculated to assess the
correlation between total and types of carbohydrates as well as
between these carbohydrates and major food sources. The Cox
proportional hazards regression was used to compute HRs and
95% CIs of risk of IHD death for different carbohydrate intakes
related to the lowest quintile. We tested for a trend by modeling
dependent variables such as total carbohydrate as continuous
variables in a Cox proportional hazards regression.

We fitted 3 models with different sets of covariates to adjust for
potential confounding effects. Besides the primary variable of
interest, the basic model included age at recruitment (y), dialect
group (Hokkien or Cantonese), year of interview, and energy intake
(kcal/d). In our second model, we further adjusted for lifestyle
factors including cigarette smoking (never smoker, ex-smoker,
current smoker <13 cigarettes/d, and current-smoker ≥13 ciga-
rettes/d), alcohol intake (never drinkers, <5 g/d, and ≥5 g/d),
physical activity (0 h/wk moderate and strenuous activity, <4 h/wk
of moderate and <2 h/wk of strenuous activity, and ≥4 h/wk of
moderate or ≥2 h/wk of strenuous activity), sleep duration (5, 6,
7, 8, and ≥9 h/d), education (none, primary, secondary, and
above), BMI (<18.5, 18.5 to <23, 23 to <25, 25 to <27.5, 27.5
to <30, and ≥30), history of hypertension (yes or no), and use of
hormone-replacement therapy (HRT) for women (premenopausal,

postmenopausal without a history of the use of HRT, and post-
menopausal with a history of the use of HRT). In addition to all
covariates in models 1 and 2, the final set of models included the
following diet-related factors: the ratio of PUFAs to SFAs, cho-
lesterol, and fiber intakes (in quintiles) for the evaluation of asso-
ciations for carbohydrates, starch, fiber, and monosaccharides and
disaccharides. For models that evaluated associations of IHD
mortality risk with rice, noodles, fruit, and vegetables, final models
included whole-wheat bread intake (0, <1, and ≥1 slice/d), white
bread intake (0, <1, and ≥ 1 slice/d), and quintiles of red meat,
fish, soy protein, egg, poultry, nonsoy legume, and polyunsaturated
fat–to–saturated fat intake ratio, all of which were modeled as or-
dinal variables. These covariates were selected because they are
potential risk factors for IHD on the basis of previous literature.

Correlations between Schoenfeld’s residuals and time were
not significant (P ≥ 0.05) for most models indicating that the
proportional hazards assumptions were not violated. Only for
rice and starch models were these correlations significant (P =
0.02). However, when we stratified the follow-up time by 10 y,
we observed similar associations across strata, which indicated
that these deviations did not materially affect the results. We
tested for interactions by sex, BMI, (overweight status according
to Asian criteria of ≥23 or <23 kg/m2), and age (median age:
≥55 and <55 y) by including a multiplicative term with sex,
BMI, or age as a binary variable and the consumption of car-
bohydrates and its sources as continuous variables in fully ad-
justed models. We also evaluated effects of substituting one
serving of rice for other foods such as noodles, vegetables, fruit,
or whole-wheat breads by using the method described by
Bernstein et al (31). We did this analysis by simultaneously
including the consumption of the foods of interest as continuous
variables in the multivariate model. We defined one serving as
100 g rice, noodles, or vegetables, 90 g fish, red meat, or poultry.
12.5 g soy protein, 80 g legumes, and 53 g eggs on the basis of
the Singapore Health Promotion Board serving-size guide (32).
The exponential of the difference between coefficients was used
to estimate the RR of substitution, and the covariance between
the 2 food groups was used to derive the SE and 95% CI.

In sensitivity analyses, we excluded people who had an event
within the first 5 y of follow-up to account for a potential bias
because of preclinical disease at enrollment. We used PASW
(SPSS) software (version 19.0; IBM, SPPS Inc), and 2-sided
P values <0.05 were considered statistically significant.

RESULTS

During the 804,433 person-years of follow-up, from 1993 to
2011, we noted 1660 deaths from IHD including 1022 deaths in
men (29.93 deaths/10,000 person-years) and 638 deaths in
women (13.78 deaths/10,000 person-years). Both men and
women who had higher carbohydrate intake were more likely to
be older, hypertensive, and alcohol abstainers and have a lower
education level (Table 1). In men, higher carbohydrate intake
was also associated with smoking, and in women, higher car-
bohydrate intake was associated with being physically inactive
and postmenopausal without a history of HRT use.

Total carbohydrate intake was inversely correlated to intakes
of protein, total fat, meat, fish, and soy protein (Table 2). Fur-
thermore, total carbohydrate intake was highly correlated with
starch and rice intakes, but not with intakes of monosaccharides
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and disaccharides or fiber. Fiber intake was directly correlated
with intake of monosaccharides and disaccharides, fruit, and
vegetables.

Total carbohydrate intake was not significantly associated with
IHD mortality in age-adjusted, lifestyle-adjusted, and dietary
intake–adjusted models in either men or women (Table 3). To
examine risk of participants with very high carbohydrate intake,
we examined IHD risk across deciles of carbohydrate intake in
fully adjusted models. We observed similar RR estimates [men:
HR, 0.93 (95% CI: 0.67, 1.30); women: HR, 1.08 (95% CI: 0.71,
1.65)] for the highest (men: 71.73% of energy from carbohy-
drates; women: 70.77% of energy from carbohydrates) com-
pared with lowest deciles (men: 47.05%; women: 47.40%) of
carbohydrate intake. When we examined the association be-
tween IHD mortality and types of carbohydrates, we observed
differences in associations according to sex. Higher starch intake
was significantly associated with higher risk of IHD death in
women but not men (P-interaction by sex = 0.005).

Dietary monosaccharides and disaccharides and fiber were
inversely associated with IHD mortality in both men and women
in age-adjusted models (Table 3). However, in women, the as-
sociation between monosaccharides and disaccharides and IHD
mortality was substantially weakened after adjustment for dietary
fiber. In men, monosaccharide and disaccharide intake remained

inversely associated with IHD mortality after adjustment for
lifestyle and dietary covariates. For dietary fiber, adjustment for
smoking and hypertension weakened the association with IHD
mortality risk in men, whereas in women, this association per-
sisted in fully adjusted models (HR: 0.62; 95% CI: 0.46, 0.82;
P-trend < 0.01, P-interaction < 0.01). In sensitivity analyses,
we observed similar findings when we used insoluble nonstarch
polysaccharides or soluble nonstarch polysaccharides (data not
shown).

We also evaluated major food sources of carbohydrates and
fiber. The 3 main sources of carbohydrates in this population were
rice, noodles, and bread, which contributed 40.7%, 8.2% and
7.2%, respectively, to carbohydrate intake. Of primary contrib-
utors to dietary fiber intake were fruit and fruit juices (27.6%),
vegetables (21.0%), and bread (10.5%). After adjustment for
multiple covariates, we observed significantly higher IHD
mortality risk with higher noodle consumption in both men and
women (Table 4). Each daily serving increment in noodle intake
was associated with 30% higher risk of IHD mortality in men
and 38% higher risk of IHD mortality in women. When we
examined the association between different types of noodles
(dry, soupy, and fried) and risk of IHD mortality, we observed
higher risk with all noodle subtypes including dry noodles
[women: HR, 1.92 (95% CI: 1.04, 3.53) per daily serving

TABLE 1

Baseline characteristics according to quintiles of carbohydrate intake in men and women

Men Women

Quintile 1 (low) Quintile 3 Quintile 5 (high) Quintile 1 (low) Quintile 3 Quintile 5 (high)

n 4688 4572 5068 6005 6122 5626

Median carbohydrate intake (% of energy) 49.6 59.2 68.8 50.0 59.2 68.5

Age at interview (y) 55.0 ± 7.61 56.2 ± 7.9 57.3 ± 8.0 53.8 ± 7.4 55.7 ± 7.8 58.0 ± 8.2

BMI (kg/m2) 22.9 ± 3.3 22.8 ± 3.1 22.8 ± 3.2 23.2 ± 3.4 23.1 ± 3.2 23.1 ± 3.3

Sleep duration (h/d) 7.0 ± 1.1 7.0 ± 1.1 7.1 ± 1.1 7.0 ± 1.1 7.0 ± 1.1 6.9 ± 1.1

Hypertension [n (%)] 840 (18) 940 (21) 1050 (21) 1134 (19) 1225 (20) 1170 (21)

Alcohol consumption [n (%)]

0 g 2396 (51) 3126 (68) 4047 (80) 5123 (85) 5570 (91) 5298 (94)

>0 but <5 g 887 (19) 914 (20) 791 (16) 653 (11) 448 (7) 294 (5)

≥5 g 1405 (30) 532 (12) 230 (5) 229 (4) 104 (2) 34 (1)

Educational level [n (%)]

No formal education 440 (9) 452 (10) 662 (13) 1844 (31) 2333 (38) 2744 (49)

Primary school education 2213 (47) 2342 (51) 2804 (55) 2363 (39) 2453 (40) 2111 (38)

Secondary/A levels/university 2035 (43) 1778 (39) 1602 (32) 1798 (30) 1336 (22) 771 (14)

Smoking status [n (%)]

Nonsmoker 1779 (38) 2008 (44) 2243 (44) 5535 (92) 5660 (92) 5083 (90)

Ex-smoker 854 (18) 933 (20) 1091 (22) 125 (2) 118 (2) 131 (2)

Current smoker (1–12 cigarettes/d) 571 (12) 599 (13) 685 (14) 234 (4) 225 (4) 283 (5)

Current smoker (≥13 cigarettes/d) 1484 (32) 1032 (23) 1049 (21) 111 (2) 119 (2) 129 (2)

Dialect group [n (%)]

Cantonese 2013 (43) 2062 (45) 2328 (46) 2892 (48) 2896 (47) 2727 (48)

Hokkien 2675 (57) 2510 (55) 2740 (54) 3113 (52) 3226 (53) 2899 (52)

Leisure physical activity [n (%)]

No moderate or vigorous activity 3226 (69) 3010 (66) 3495 (69) 4532 (75) 4709 (77) 4501 (80)

<2 h/wk vigorous or <4 h/wk moderate 774 (17) 869 (19) 878 (17) 897 (15) 865 (14) 675 (12)

≥2 h/wk vigorous or ≥4 h/wk moderate 688 (15) 693 (15) 695 (14) 576 (10) 548 (9) 450 (8)

Menopausal status and HRT2 use [n (%)]

Premenopausal — — — 2296 (38) 1868 (31) 1217 (22)

Postmenopausal, no HRT — — — 3353 (56) 3966 (65) 4184 (74)

Postmenopausal, HRT — — — 355 (6) 287 (5) 224 (4)

1 Mean ± SD (all such values).
2 HRT, hormone-replacement therapy.
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increment (P-trend = 0.04); men: HR, 1.47 (95% CI: 0.95, 2.28)
(P-trend 0.09)], soupy noodles [women: 1.24 (95% CI: 0.65,
2.37) (P-trend = 0.04); men, HR: 1.60 (95% CI: 1.02, 2.49)
(P-trend = 0.04)], and fried noodles [women, HR: 1.43 (95% CI:
0.82, 2.48) (P-trend = 0.21); men, HR: 1.31 (95% CI: 0.89, 1.93)
(P-trend = 0.17)]. Because noodle dishes were an important
source of sodium intake for this population and contributed
9.5% to total estimated dietary sodium intake, we conducted
sensitivity analyses to examine if the association between noo-
dle consumption and IHD risk might have been mediated by
sodium. Results were not materially altered when we adjusted
for sodium intake. Noodle consumption was also not sub-
stantially associated with the consumption of Western fast foods
(men: r = 0.03; women: r = 0.05), and adjustment for these
foods did not materially alter results.

Rice consumption was not significantly associated with IHD
mortality in men but was associated with significantly higher risk
of IHD death in age- and lifestyle-adjusted models in women
(Table 4). However, this association in women was attenuated
after adjustment for dietary factors such as fruit and vegetable
consumption and was not statistically significant in fully adjusted
models.

For both women and men, vegetable and fruit consumption
was associated with lower risk of IHD death in the fully adjusted
model. Each serving increment in vegetable consumption was
associated with significant 25% lower IHD mortality risk in
women and nonsignificant 12% lower IHD mortality risk in men
(P-interaction = 0.02). Each serving increment in fruit con-
sumption was significantly associated with 15% lower IHD
mortality risk in women and 8% lower IHD mortality risk in

men (P-interaction = 0.02). To better understand associations
between monosaccharide and disaccharide intake and IHD
mortality, we also examined the association for the following
food sources other than fruit: dairy products and sweets (in-
cluding candy, sugar, and jam). In contrast to fruit consumption,
the consumption of dairy [men, HR: 1.00 (95% CI: 0.93, 1.07)
per daily serving increment (P-trend = 0.42); women, HR: 1.04
(95% CI: 0.96, 1.12) (P-trend = 0.33)] and consumption of
sweets [men, HR: 0.92 (95% CI: 0.42, 2.01) (P-trend = 0.79);
women, HR: 0.97 (95% CI: 0.32, 2.99) (P-trend = 0.95)] were
not substantially associated with risk of IHD death.

We also examined possible effect modifications by age and
BMI for the association between dietary intakes and IHD mor-
tality (see supplemental Table 1 under “Supplemental data” in
the online issue ). We observed a significant interaction of age
with fiber, vegetables, and fruit in relation to IHD risk in men
(all P-interaction ≤ 0.04). In younger men, fiber [HR: 0.58
(95% CI 0.34, 0.98) for highest compared with lowest quintiles;
P-trend 0.05], vegetables [HR: 0.52 (95% CI: 0.29, 0.92);
P-trend = 0.11], and fruit [HR: 0.58 (95% CI 0.34, 0.98); P-
trend = 0.02] were associated with lower IHD risk similar to
associations observed in women. In contrast, fiber, vegetables,
and fruit intakes were not substantially associated with IHD
risk in older men. We also observed an effect modification by
BMI for rice and noodle consumption, with stronger direct as-
sociations observed between noodles and IHD risk in leaner
women and between rice and IHD risk in overweight women (all
P-interaction ≤ 0.02).

Because real-life food choices often involve the selection of
one type of food over another, we modeled effects of food

TABLE 2

Spearman’s correlations between carbohydrate intakes and nutrient and food intakes1

Carbohydrates Starch

Monosaccharides and

disaccharides Dietary fiber

M F M F M F M F

Carbohydrates 1.00 1.00 0.76 0.70 — — — —

Starch 0.76 0.70 1.00 1.00 －0.62 －0.63 －0.34 －0.43

Monosaccharides and disaccharides — — －0.62 －0.63 1.00 1.00 0.48 0.53

Dietary fiber — — －0.34 －0.43 0.48 0.53 1.00 1.00

Protein －0.73 －0.81 －0.51 －0.55 — — — —

Total fat －0.84 －0.93 －0.71 －0.78 — — 0.19 0.17

Cholesterol －0.61 －0.61 －0.45 －0.41 — — — －0.18

P:S2 — — — — — — 0.25 0.20

Rice 0.70 0.68 0.91 0.90 －0.54 －0.50 －0.45 －0.50

Noodles －0.31 －0.32 －0.20 －0.16 — — — —

Vegetables －0.27 －0.34 －0.31 －0.39 — — 0.46 0.41

Fruit — — －0.28 －0.39 0.55 0.63 0.77 0.74

Red meat －0.51 －0.45 －0.31 －0.21 — －0.17 －0.19 －0.24

Soy protein －0.30 －0.38 －0.33 －0.39 — — 0.32 0.23

Fish －0.42 －0.45 －0.30 －0.28 — — — —

Poultry －0.40 －0.38 －0.25 －0.22 — — — －0.17

Eggs －0.26 －0.23 －0.19 — — — — —

Legumes — — — — 0.18 — 0.21 —

White bread3 — — — — — — — —

Whole-wheat bread3 — — — — — — 0.34 0.31

1 Only correlations with an absolute r ≥ 0.15 are shown for the purpose of simplicity. All displayed correlations were significant at P ≤ 0.05. Spearman’s

correlations were computed by using energy-adjusted variables.
2 P:S, ratio of PUFA to SFA.
3 Correlations were obtained by using partial correlations with adjustment for total energy intake.
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replacement on IHD mortality risks. We showed that the sub-
stitution of one daily serving of rice with noodles was associated
with 26.11% higher risk of IHD mortality (95% CI: 10.98,
43.30%) (Figure 1A). In contrast, the substitution of one serving
of rice with one serving of vegetables (－23.81%; 95% CI:
－33.12% to －13.20%), fruit (－11.94%; 95% CI: －17.49%,
－6.00%), or whole-wheat bread (－19.46%; 95% CI: －34.28%,
－1.29%) was associated with a lower IHD mortality. For this
substitution analysis, similar associations were observed for men
and women (Figure 1, B and C). Because the energy provided by
one serving of fruit is lower than that provided by one serving of
rice or noodles, we conducted a sensitivity analyses in which we
calculated risk estimates by using isocaloric servings of rice and
fruit (with the assumption that one serving of rice was 100 kcal,
and one serving of fruit was 50 kcal). We observed consistent,
albeit stronger, associations of the replacement of 100 kcal
rice with 100 kcal fruit and IHD mortality [all: －20.1% (95%
CI: －29.2%, －9.8%); women: －27.4% (95% CI: －41.5%,
－9.9%); men: －15.8% (95% CI: －27.3%, －2.4%)].

DISCUSSION

In this large cohort of Chinese men and women with a mean
follow-up of 15 y, we observed no association between total
carbohydrate intake and mortality from IHD despite the sub-
stantial variation in intakes with nearly 70% of energy derived
from carbohydrates for participants in the highest quintile
compared with 50% of energy derived from carbohydrates for
participants in the bottom quintile. In contrast, fiber intake was
associated with lower risk of IHD death, particularly in women.
When we examined food sources of carbohydrates, we observed
that noodle consumption was associated with higher risk and fruit
and vegetable consumption with lower risk of IHD death.

Results for rice consumption in relation to IHD mortality in our
study were complex. High rice consumption was associated with
higher risk of IHD death in women after adjustment for non-
dietary covariates. However, this association largely disappeared
after adjustment for other foods. In this study population, in
which rice is a major part of the diet, it may be difficult to
disentangle effects of high rice consumption per se from effects
of foods typically consumed along with rice in mixed dishes that
are typical of the Chinese diet in Singapore (28). The substitution
analysis provided consistent results for men and women that
indicated that the replacement of rice with noodles was associated
with higher risk of IHD death, whereas the replacement of rice
with fruit, vegetables, or whole-wheat bread was associated with
lower risk of IHD death.

Our findings of a lack of association between total carbohy-
drate intake and IHD mortality were consistent with evidence
from studies in Europe and United States in which carbohydrate
intake was not associated with risk of CVD (7, 11) or cardio-
vascular mortality (10, 12). In contrast, Italian women who were
in the highest quartile of carbohydrate intake had 2-fold higher
risk of IHD than that of women in the lowest quartile (9), whereas
for men, these associations were not significant. The type of
carbohydrate appeared to be an important factor because this
association was only observed with carbohydrate consumption
from high-GI foods (GI >57) such as bread, sugar, pizza, and
rice (9).T
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We observed an association between high starch intake and
higher IHD mortality in women but not men. These results may
reflect detrimental metabolic effects of a high–glycemic load
diet, which have been associated with higher risk of IHD events
in women (16, 17). However, starch intake in our population was
correlated with the consumption of a variety of foods that may
affect risk of IHD. Although we adjusted for several relevant
dietary factors, we could not fully distinguish between physio-
logic effects of starch and other aspects of dietary patterns as-
sociated with high starch intakes that may have differed for men
and women.

High rice consumption has been associated with cardiovas-
cular risk factors such as insulin resistance (33), lower HDL
cholesterol (33), higher fasting triglycerides (33), and higher risk
of type 2 diabetes (23). However, in a Japanese study, high rice
intake was associated with lower risk of IHD death in men al-
though this result was not observed in women (26). Because of
the high rice consumption and large contrasts in consumption
within that study, a key issue is what other foods rice displaced.

It is unlikely that the association between noodle consumption
and higher risk of IHD in our study was solely the result of the
carbohydrate composition of noodles because rice was a more-
important contributor to starch (57%) and carbohydrate (41%)
intakes than were noodles (11% and 8%, respectively). In Sin-
gapore, noodle-dishes are often prepared with lard or palm oil and
tend to contain high amounts of salt, which may contribute to
higher IHD risk. Indeed, the composition of many of these dishes
with regard to saturated fat, cholesterol, fiber, and sodium
contents is comparable to Western fast foods (see supplemental
Table 2 under “Supplemental data” in the online issue). Data on
health effects of noodle consumption are limited. In Korean
studies, dietary patterns characterized by high noodle con-
sumption were associated with lower fiber intake, a higher
plasma cholesterol concentration, and a higher waist circumfer-
ence (34, 35). In contrast, noodle consumption was not associ-
ated with type 2 diabetes risk in a Japanese cohort, which may
have been related to differences in the composition of noodle
dishes (eg, whole-grain buckwheat noodles in Japan) (29).

Our findings of inverse associations of dietary fiber and its
primary food sources (ie, fruit and vegetables) with IHD risk were
consistent with those observed in cohorts in Western countries
(36, 37) and Japan (38–40). For example, in a meta-analysis of
prospective studies from the Unites States and Finland, each

portion increment was associated with 7% lower IHD risk for
fruit consumption and 11% lower IHD risk for vegetable con-
sumption (41). We observed similar estimates for men and
stronger associations for women. Dietary fiber can potentially
reduce IHD risk through multiple mechanisms including an
improved plasma lipoprotein profile, decreased insulin re-
sistance, and reduced blood pressure (42, 43). Apart from dietary
fiber, fruit and vegetables have other compounds such as vita-
mins, minerals, such as potassium, and phenolic compounds that
may exert beneficial effects on the cardiovascular system (42).

Intakes of monosaccharides and disaccharides in our cohort
were highly correlated with fruit consumption, and this result
may largely explain the inverse association of monosaccharides
and disaccharides and IHD mortality. Intakes of other sources of
monosaccharides and disaccharides such as dairy, jam, sugars,
and candy were much lower and not substantially associated with
IHD mortality in our study.

Although we observed some differences in the association
between carbohydrate sources and IHD risk by age and BMI
status, these differences were inconsistent and may have been
chance findings. Therefore, additional studies are required to
confirm the observed interactions.

Strengths of this study included its prospective design, large
size, long follow-up period, and detailed information on dietary
exposures and potential confounders obtained by in-person in-
terviews at enrollment. The prospective study design with
a minimal loss to follow-up reduced the likelihood of a recall bias
or bias that was attributable to a loss to follow-up. Our results
were not materially altered after the exclusion of the first 5 y
follow-up, which suggested a limited bias because of un-
diagnosed IHD at baseline. However, our findings have to be
interpreted within the context of limitations that are common to
many nutritional epidemiologic studies. Because of the obser-
vational nature of the study, we could not exclude the possibility
that residual confounding from unmeasured or imperfectly
measured potential confounders contributed to observed asso-
ciations. Adjustment for multiple confounders may be considered
a subjective exercise; however, we also present results from
simpler models to aid in the transparency and interpretation of our
findings. It is inevitable that studied dietary factors would have
been measured with some error. Because of the prospective
design, this measurement error was likely to be nondifferential
with respect to death status and would have weakened rather than

FIGURE 1. Estimated percentage change in risk of ischemic heart disease mortality associated with the substitution of one serving of rice for one serving of
other commonly consumed foods. Data are shown for all participants (A; n = 53,469), men (B; n = 23,501), and women (C; n = 29,968). Data were analyzed
by using Cox proportional hazard regression, and substitution effects were estimated by using a published method (31).
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strengthened observed associations. A modest agreement be-
tween dietary estimates as measured by the FFQ and 24-h food
recalls in our study is a well-recognized challenge in nutrition
research, and the agreement in our study was similar to estimates
from other Western and Asian studies (26, 29, 44). In addition to
limitations of the FFQ, a modest agreement with the reference
instrument may have been partly attributed to differences in the
time period assessed by using these 2 methods (45) and the
measurement error that affected the reference instrument (46).
Dietary intakes were recorded only at baseline. Thus, changes in
dietary intakes during the study may have led to a nondifferential
misclassification, which could have potentially underestimated
the diet-risk association. Results from cohort studies with re-
peated dietary assessments have suggested that accounting for
dietary changes over time improves precision but does not
substantially alter the nature of the association with risk of IHD
(47). Although we separately asked about whole-wheat and white
breads, we did not distinguish between whole-grain and refined
types of rice and noodles in our dietary questionnaire because,
until recently, the consumption of brown rice and whole-grain
noodles was not common in Singapore. We also did not have
accurate data on dietary sodium intake and, therefore, were unable
to examine with confidence whether observed associations were
partly mediated by sodium. Because of these limitations, repli-
cations of these findings in other Asian populations are important.

In conclusion, taken together, these findings suggest that diets
high in carbohydrates are associated with neither lower nor
higher risk of IHD mortality in Chinese adults. However, our
results support recommendations to replace refined rice and
noodles with fiber-rich foods such as fruit, vegetables, and whole-
grain products. Data on noodle consumption and CVD has been
sparse, and our observation that the consumption of noodle dishes
is associated with higher risk of IHD death warrants more at-
tention for the nutritional quality of these dishes in Asian pop-
ulations. More broadly, our findings on noodles and the poor
nutritional composition of commonly consumed noodle dishes in
Singapore highlight that, in addition to Western fast foods (48),
unhealthy versions of popular local foods may contribute to
higher IHD risk in Asian populations. Our study suggests that
emphasizing diets high in fruit, vegetables, and whole grains and
improving the nutritional quality of noodle-based dishes may
contribute to lowering IHD mortality in Chinese populations.

We are grateful to Siew-Hong Low of the National University of Singapore

for her supervision of the fieldwork of the Singapore Chinese Health Study

and Kazuko Arakawa and Renwei Wang for the development and mainte-

nance of the cohort-study database. We also thank the Ministry of Health

in Singapore for assistance with the identification of outcomes via database

linkages. Finally, we acknowledge Mimi C Yu, who is the founding, long-

standing principal investigator of the Singapore Chinese Health Study.

The authors’ responsibilities were as follows—SAR: had primary responsi-

bility for writing the manuscript; HK and CC: analyzed data; RMvD: developed

the analytical plan, co-wrote and reviewed the manuscript, and directed the work;

and all authors: reviewed and edited the manuscript and approved the final

version of the manuscript. None of the authors declared a conflict of interest.

REFERENCES
1. Ramachandran A, Ma RC, Snehalatha C. Diabetes in Asia. Lancet

2010;375:408–18.
2. Mohan V, Radhika G, Vijayalakshmi P, Sudha V. Can the diabetes/

cardiovascular disease epidemic in India be explained, at least in part, by
excess refined grain (rice) intake? Indian J Med Res 2010;131:369–72.

3. Zhou BF, Stamler J, Dennis B, Moag-Stahlberg A, Okuda N, Robertson
C, Zhao L, Chan Q, Elliott P. Nutrient intakes of middle-aged men and
women in China, Japan, United Kingdom, and United States in the late
1990s: the INTERMAP study. J Hum Hypertens 2003;17:623–30.

4. Gadgil MD, Appel LJ, Yeung E, Anderson CA, Sacks FM, Miller ER
3rd. The effects of carbohydrate, unsaturated fat, and protein intake on
measures of insulin sensitivity: results from the OmniHeart trial. Di-
abetes Care 2013;36:1132–7.

5. Appel LJ, Sacks FM, Carey VJ, Obarzanek E, Swain JF, Miller ER 3rd,
Conlin PR, Erlinger TP, Rosner BA, Laranjo NM, et al. Effects of
protein, monounsaturated fat, and carbohydrate intake on blood pressure
and serum lipids: results of the OmniHeart randomized trial. JAMA
2005;294:2455–64.

6. Mensink RP, Katan MB. Effect of dietary fatty acids on serum lipids
and lipoproteins. A meta-analysis of 27 trials. Arterioscler Thromb
1992;12:911–9.

7. Liu S, Willett WC, Stampfer MJ, Hu FB, Franz M, Sampson L,
Hennekens CH, Manson JE. A prospective study of dietary glycemic
load, carbohydrate intake, and risk of coronary heart disease in US
women. Am J Clin Nutr 2000;71:1455–61.

8. Lagiou P, Sandin S, Lof M, Trichopoulos D, Adami HO, Weiderpass E.
Low carbohydrate-high protein diet and incidence of cardiovascular dis-
eases in Swedish women: prospective cohort study. BMJ 2012;344:e4026.

9. Sieri S, Krogh V, Berrino F, Evangelista A, Agnoli C, Brighenti F,
Pellegrini N, Palli D, Masala G, Sacerdote C, et al. Dietary glycemic
load and index and risk of coronary heart disease in a large Italian
cohort: the EPICOR study. Arch Intern Med 2010;170:640–7.

10. Nilsson LM, Winkvist A, Eliasson M, Jansson JH, Hallmans G,
Johansson I, Lindahl B, Lenner P, Van Guelpen B. Low-carbohydrate,
high-protein score and mortality in a northern Swedish population-
based cohort. Eur J Clin Nutr 2012;66:694–700.

11. Beulens JW, de Bruijne LM, Stolk RP, Peeters PH, Bots ML, Grobbee
DE, van der Schouw YT. High dietary glycemic load and glycemic
index increase risk of cardiovascular disease among middle-aged
women: a population-based follow-up study. J Am Coll Cardiol 2007;
50:14–21.

12. Lagiou P, Sandin S, Weiderpass E, Lagiou A, Mucci L, Trichopoulos
D, Adami HO. Low carbohydrate-high protein diet and mortality in
a cohort of Swedish women. J Intern Med 2007;261:366–74.
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Dietary sugars and cardiometabolic risk: systematic review and
meta-analyses of randomized controlled trials of the effects
on blood pressure and lipids1–3

Lisa A Te Morenga, Alex J Howatson, Rhiannon M Jones, and Jim Mann

ABSTRACT
Background: Dietary sugars have been suggested as a cause of
obesity, several chronic diseases, and a range of cardiometabolic
risk factors, but there is no convincing evidence of a causal relation
between sugars and risk factors other than body weight.
Objective: We conducted a systematic review and meta-analysis of
randomized controlled trials that examined effects of the modifica-
tion of dietary free sugars on blood pressure and lipids.
Design: Systematic searches were conducted in OVID Medline,
Embase, Scopus, Cumulative Index to Nursing and Allied Health
Literature, and Web of Science databases (to August 2013) to identify
studies that reported intakes of free sugars and at least one lipid or blood
pressure outcome. The minimum trial duration was 2 wk. We pooled
data by using inverse-variance methods with random-effects models.
Results: A total of 39 of 11,517 trials identified were included; 37
trials reported lipid outcomes, and 12 trials reported blood pressure
outcomes. Higher compared with lower sugar intakes significantly
raised triglyceride concentrations [mean difference (MD): 0.11
mmol/L; 95% CI: 0.07, 0.15 mmol/L; P < 0.0001], total cholesterol
(MD: 0.16 mmol/L; 95% CI: 0.10, 0.24 mmol/L; P < 0.0001), low-
density lipoprotein cholesterol (0.12 mmol/L; 95% CI: 0.05, 0.19
mmol/L; P = 0.0001), and high-density lipoprotein cholesterol
(MD: 0.02 mmol/L; 95% CI: 0.00, 0.03 mmol/L; P = 0.03). Sub-
group analyses showed the most marked relation between sugar
intakes and lipids in studies in which efforts were made to ensure
an energy balance and when no difference in weight change was
reported. Potential explanatory factors, including a weight change,
in most instances explained <15% of the heterogeneity between stud-
ies (I2 = 36–75%). The effect of sugar intake on blood pressure was
greatest in trials ≥8 wk in duration [MD: 6.9 mm Hg (95% CI: 3.4,
10.3 mm Hg; P < 0.001) for systolic blood pressure and 5.6 mm Hg
(95% CI: 2.5, 8.8 mm Hg; P = 0.0005) for diastolic blood pressure].
Conclusions: Dietary sugars influence blood pressure and serum
lipids. The relation is independent of effects of sugars on body
weight. Protocols for this review were registered separately for effects
of sugars on blood pressure and lipids in the PROSPERO Interna-
tional prospective register of systematic reviews as PROSPERO
2012: CRD42012002379 and 2012: CRD42012002437, respec-
tively. Am J Clin Nutr 2014;100:65–79.

INTRODUCTION

Dietary sugars have been suggested as a cause of obesity,
several chronic diseases, and a range of cardiometabolic risk
factors (1). The association between free sugars and dental caries,

although attenuated by fluoride, has been established beyond
reasonable doubt (2), and a recent meta-analysis has confirmed
the relation between sugar intake and body weight (3). The effect
of dietary sugars on weight appears to result from the extent to
which increasing or decreasing intakes in free-living individuals
influence energy intakes because no change in weight is apparent
when proportions of total energy derived from sugar are altered in
the context of strict energy balance. These observations appear to
apply regardless of whether sugars are consumed in a liquid (eg,
sugar-sweetened beverages) or solid form (3). There is no con-
vincing evidence of a causal relation between sugars and other
disease outcomes; hence, there has been a high degree of interest of
effects on blood pressure, blood lipids, urate, and, most recently,
hepatic lipid metabolism and deposition (4, 5). An appreciable body
of data is are available that relate to effects of sugars on blood
pressure and lipids. In this article, we report a systematic review and
meta-analysis of randomized controlled trials that compared
higher with lower dietary free-sugar intakes in adults or children
free of acute illnesses, and reported fasting lipid or blood pressure
outcomes. Because our aim was to provide an indication of what
might be achieved by population changes in intake of dietary
sugars, we included studies in which energy intakes were not
strictly controlled as well as controlled feeding studies.

METHODS

Search strategy

Separate electronic searches were conducted to identify ran-
domized trials related to effects of dietary sugars on blood lipids and
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blood pressure in humans according to Cochrane Collaboration
guidelines (6). OVID Medline (http://www.nlm.nih.gov/bsd/
pmresources.html) and Embase (http://www.embase.com/), Scopus
(www.scopus.com), Web of Science (http://thomsonreuters.com/
web-of-science/), and the Cumulative Index to Nursing and Allied
Health Literature (http://www.ebscohost.com/academic/the-cinahl-
database) were searched for English-language trials published be-
tween 1960 and August 2013. We applied a modified search
strategy on the basis of Cochrane Collaboration methods to identify
randomized controlled trials (6). Gray literature databases including
Bioline, Clinicaltrials.gov, Directory of Open Access Journals,
SCIRUS, OpenDOAR, OpenGrey, Google, and DocuTicker were
also searched. Hand searches of reference lists of included studies
and published meta-analyses were also undertaken. See Online
Supplementary Material under “Supplemental data” in the online
issue for the OVID Medline search strategy used.

Study selection

Two reviewers assessed titles and abstracts of all identified
studies. Discrepancies in opinion as to whether a study should be
included for a full review were adjudicated by a third reviewer. A
similar process was undertaken to determine which studies
should be included in the formal analysis.

We included randomized trials, including crossover trials,
parallel trials, and cluster-randomized trials with a duration >2
wk, which compared dietary interventions intended to alter in-
take of sugar (sucrose) or other free sugars in one arm compared
with another arm of the study. The term free sugars refers to all
monosaccharides and disaccharides added to foods by the
manufacturer, cook, or consumer plus sugars naturally present in
honey, syrups, and fruit juices (7).

Trials that involved direct comparisons, behavioral in-
terventions, or multifactorial lifestyle interventions in which effects
of sugars could be analyzed separately from other diet or lifestyle
factors were included. Comparison groups could include a control
diet (on the basis of usual or unmodified dietary intakes) or an
intervention in which sugar intake was quantifiably different from
sugar intake in the experimental group. Animal and observational
studies were excluded. Studies were required to report differences
between treatment groups in intake of free sugars or intake of
a component of total sugars (expressed in absolute amounts or
a percentage of the total energy) and at least one measure of blood
pressure [systolic blood pressure (SBP)4, diastolic blood pressure
(DBP), or average blood pressure] or one measure of blood lipids
(triglycerides; total, LDL, or HDL cholesterol). Participants in-
cluded adults and children free from acute illness, but subjects
with diabetes or other noncommunicable diseases in whom con-
ditions were regarded as stable could be included. Trials could
include studies in which participants in the intervention arm were
advised to either increase or decrease free sugars or foods and
drinks that contained sugars. We included both trials in which
there was an isocaloric substitution of sugars with other forms of
carbohydrate to control weight and studies in which there was no
strict control of energy intake.

Data extraction and quality assessment

Data extraction and a validity assessment were carried out
independently by 2 reviewers, and any discrepancies were re-
solved by discussion with a third reviewer. Data that were related
to participant characteristics, study settings and designs, out-
comes, exposures or interventions, and potential effect modifiers,
such as the degree of weight loss, were extracted by using
a piloted data-extraction form. For outcome data, we extracted
data related to the difference in changes during the intervention
and the SE, 95% CI, or P value for the mean difference (MD).
Cochrane Collaboration criteria (8) were used to examine the
validity and risk of bias of each trial including sequence gen-
eration, blinding of participants, personal and outcome asses-
sors, completeness of outcome data, and selective outcome
reporting. Additional review-specific criteria included whether
studies were funded by industries with potential vested interests.

Statistical analysis

Individual trial data for each outcome measure were pooled to
obtain estimates for MDs in each outcome measure between
intervention and control groups with Review Manager (RevMan)
5.1 software (9) by using the generic inverse-variance method
(10) with DerSimonian and Laird random-effects models to
account for heterogeneity that could not be explained by dif-
ferences in study characteristics (10).

Estimates for the SE of differences in means for treatment
groups in crossover studies were derived from reported P values
when the SEM of the MD was not reported. If P values were
reported simply as not significant, a conservative estimate of P =
0.5 was imputed. Adjustment was made if the imputed P value
produced a very small or large SE that resulted in a dispropor-
tionate weighting in meta-analyses.

As in our previous systematic review of effects of sugars on
body weight (3), for main analyses, we have presented forest plot
analyses by subgroups relating to whether energy intake was
prescribed. One group included studies that attempted to achieve
an isocaloric replacement of sugars with other forms of carbo-
hydrate, which are referred to as isocaloric trials. The other group
included studies in which participants in the intervention arm
were advised to decrease or increase sugars or foods and drinks
that contained sugars. Although such advice was generally ac-
companied by the recommendation to increase or decrease
other forms of carbohydrate, there was no strict attempt at weight
control. In some of these trials, some foods or drinks were provided
to participants. These are referred to as ad libitum trials. Additional
subgroup analyses involved the examination of data according to
whether weight changes differed in intervention and control
groups. An additional post hoc analysis of ad libitum trials ex-
amined the effect on outcomes of whether sugars were reduced or
increased relative to usual intakes in the intervention group.

The heterogeneity of studies was assessed by using a combi-
nation of measures. We ascertained visually whether CIs of each
study in the forest plot overlapped. The chi-square test and I2

statistics were used to quantify heterogeneity (10). We con-
ducted metaregression analyses [with Stata/IC 11.2 software for
Mac (StataCorp)] to further examine effects of prespecified
explanatory factors, including weight change, diabetes status,
metabolic syndrome status, and study design (crossover- or

4Abbreviations used: DBP, diastolic blood pressure; MD, mean difference;

SBP, systolic blood pressure.
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parallel-designed trials), and the study duration on outcome
variables. Sensitivity analyses were conducted to examine the
effect of study quality by excluding trials considered to have
high risk of bias. A 2-sided P < 0.05 was considered significant
for all analyses.

RESULTS

Study identification

A total of 11,514 articles were initially identified after elec-
tronic searching. After deduplication and the exclusion of clearly
irrelevant articles, 102 articles remained for which full-text pa-
pers were obtained for detailed inspection. Thirty-eight studies
were considered to meet the inclusion criteria. Hand searches
through article reference lists identified an additional 2 articles
that met the inclusion criteria. In total, 40 studies were included in
the systematic review and meta-analysis involving 1699 subjects
(1217 subjects in parallel-designed trials and 482 subjects in
crossover-designed trials) (11–51). Of these studies, 39 trials
reported lipid outcomes (11–14, 16–20, 22–51), and 12 trials
reported blood pressure outcomes (11–22). The study iden-
tification process is shown in Figure 1, and characteristics of
included studies are described in Table 1. See Online Supple-
mentary Table 1 under “Supplemental data” in the online issue
for a description of the 62 excluded experimental trials.

Lipids

Of included trials, 38 studies reported on outcomes for tri-
glycerides (n = 1660 subjects) (11–14, 16–20, 22–49, 51), 36
studies reported on total cholesterol (n = 1596) (11–14, 17–20,
22–34, 36–44, 46–50), 22 studies reported on LDL cholesterol

(n = 1395) (11–14, 17, 19, 20, 22, 24–26, 33, 34, 36–38, 40, 42,
43, 46, 49), and 29 studies reported on HDL cholesterol (n =
1515) (11–14, 17–20, 22, 24–26, 28, 29, 31, 33, 34, 36–40, 42–
44, 46, 48, 49). A total of 28 trials involved a crossover design
(11–14, 16, 17, 19, 23, 25–32, 34–38, 40–42, 46–49), 16 trials
involved interventions for which energy intakes were not strictly
controlled (11, 18–20, 24, 28, 36, 38, 39, 43–45, 47–49, 51), and
11 trials had durations >8 wk (18, 20, 24, 31, 33, 37, 39, 43–45,
51). Participants included adults described as being of healthy
normal weight (11, 12, 18, 30, 40, 41, 46, 47, 50, 51) or over-
weight (22, 33, 36, 43–46, 51) or with various cardiovascular risk
factors (14, 20, 23, 27, 42, 44) or gallstones (49) or adults with
diabetes (13, 16, 24–26, 28, 29, 31, 34, 37–39, 48) (Table 1).

The overall mean effect of higher sugars was 0.11 mmol/L
(95% CI: 0.07, 0.15 mmol/L; P < 0.0001) for triglycerides, 0.16
mmol/L (95% CI: 0.09, 0.24 mmol/L; P < 0.0001) for total
cholesterol, 0.12 mmol/L (95% CI: 0.05, 0.19 mmol/L; P =
0.001) for LDL cholesterol, and 0.02 mmol/L (95% CI: 0.00,
0.03 mmol/L; P = 0.02) for HDL cholesterol (Figures 2–5). The
effect of altering sugar intake on triglyceride concentrations was
similar in studies in which an attempt was made to achieve
isocaloric comparisons and studies in which ad libitum diets
were consumed (Figure 2). For total, LDL, and HDL cholesterol
(Figures 3–5), the effect of higher sugar intakes was significant
only in isocaloric trials; however, the differences between sub-
group effect estimates were NS.

Subgroup analyses according to whether weight change oc-
curred (see online supplementary Figures 1–4 under “Supple-
mental data” in the online issue) showed that the greatest effects
of sugars on each outcome occurred in trials in which no dif-
ference in weight change was reported between intervention and
control groups. Similar, less striking, but still significant trends
were apparent for triglycerides and total cholesterol when we

FIGURE 1. PRISMA flow diagram illustrating the study identification and selection process. PRISMA, Preferred Reporting Items for Systematic Reviews
and Meta-Analyses.
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considered trials in which weight gain was reported in in-
tervention compared with control groups. In contrast, the effect
of sugars on triglycerides and total cholesterol was attenuated
and no longer significant when we considered trials in which
greater weight reduction was reported in higher-sugar groups.

See online supplementary Figures 5–8 under “Supplemental
data” in the online issue for post hoc subgroup analyses ac-
cording to whether the intervention group involved a reduction
or increase in sugar intakes relative to usual intakes. Eleven
trials involved increased sugar intakes, and 2 trials involved
reduced sugar intakes in intervention relative to control arms.
Four trials involved an increase in sugars in one arm and a de-
crease in sugars in the comparison arm. The greatest effect of
higher sugar intakes on lipids was shown in trials that compared
an increase in sugars in one arm compared with a decrease in
sugars in the other arm, but this effect was only significant for

triglycerides [MD: 0.17 mmol/L (95% CI: 0.06, 0.27 mmol/L;
P = 0.001) for triglycerides, 0.14 mmol/L (95% CI: －0.13,
0.41mmol/L; P = 0.31) for total cholesterol, and 0.16 mmol/L
(95% CI: －0.10, 0.42 mmol/L; P = 0.23) for LDL cholesterol].
The effect of sugars was not significant for other trial types.

Heterogeneity in trials was high and significant for each
outcome (I2 = 73% for triglycerides, 74% for total cholesterol,
73% for LDL cholesterol, and 36% for HDL cholesterol).
Little of the heterogeneity for triglyceride and total- and
LDL-cholesterol outcomes (<15%) was explained by differences
in study designs, study durations, diabetes status, or types of
sugars compared. There was a positive effect of the difference in
sugar intakes between intervention and control groups on LDL
cholesterol only (P = 005); this factor explained 54% of between-
study heterogeneity. The effect of sugars on total cholesterol was
reduced in trials ≥8 compared with <8 wk duration (P = 0.009),

FIGURE 2. Meta-analysis of weighted mean (95% CI) differences (mmol/L) in effects on blood triglyceride concentrations in randomized controlled trials
that compared higher with lower free-sugar intakes on blood triglyceride concentrations by subgroups relating to energy intake prescription. Black diamonds
denote the weighted mean difference for the 2 subgroup analyses and the overall effect. For individual studies, the black square denotes the mean study effect,
and the bars represent the 95% CI. Data were estimated by using generic IV methods with a DerSimonian and Laird random-effects model. IV, inverse
variance.
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but this factor explained only 14% of the heterogeneity. See on-
line supplementary Table 2 under “Supplemental data” in the
online issue for results of meta-regression analyses.

Blood pressure

Twelve trials reported blood pressure outcomes (n = 324) (11–
22). Participants included those described as healthy but over-
weight (19–22), hyperinsulinemic (14), with type 2 diabetes (13,
16), or with the metabolic syndrome (20) (Table 1).

There was no significant effect of higher sugar intakes on SBP
overall (MD: 1.1 mm Hg; 95% CI: －1.0, 3.2 mm Hg; P = 0.32);
however, there was significant heterogeneity in results of in-
dividual trials (P = 0.0005, I2 = 67%) (Figure 6). Subgroup
analyses showed a significant interaction with the study duration
but no significant difference between isocaloric and ad libitum
trials (P = 0.0002). In trials of <8 wk duration, there was no
evidence of an effect of a higher-sugar diet on SBP, whereas in 3

trials of >8 wk duration (18, 20, 21), the mean effect was 6.9
mm Hg (95% CI: 3.4, 10.3 mm Hg; P < 0.0001) (see online
supplementary Figure 9 under “Supplemental data” in the online
issue). Two of these longer-term trials resulted in significantly
higher body weight after the higher-sugar intervention (20, 21).
Poppitt et al (20) showed that a higher-sugar intervention re-
sulted in a 0.28-kg weight loss compared with a 4.25-kg loss in
the lower-sugar diet group, and Raben et al (21) reported an
increase in weight with the high-sugar diet and a decrease in
weight with the low-sugar diet.

Heterogeneity was also largely explained by the trial design
because 8 of 9 short-term trials had a crossover design (11–17,
19). See online supplementary Table 2 under “Supplemental
data” in the online issue for findings of the meta-regression that
explored causes for the heterogeneity.

A higher sugar intake was associated with significantly greater
DBP of 1.4 mm Hg (95% CI: 0.3, 2.5 mm Hg; P = 0.02) overall
(Figure 7). This effect was greater for ad libitum trials (MD: 3.7

FIGURE 3. Meta-analysis of weighted mean (95% CI) differences (mmol/L) in effects on total cholesterol concentrations in randomized controlled trials
that compared higher with lower free-sugar intakes on blood triglyceride concentrations by subgroups relating to energy intake prescription. Black diamonds
denote the weighted mean difference for the 2 subgroup analyses and the overall effect. For individual studies, the black square denotes the mean study effect,
and the bars represent the 95% CI. Data were estimated by using generic IV methods with a DerSimonian and Laird random-effects model. IV, inverse
variance.
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mm Hg; 95% CI: 0.3, 7.1 mm Hg; P = 0.03). There was a sig-
nificant interaction with the study duration (P = 0.002) with
a stronger association in trials of >8 wk duration (18, 20, 21) of
5.6 mm Hg (95% CI: 2.5, 8.8 mm Hg; P = 0.0005) (see online
supplementary Figure 10 under “Supplemental data” in the on-
line issue).

Subgroup analyses according to whether a weight change
occurred (see online supplementary Figures 11–12 under
“Supplemental data” in the online issue) showed a significant
effect of sugars on both SBP (MD: 2.7 mm Hg; 95% CI: 0.2, 5.2
mm Hg; P = 0.03) and DBP (MD: 3.2 mm Hg; 95% CI: 0.6, 5.77
mm Hg; P = 0.01) in 2 trials in which no difference in weight
change was reported between intervention and control groups.
However, subgroup differences were not statistically significant
(P = 0.61 for SBP and 0.37 for DBP).

See online supplementary Figures 13–14 under “Supple-
mental data” in the online issue for post hoc subgroup analyses

according to whether the intervention group involved a re-

duction or increase in sugar intakes relative to usual intakes.

There was a significant effect of higher sugar intakes on blood

pressure only in 2 trials that compared an increase in sugars in

one arm compared with a decrease in sugar in the other arm

(MD: 6.0 mm Hg; 95% CI: 1.7, 10.2 mm Hg; P = 0.006 for SBP;

and 4.9 mm Hg; 95% CI: 1.2, 8.6 mm Hg; P = 0.01 for DBP).

No trials were identified that involved reduced sugar intakes in

the intervention arm compared with usual sugar intakes in the

comparison arm.

Risk of bias

See online supplementary Figures 15 and 16 under “Supple-
mental data” in the online issue for a summary of risk of bias
assessment. Although the blinding of participants and re-
searchers to treatment was not explicitly stated in most studies,
risk of bias was considered low in crossover trials because
participants completed both high- and low-sugar interventions.
Moreover, the blinding to treatment was not possible in studies
that involved free-living participants and in which the in-
tervention involved a provision of dietary advice.

Fourteen studies included in lipid analyses were considered at
high risk of bias because of the reporting of nonsignificant
findings as “NS” or “not significant,” and thus, we were required
to impute a P value to generate an estimate for the SE (11–14,
16, 27–31, 37, 38, 47, 49). However, the omission of these
studies would have resulted in an overestimate of effects of
higher sugar intakes on lipid outcomes. Fourteen studies re-
ceived financial support from the sugar industry (12, 13, 17, 20,
25, 26, 33–36, 43, 46, 48, 51). We considered the risk of bias
from such funding as unclear. The exclusion of these studies
from the analysis strengthened the effect of sugars on tri-
glycerides (MD: 0.19 mmol/L; 95% CI: 0.11, 0.27 mmol/L; P <
0.0001), total cholesterol (MD: 0.18 mmol/L; 95% CI: 0.05,
0.31 mmol/L; P = 0.008), and HDL cholesterol (MD: 0.03
mmol/L; 95% CI: 0.00, 0.06 mmol/L; P = 0.03).

In trials included in blood pressure analyses, one study was
considered to be at high risk of bias because of the reporting of

FIGURE 4. Meta-analysis of weighted mean (95% CI) differences (mmol/L) in effects on LDL-cholesterol concentrations in randomized controlled trials that
compared higher with lower free-sugar intakes on blood triglyceride concentrations by subgroups relating to energy intake prescription. Black diamonds denote the
weighted mean difference for the 2 subgroup analyses and the overall effect. For individual studies, the black square denotes the mean study effect, and the bars
represent the 95% CI. Data were estimated by using generic IV methods with a DerSimonian and Laird random-effects model. IV, inverse variance.
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incomplete outcome data because there were substantially more
dropouts in the intervention than control groups (28% compared
with 8%, respectively) (22). Three crossover trials had no
washout period (13–15), and one trial received funding from
food-and sugar-manufacturing companies (22). Sensitivity
analyses that examined effects of the exclusion of studies with
potentially important biases did not alter the significance of the
association between higher sugar intakes and blood pressure.
The exclusion of the 5 studies that received funding from sugar
industries (12, 13, 17, 20, 22) strengthened associations between
sugars and SBP (MD: 7.6 mm Hg; 95% CI: 3.9, 11.2 mm Hg;
P < 0.001) and DBP (MD: 6.1 mm Hg; 95% CI: 2.6, 9.5 mm
Hg; P = 0.0006) in longer-term trials and overall for DBP (MD:
1.84 mm Hg; 95% CI: 0.1, 3.6 mm Hg; P = 0.04).

Publication bias

SEs for mean effects were imputed for 15 crossover studies
included in meta-analyses (11–14, 16, 27–31, 37, 38, 47–49)
whereby differences in effects on one or more outcomes of in-
terest between higher- and lower-sugar interventions were re-
ported simply as “not significant” and without an estimate of the
SEM difference. The resulting SE estimates lacked sufficient

precision to enable meaningful funnel plot analyses or statistical
tests for publication bias such as Egger’s test (8). However, the
inclusion of a relatively large number of trials that reported
nonsignificant effects suggested low risk of publication bias.

DISCUSSION

This systematic review and meta-analyses of randomized
controlled trials provides evidence that higher compared with
lower intakes of sugars are associated with increased concen-
trations of triglycerides, total and LDL cholesterol, and blood
pressure, although for SBP, this effect was only significant in
studies of a longer duration. The study duration was the only
important determinant of the heterogeneity in studies with regard
to blood pressure outcomes. When we considered lipid outcomes,
the significant heterogeneity in studies was not explained by any
of the potentially confounding variables. However, because 40%
of studies involved free-living individuals who consumed ad
libitum diets for which energy intakes were not strictly con-
trolled, and many of the trials that were intended to compare
isocaloric diets did not include adequate measures of compliance,
it seems likely that a varying adherence to dietary advice
explained at least some of the variation.

FIGURE 5. Meta-analysis of weighted mean (95% CI) differences (mmol/L) in effects on HDL-cholesterol concentrations in randomized controlled trials
that compared higher with lower free-sugar intakes on blood triglyceride concentrations by subgroups relating to energy intake prescription. Black diamonds
denote the weighted mean difference for the 2 subgroup analyses and the overall effect. For individual studies, the black square denotes the mean study effect,
and the bars represent the 95% CI. Data were estimated by using generic IV methods with a DerSimonian and Laird random-effects model. IV, inverse
variance.
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Because of the powerful association between adiposity and
both lipid and blood pressure (52–54) and the potential for
change in intakes of free sugars to influence body weight in free-
living individuals (3), it might be assumed that altered energy
intakes and weight loss explained the present set of observa-
tions. However, a subgroup analysis showed that, for trigly-
cerides and total and LDL cholesterol, the most-consistent

associations between higher intakes of sugars and higher con-
centrations were seen in studies in which attempts were made to
achieve an isocaloric exchange or when no difference in weight
change between interventions was reported. Higher triglyceride
concentrations were also observed in ad libitum studies and
when weight increases were reported with the higher-sugar in-
tervention. Effects of sugars on triglycerides appeared to be

FIGURE 7. Meta-analysis of weighted mean (95% CI) differences (mmol/L) in effects of diastolic blood pressure in randomized controlled trials that
compared higher with lower free-sugar intakes on blood triglyceride concentrations by subgroups relating to energy intake prescription. Black diamonds
denote the weighted mean difference for the 2 subgroup analyses and the overall effect. For individual studies, the black square denotes the mean study effect,
and the bars represent the 95% CI. Data were estimated by using generic IV methods with a DerSimonian and Laird random-effects model. IV, inverse
variance.

FIGURE 6. Meta-analysis of weighted mean (95% CI) differences (mmol/L) in effects of systolic blood pressure in randomized controlled trials that
compared higher with lower free-sugar intakes on blood triglyceride concentrations by subgroups relating to energy intake prescription. Black diamonds
denote the weighted mean difference for the 2 subgroup analyses and the overall effect. For individual studies, the black square denotes the mean study effect,
and the bars represent the 95% CI. Data were estimated by using generic IV methods with a DerSimonian and Laird random-effects model. IV, inverse
variance.
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attenuated in studies in which, for whatever reason, weight loss
occurred. In the absence of an important contribution of an
energy imbalance, the most likely explanation for the effect of
free sugars on blood pressure and lipids is in the fructose
component, which is present in sucrose (sugar), high-fructose
corn syrup, honey, and fruit (55).

Excessive intake of dietary fructose, particularly from sugar-
sweetened beverages, has been shown to increase hepatic fat
synthesis, which results in increased concentrations of circulating
triglycerides and cholesterol (1). In addition, unregulated hepatic
fructose metabolism may lead to increased urate synthesis. Urate
has been shown to decrease nitrous oxide synthesis and impairs
the function of endothelial cells resulting in vasoconstriction (1)
and may directly stimulate the renin-angiotensin system to in-
crease blood pressure (55, 56). Regardless of the precise
mechanism, high serum urate has been linked with hypertension
and increased cardiovascular risk (57).

Our findings are compatible with epidemiologic observations
and experimental studies in animals that have consistently
suggested an association between high dietary sugar or fructose
intakes and increased lipids (triglycerides), blood pressure, body
fat, and cardiovascular mortality (1, 18, 58–73).

However, our findings contrast with findings of 2 recent
systematic reviews and meta-analyses that specifically examined
metabolic effects of fructose consumption compared with of
other carbohydrates (including other sugars), which suggested no
unique lipid- or blood pressure–raising effects of fructose unless
intakes were very high (>100 g/d) (74) or fructose was ex-
changed for starch (75). This difference may have resulted be-
cause we did not include studies that exchanged fructose for
other sugars because our aim was to examine the effect of total
free sugars to further inform recommendations. Most trials in-
cluded in our meta-analysis involved different intakes of sugar
(sucrose) and other monosaccharides and disaccharides, or “free
sugars” as defined by the WHO (7), in control and intervention
arms. We examined effects of total sugars as well as various
subcategories of sugars but showed no difference by the type of
sugars.

Although effects of sugars on lipids and blood pressure are
relatively modest, a reduction of intake is likely to have public
health relevance, especially in the context of the modification of
several risk factors that have synergistic effects in terms of
cardiovascular risk (76). Risk of cardiovascular disease was
increased by 6% in men and 12% in women for each 0.2-mmol/L
increase in triglyceride concentrations in a meta-analysis of
prospective studies by Hokanson and Austin (77), whereas risk of
stroke was shown to be reduced by 4.5% for each 0.1-mmol/L
reduction in LDL cholesterol in a meta-analysis by Labreuche
et al (78). The difference we observed in HDL cholesterol was
very small and of questionable significance. A meta-analysis by
Neal et al (79) suggested that modest reductions in blood pressure
(range: 3-6 mm Hg SBP and 1-4 mm Hg DBP) over the long term
were associated with reductions in risk of stroke, coronary heart
disease, cardiovascular events, and mortality in the order of
20–30%. Although an understanding of the extent to which
changes in energy intake and body weight influence the effect of
sugars on cardiometabolic risk is of inherent interest, individual
and public health benefits that might be expected to accrue from
the reduction in intake of added sugars does not depend on an
understanding of the mechanism.

A strength of this review was that it involved a comprehensive
approach to identifying relevant English-language studies, and
included data from all relevant studies regardless of the exper-
imental design. The observed heterogeneity appears to be in-
sufficient to detract from the overall conclusion that free sugars
have the potential to adversely influence lipid concentrations and
blood pressure. Crossover trials, which are generally considered
to have a more-robust design than that of parallel trials because of
reduced intraparticipant variability (80) constituted a significant
body of data to the overall analysis. In some studies, effects of
sugar intakes on blood pressure or lipid outcomes were reported
as nonsignificant with insufficient data reported to accurately
calculate the SEM difference. We felt it was important to include
these studies because they represented a large body of evidence
for our analysis. For these studies, we approximated the SEM
difference rather than omitting data. The effect of doing so was to
give a more-conservative estimate of effects of sugars on blood
pressure and lipids, which enhanced our confidence in the
findings (81). The inclusion of both controlled trials and studies
that primarily involved the modification of free sugars without
strict control of total food intake enabled the additional un-
derstanding of mechanisms as well as the strengthening of nu-
tritional recommendations regarding free-sugar intakes. Our
previous review (3) suggested that advice to reduce sugars
without specifying a replacement energy resulted in a decrease in
body weight. This study has shown benefit in terms of lipids and
blood pressure regardless of whether an energy balance was
achieved.

Limitations of these findings were those inherent to the pri-
mary research on which they were based, notably the inadequacy
of dietary intake data, variation in the nature and quality of the
dietary intervention, small numbers of participants, and relatively
short study duration (<8 wk) of many trials. The limited number
of ad libitum studies that involved a reduction in sugar intakes in
the intervention arm relative to usual intakes in the control arm
(see online supplementary Figures 5–8, 13, and 14 under
“Supplemental data” in the online issue) precluded definitive
conclusions regarding this subgroup.

In conclusion, this systematic review and meta-analyses
provide evidence that dietary free sugars influence blood pressure
and serum lipids independently of the effect of sugars on body
weight. Although effects of sugars on blood pressure and lipids
are relatively modest, our findings support the idea that reducing
free-sugar intakes might be expected to reduce blood pressure
and serum lipids.
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56. Menè P, Punzo G. Uric acid: bystander or culprit in hypertension and
progressive renal disease? J Hypertens 2008;26:2085–92.

57. Grayson PC, Kim SY, LaValley M, Choi HK. Hyperuricemia and in-
cident hypertension: a systematic review and meta-analysis. Arthritis
Care Res (Hoboken) 2011;63:102–10.

58. Basciano H, Federico L, Adeli K. Fructose, insulin resistance, and
metabolic dyslipidemia. Nutr Metab (Lond) 2005;2:5.

59. Johnson RK, Appel LJ, Brands M, Howard BV, Lefevre M, Lustig RH,
Sacks F, Steffen LM, Wylie-Rosett J. Dietary sugars intake and car-
diovascular health: a scientific statement from the American Heart
Association. Circulation 2009;120:1011–20.

60. Laville M, Nazare JA. Diabetes, insulin resistance and sugars. Obes
Rev 2009;10(Suppl 1):24–33.

61. Tappy L, Le KA. Metabolic effects of fructose and the worldwide in-
crease in obesity. Physiol Rev 2010;90:23–46.

62. Brown IJ, Stamler J, Van Horn L, Robertson CE, Chan QN, Dyer AR,
Huang CC, Rodriguez BL, Zhao LC, Daviglus ML, et al. Sugar-
sweetened beverage, sugar intake of individuals, and their blood
pressure international study of macro/micronutrients and blood pres-
sure. Hypertension 2011;57:695–701.

63. Chen L, Caballero B, Mitchell DC, Loria C, Lin PH, Champagne CM,
Elmer PJ, Ard JD, Batch BC, Anderson CA, et al. Reducing con-
sumption of sugar-sweetened beverages is associated with reduced
blood pressure: a prospective study among United States adults.
Circulation 2010;121:2398–406.

64. Jalal DI, Smits G, Johnson RJ, Chonchol M. Increased fructose associates
with elevated blood pressure. J Am Soc Nephrol 2010;21:1543–9.

65. Denova-Gutiérrez E, Talavera JO, Huitron-Bravo G, Mendez-Hernandez P,
Salmeron J. Sweetened beverage consumption and increased risk of met-
abolic syndrome in Mexican adults. Public Health Nutr 2010;13:835–42.

66. Dolan LC, Potter SM, Burdock GA, Dolan LC, Potter SM, Burdock GA.
Evidence-based review on the effect of normal dietary consumption of
fructose on development of hyperlipidemia and obesity in healthy, normal
weight individuals. Crit Rev Food Sci Nutr 2010;50:53–84.

67. Hwang IS, Ho H, Hoffman BB, Reaven GM. Fructose-induced insulin
resistance and hypertension in rats. Hypertension 1987;10:512–6.

68. Koo HY, Wallig MA, Chung BH, Nara TY, Cho BH, Nakamura MT.
Dietary fructose induces a wide range of genes with distinct shift in
carbohydrate and lipid metabolism in fed and fasted rat liver. Biochim
Biophys Acta 2008;1782:341–8.

69. Bocarsly ME, Powell ES, Avena NM, Hoebel BG. High-fructose corn
syrup causes characteristics of obesity in rats: increased body weight,
body fat and triglyceride levels. Pharmacol Biochem Behav 2010;97:
101–6.

70. Sánchez-Lozada LG, Tapia E, Jimenez A, Bautista P, Cristobal M,
Nepomuceno T, Soto V, Avila-Casado C, Nakagawa T, Johnson RJ,
et al. Fructose-induced metabolic syndrome is associated with glo-
merular hypertension and renal microvascular damage in rats. Am J
Physiol Renal Physiol 2007;292:F423–9.

71. Stanhope KL, Schwarz JM, Keim NL, Griffen SC, Bremer AA,
Graham JL, Hatcher B, Cox CL, Dyachenko A, Zhang W, et al.
Consuming fructose-sweetened, not glucose-sweetened, beverages
increases visceral adiposity and lipids and decreases insulin sensitivity
in overweight/obese humans. J Clin Invest 2009;119:1322–34.

72. Ha V, Sievenpiper JL, de Souza RJ, Chiavaroli L, Wang DD, Cozma
AI, Mirrahimi A, Yu ME, Carleton AJ, Dibuono M, et al. Effect of
fructose on blood pressure: a systematic review and meta-analysis of
controlled feeding trials. Hypertension 2012;59:787–95.

73. Yang Q, Zhang Z, Gregg EW, Flanders WD, Merritt R, Hu FB. Added
sugar intake and cardiovascular diseases mortality among US adults.
JAMA Intern Med 2014174:516–24.

74. Livesey G, Taylor R. Fructose consumption and consequences for
glycation, plasma triacylglycerol, and body weight: meta-analyses and
meta-regression models of intervention studies. Am J Clin Nutr 2008;
88:1419–37.

75. Sievenpiper JL, Carleton AJ, Chatha S, Jiang HY, de Souza RJ, Beyene
J, Kendall CW, Jenkins DJ. Heterogeneous effects of fructose on blood
lipids in individuals with type 2 diabetes: systematic review and meta-
analysis of experimental trials in humans. Diabetes Care 2009;32:
1930–7.

76. Jackson R, Lawes CM, Bennett DA, Milne RJ, Rodgers A. Treatment
with drugs to lower blood pressure and blood cholesterol based on an
individual’s absolute cardiovascular risk. Lancet 2005;365:434–41.

77. Hokanson JE, Austin MA. Plasma triglyceride level is a risk factor for
cardiovascular disease independent of high-density lipoprotein cho-
lesterol level: a meta-analysis of population-based prospective studies.
J Cardiovasc Risk 1996;3:213–9.

78. Labreuche J, Deplanque D, Touboul PJ, Bruckert E, Amarenco P.
Association between change in plasma triglyceride levels and risk of
stroke and carotid atherosclerosis: systematic review and meta-re-
gression analysis. Atherosclerosis 2010;212:9–15.

79. Neal B, MacMahon S, Chapman N. Effects of ACE inhibitors, calcium
antagonists, and other blood-pressure-lowering drugs: results of pro-
spectively designed overviews of randomised trials. Blood Pressure
Lowering Treatment Trialists’ Collaboration. Lancet 2000;356:
1955–64.

80. Grizzle JE. The two-period change-over design and its use in clinical
trials. Biometrics 1965;21:467–80.

81. Higgins JPT, Green S, eds. Cochrane Handbook for Systematic Reviews
of Interventions Version 5.1.0 [updated March 2011]. The Cochrane
Collaboration, 2011. Available from: www.cochrane-handbook.org.

SUGARS AND CARDIOMETABOLIC RISK: META-ANALYSIS 79



Hypotensive effects of solitary addition of conventional nonfat dairy
products to the routine diet: a randomized controlled trial1–3

Daniel R Machin, Wonil Park, Mohammed Alkatan, Melissa Mouton, and Hirofumi Tanaka

ABSTRACT
Background: The high consumption of low-fat and nonfat dairy
products is associated with reduced risk of high blood pressure.
Objective: We aimed to investigate whether the solitary addition of
nonfat dairy products to the normal routine diet was capable of
lowering blood pressure in middle-aged and older adults with ele-
vated blood pressure.
Design: With the use of a randomized, crossover intervention-study
design, 49 adults (56% women) with elevated blood pressure (mean
± SEM age: 53 ± 2 y; systolic blood pressure: 135 ± 1; diastolic
blood pressure: 80 ± 1 mm Hg) underwent a high-dairy condition
(+4 servings conventional nonfat dairy products/d) and isocaloric
no-dairy condition (+4 servings fruit products/d) in which all dairy
products were removed. Both dietary conditions lasted 4 wk with
a 2-wk washout before crossing over into the alternate condition.
Results: The high-dairy condition produced reductions in systolic
blood pressure (135 ± 1 to 127 ± 1 mm Hg) and pulse pressure
(54 ± 1 to 48 ± 1 mm Hg) (both P < 0.05). The hypotensive effects
were observed within 3 wk after the initiation of the dietary interven-
tion and in both casual seated and ambulatory (24-h) measurements
(P < 0.05). Pulse pressure was increased after the removal of all
dairy products in the no-dairy condition (54 ± 1 to 56 ± 1 mm Hg;
P < 0.05). There were no changes in diastolic blood pressure after
either dietary condition.
Conclusion: We concluded that the solitary manipulation of conven-
tional dairy products in the normal routine diet would modulate blood
pressure in middle-aged and older adults with prehypertension and
hypertension. This trial was registered at clinicaltrials.gov as
NCT01577030. Am J Clin Nutr 2014;100:80–7.

INTRODUCTION

Diseases of the cardiovascular system increase with advancing
age and are responsible for more annual deaths than any other
causes (1). One of the most important and predictive risk factors
for cardiovascular disease (CVD)4 is elevated blood pressure
(BP), particularly systolic BP and pulse pressure in middle-aged
and older adults (2). Although risk of coronary heart disease is
greater in hypertensive than normotensive adults at any age, the
magnitude of risk elevation associated with hypertension is much
greater in older than young adults (3). From a societal standpoint,
it is of paramount importance to reduce the incidence of systolic
hypertension, particularly isolated hypertension, in middle-aged
and older adults.

In most individuals with elevated BP, the initial treatment ap-
proach is the adoption of healthy lifestyle modifications, including

dietary changes (4). The identification of dietary changes that lower
BP comes from the observation that dietary calcium consump-
tion, particularly from dairy products, was lower in individuals
with hypertension (5). In a follow-up study, it was shown that
dairy products, fruit, and vegetables were inversely related to BP
(6). These findings were used to describe the Dietary Approaches
to Stop Hypertension (DASH) diet, which is high in fruit, veg-
etables, and low- and nonfat dairy products but low in total fat and
sodium and has been shown to lower BP in individuals with
elevated BP (7, 8). The DASH diet has become a mainstay of
dietary modifications to reduce BP. In the DASH-diet inter-
ventional study (8), subjects completed one of the following 3
dietary interventions: 1) a typical Western diet, 2) a diet high in
fruit and vegetables, and 3) the DASH diet. Subjects who con-
sumed the DASH diet had greatest reductions in BP. These re-
ductions were even greater than in subjects who consumed the
fruit and vegetable diet and were attributed to the addition of
low- and nonfat dairy products in the DASH diet. However, note
that the hypotensive effects of the DASH diet cannot be ascribed
to dairy products alone because other dietary changes (eg, a
reduction in total and saturated fats) were also incorporated.
Several other interventional studies have shown reductions in
BP after the consumption of a diet high in low-fat and nonfat
dairy products (7, 9–11), although some studies have not shown
these reductions (12, 13). However, most of these studies were
controlled feeding studies or incorporated other dietary or life-
style changes. It has not previously been known if the solitary
addition of nonfat dairy products to the normal routine diet,
without any other lifestyle or dietary changes, is capable of
reducing BP. We reasoned that such a dietary approach would be
more practical, adaptable, and generalizable for the secondary
prevention of hypertension.

Accordingly, the primary aim of the current study was to
determine effects of conventional nonfat dairy products added to
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the normal routine diet in middle-aged and older adults with
elevated BP. Our working hypothesis was that the addition of
nonfat dairy products would reduce BP. BP was measured in the
casual resting state and ambulatory (24-h) condition. To maxi-
mally differentiate dietary dairy intake, all dairy products were
removed from the routine diet in the control condition.

SUBJECTS AND METHODS

Subjects

A total of 49 adults (44% men and 56% women) with a mean
(±SEM) age of 53 ± 2 y were studied (Figure 1). Subjects were
recruited via advertisements on The University of Texas at Austin
website, via fliers posted on the campus and the surrounding com-
munity, and from our database of subjects who participated in
previous studies in the laboratory. Inclusion criteria were as follows:
elevated systolic BP in the seated position between 120 and

159 mm Hg (prehypertension or stage 1 systolic hypertension)
with diastolic BP <100 mm Hg, no overt signs of chronic diseases
on physical examination and medical history, normal blood chem-
istry, ankle-brachial index ≤0.9, nonsmoker for previous 2 y, not
lactose intolerant, dairy product consumption ≤3 servings/d, and
strenuous physical activity ≤3 d/wk. Five subjects were taking
antihypertensive medications, and medication dosages and routines
were maintained throughout the entire study. Before entrance into
the study, all subjects underwent a 2-wk run-in period that included
3 screening visits to ensure that all subjects had stable BP within
the appropriate range. The University of Texas at Austin Institutional
Review Board reviewed and approved the study. All volunteers gave
their written informed consent before participation.

Experimental design

We used a controlled, randomized, crossover experimental design
with two 4-wk dietary conditions and a washout period of ≥2 wk

FIGURE 1. Participant flow through the trial.
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separating dietary conditions. The rationale for 4 wk of dietary
intervention was based on 1) recommendations from health care
organizations regarding the use of nonpharmacologic treatment
strategies to improve cardiovascular risk factors and 2) because
BP changes very rapidly to intervention stimuli as early as 2–4 wk;
therefore, the 4-wk intervention would allow a sufficient period
of time for the dietary product stimulus to produce the hypothe-
sized effects. Measurements were taken at the beginning and end
of each dietary condition at the same time of day to eliminate any
diurnal effects and after subjects had abstained from food, alco-
hol, caffeine, and exercise for ≥12 h. In premenopausal women,
measurements were performed during the early follicular phase
of the menstrual cycle.

The 2 dietary conditions were a high-dairy condition and an
isocaloric no-dairy condition. During the high-dairy condition, sub-
jects added 4 servings/d of nonfat milk (HEB Grocery Company),
nonfat fruit-juice–sweetened yogurt (Cascade Fresh), and/or nonfat
cheese (Kraft Foods Group) on top of their baseline dietary dairy
intake. One serving of dairy was 245 g milk, 170 g yogurt, or 57 g
cheese. The research bionutritionist explained how much one serving
of all dairy products was to each subject. Milk was provided to
subjects by the gallon or one-half gallon with measuring cups.
Yogurt and cheese products were in single-serve packaging.
Subjects were free to consume required servings at any time of
day as a single dose or all at once. During the no-dairy condi-
tion, all dairy products were removed from the diet, and 4 daily
servings of fruit juice, applesauce, and/or fruit cups were added
to the diet. Additional servings of fruit products were provided to
subjects with regular dairy consumption at baseline to counter-
balance calories lost because of the removal of dairy products
during the no-dairy condition. Before the start of each dietary
condition, subjects met with a research bionutritionist to have
specific instructions about the dietary conditions explained to
them. After the dietary consultation, subjects received 1 wk worth
of food products and returned weekly for additional food-product
refills. Throughout the entire experimental protocol, subjects
were instructed to maintain their normal lifestyles aside from
dietary changes prescribed by the laboratory research bionu-
tritionist to reduce the overall caloric content when 4 servings of
dairy or fruit products were added. Research staff enrolled
participants on the study, generated the random allocation to the
treatment sequence (by using a coin-flip simple randomization),
and implemented the allocation sequence. Because of the nature
of experimental dietary conditions, it was not possible to blind
subjects to what dietary condition they were currently in. In
addition, there was no true placebo condition because a lack
of treatment provision was considered unethical for this high-
risk population. The study was conducted from January 2012 to
November 2013.

Seated brachial BP measurements

Seated brachial artery BP measurements were made with a
semiautomated BP device (Omron HEM-907XL; Omron Healthcare
Inc) in triplicate on the right arm after 5 min in the upright seated
position with the arm at heart level and under quiet, comfortable,
ambient (~24°C) laboratory conditions (14). In addition, to
determine the time course of BP changes with the dietary in-
tervention, casual seated BP was measured during weekly visits
to the laboratory to refill food products.

Ambulatory (24-h) BP measurements

Ambulatory BP recordings were made over a 24-h period of
normal daily activity by using a noninvasive ambulatory BP monitor
(Model 90217; SpaceLabs Medical) (15). The ambulatory system
was programmed to inflate automatically every 15 min from 0600
to 2300 and every 20 min between 2300 and 0600.

Blood samples

A blood sample was collected by venipuncture after an over-
night fast. Fasting whole blood concentrations of total cholesterol,
HDL cholesterol, triglycerides, and glucose were determined
enzymatically. LDL cholesterol was estimated by using measured
concentrations of total cholesterol, HDL cholesterol, and tri-
glycerides. The whole blood glycated hemoglobin concentration
was measured by using a commercially available glycated hemo-
globin reagent kit (DCA Systems; Siemens Healthcare Diagnostics).

Dietary analyses

Subjects were given detailed instructions on how to keep 3-d
dietary records by the research bionutritionist. During weekly
visits to the laboratory to refill food products, dietary records
were collected before and at the end of each dietary condition and
analyzed with Nutritionist Pro software (Axxya Systems). The
software is based on the comprehensive food-knowledge data-
base with >51,000 foods and ingredients. Study compliance
during each dietary condition was assessed by having each
subject complete daily dietary surveys that indicated the con-
sumption of food products provided as well as any dairy prod-
ucts consumed as part of their normal diets.

Statistical analyses

Power calculations were performed with nQuery Adviser com-
puter software (Statistical Solutions). The α level used for power
analyses was set at 0.05. Sample-size calculations were based on
the number of subjects needed to detect significant changes in
primary dependent variables from baseline in response to lifestyle
modifications (16–19). With 49 subjects/group, we had >80%
power to detect changes. A per-protocol analysis was conducted
to compare treatment groups that include subjects who com-
pleted both dietary conditions. That is, the intention-to-treat
analysis was not used. A 2- and 3-factor mixed-model ANOVA
with repeated measures was used to evaluate the effect of the
condition × time interaction with SPSS software (version 21;
IBM). When a significant condition × time interaction was
showed, paired-samples t tests with Bonferroni correction were
conducted to determine the difference between specific time
points. Statistical significance was set at P < 0.05 for all anal-
yses. Data are presented as means ± SEMs.

RESULTS

Subject compliance and adherence to the study protocol was
97% and 96% in the high-dairy and no-dairy conditions, re-
spectively, on the basis of the daily dietary survey. Although no
subjects blatantly consumed dairy products while in the no-dairy
condition, a few subjects accidentally consumed dairy products
(<1 serving/wk) in the beginning of the no-dairy intervention.

82 MACHIN ET AL



In addition, a few individuals did not consume all servings of study
food products on a daily basis. When this occurred, we instructed
subjects to consume missing servings on the following day. Because
the noncompliance was fairly minor in nature, these subjects were
included in the study sample. Selected subject characteristics are
presented in Table 1. Body mass and metabolic profiles did not
change with either dietary condition. There were no sex-related
differences in responses to dietary conditions or in any response
described as assessed by using a 3-factor mixed model ANOVA
with repeated measures (sex × condition × time). Accordingly,
sex was dropped from analyses. The elimination or addition of
subjects with antihypertensive medications (n = 5) did not affect
overall results.

As shown in Table 2, there were no significant differences in
total caloric intake between or within dietary conditions. Dietary
protein intake increased after the high-dairy condition but decreased
after the no-dairy condition (P < 0.05). In the high-dairy con-
dition, total dairy intake increased significantly from 1.2 ± 0.1
to 4.7 ± 0.1 servings/d (P < 0.05) with laboratory-provided
nonfat dairy products accounting for 4.0 ± 0.1 servings/d with
2.0 ± 0.1, 1.9 ± 0.1, and 0.1 ± 0.0 servings/d coming from
milk, yogurt, and cheese, respectively. Conversely, in the no-
dairy condition, total dairy intake decreased from 1.4 ± 0.1 to
0.0 ± 0.0 servings/d (P < 0.05). Baseline dairy intake consisted
of 0.4 ± 0.1 servings nonfat dairy products/d and 0.7 ± 0.1
servings full-fat dairy products/d. As expected, after the high-dairy

condition, potassium, calcium, magnesium, and vitamin D intakes
increased (P < 0.05); all of these intakes, except for potassium,
decreased after the no-dairy condition (P < 0.05). Most im-
portantly, dietary consumption of potassium, calcium, magne-
sium, vitamin D, and dairy products were significantly different
between conditions after 4-wk interventions (P < 0.05 for all).

As depicted in Figure 2, systolic BP decreased significantly
after the high-dairy condition (P < 0.05). No such changes were
observed after the no-dairy condition. There were no changes in
diastolic BP after either dietary condition. Pulse pressure was
reduced by 6 ± 1 mm Hg (P < 0.05) after the high-dairy con-
dition and had an increase of 2 ± 1 mm Hg (P < 0.05) after the
no-dairy condition.

Analyses of weekly BP measurements revealed that both sys-
tolic BP and pulse pressure were significantly decreased as early
as week 3 of the high-dairy condition (P < 0.05) (Figure 3). In
addition, these values at weeks 3 and 4 in the high-dairy condition
were significantly different from those measured during the same
weeks in the no-dairy condition (P < 0.05). There were no sig-
nificant changes in diastolic BP in either group.

A general trend of changes in ambulatory BP was similar to those
observed during the casual seated BP measurement (Figure 4).
Ambulatory (24-h) systolic BP decreased significantly after the
high-dairy condition with most of the BP reduction coming from
daytime periods (P < 0.05). There were no changes in ambu-
latory diastolic BP after either dietary condition. Ambulatory

TABLE 1

Changes in selected subject characteristics and blood chemistry1

No dairy High dairy

Variable Before After Before After

Height (cm) 170 ± 2 — 170 ± 2 —

Body mass (kg) 87.8 ± 3 87.7 ± 3 88.1 ± 3 88.3 ± 3

BMI (kg/m2) 30.4 ± 1 30.3 ± 1 30.5 ± 1 30.5 ± 1

Total cholesterol (mmol/L) 5.2 ± 0.2 5.1 ± 0.2 5.3 ± 0.2 5.2 ± 0.2

HDL cholesterol (mmol/L) 1.24 ± 0.1 1.11 ± 0.1 1.17 ± 0.1 1.14 ± 0.1

LDL cholesterol (mmol/L) 3.39 ± 0.2 3.39 ± 0.1 3.47 ± 0.1 3.42 ± 0.1

Triglycerides (mmol/L) 1.25 ± 0.1 1.30 ± 0.1 1.37 ± 0.1 1.48 ± 0.1

Blood glucose (mmol/L) 5.27 ± 0.1 5.22 ± 0.1 5.33 ± 0.1 5.44 ± 0.1

Glycated hemoglobin (%) 5.4 ± 0.1 5.4 ± 0.1 5.4 ± 0.1 5.4 ± 0.1

1 All values are means ± SEMs. There were no significant differences between or within groups.

TABLE 2

Changes in dietary composition1

No dairy High dairy

Variable Before After Before After

Calories (kcal/d) 1818 ± 59 1842 ± 45 1830 ± 64 1880 ± 50

Fat (g/d) 71 ± 4 58 ± 3 69 ± 3 60 ± 3

Carbohydrate (g/d) 201 ± 9 251 ± 7* 203 ± 10 227 ± 7*,†

Protein (g/d) 79 ± 4 69 ± 3* 82 ± 3 98 ± 3*,†

Alcohol (g/d) 8 ± 2 6 ± 2 11 ± 2 6 ± 2

Sodium (mg/d) 2923 ± 190 2555 ± 124 2753 ± 141 2739 ± 124

Potassium (mg/d) 2115 ± 152 2003 ± 98 2156 ± 130 3094 ± 127*,†

Calcium (mg/d) 758 ± 54 416 ± 39* 777 ± 56 1755 ± 64*,†

Magnesium (mg/d) 212 ± 13 169 ± 11* 213 ± 14 271 ± 14*,†

Vitamin D (IU/d) 221 ± 66 149 ± 66* 208 ± 69 512 ± 64*,†

Dairy (servings/d) 1.4 ± 0.1 0.0 ± 0.0* 1.2 ± 0.1 4.7 ± 0.1*,†

1 All values are means ± SEMs. All significant differences were preceded by a significant condition × time in-

teraction. *P < 0.05 compared with before; †P < 0.05 compared with after in the no-dairy condition.
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pulse pressure decreased (P < 0.05) after the high-dairy con-
dition during the 24-h and daytime periods.

DISCUSSION

Primary findings from the current randomized crossover study
were as follows. The addition of 4 daily servings of conventional
nonfat dairy products to the normal routine diet decreased sys-
tolic BP and pulse pressure in middle-aged and older adults with
elevated BP. The reduction in casual seated BP was accompanied
by a similar reduction in ambulatory (24-h) BP that was attributable

mainly to the decrease in daytime BP. Conversely, when all dairy
products were removed from the routine diet, pulse pressure
increased significantly. These findings indicate that the solitary
manipulation of nonfat dairy products can modulate BP in middle-
aged and older adults with elevated BP.

With advancing age, systolic BP increases, and diastolic BP
decreases, which result in a widening of pulse pressure (20). In
middle-aged and older adults, pulse pressure is highly predictive
of CVD risk, even more so than systolic or diastolic BP (21).
In the current study, we observed significant reductions in sys-
tolic BP and pulse pressure after the high-dairy condition. The

FIGURE 2. Mean (±SEM) seated resting brachial systolic blood pressure
(A), diastolic blood pressure (B), and pulse pressure (C) before and after
each condition (n = 49). All significant differences were preceded by a sig-
nificant condition × time interaction. *P < 0.05 compared with before;
†P < 0.05 compared with after in the no-dairy condition.

FIGURE 3. Time course of mean (±SEM) changes in casual seated
brachial systolic blood pressure (A), diastolic blood pressure (B), and pulse
pressure (C) measured weekly (n = 49). All significant differences were
preceded by a significant condition × time interaction. *P < 0.05 compared
with week 0 within condition; †P < 0.05 compared with no dairy.
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analyses of the time course indicated that the hypotensive effects
of the nonfat dairy products were significant as early as 3 wk after
the initiation of the high-dairy condition. These results indicate
that the solitary addition of conventional dairy products to the
normal routine diet could produce significant reductions in systolic
BP and pulse pressure well within the time frame that lifestyle
modifications including dietary changes are typically prescribed.

Results of the current study were generally consistent with
those of previous studies that reported that increased low-fat and
nonfat dairy product consumptions were associated with BP-lowering
effects (7–11). However, a dietary intervention study with a similar
research design to that in the current study showed no hypotensive
benefit after 61 overweight or obese individuals increased the
consumption of low-fat dairy products (+4 servings/d) for 6 mo
(12). The conflicting results may have been due to differences in
dietary calcium intakes. Dietary calcium consumption has been
shown to be lower in individuals with hypertension and inversely
related to BP (5, 6). There has been evidence of calcium-metabolism
disturbances in individuals with hypertension (22), which may
have been attributable to low dietary calcium consumption (5, 6)
because dietary calcium supplementation has been shown to reduce
BP in hypertensive individuals (23). When dairy product con-
sumption is increased, dietary calcium consumption is increased
accordingly. In the current study, baseline calcium consumption
was lower (~750 compared with ~1100 mg/d), and the gradient
in dietary calcium after the high-dairy condition was nearly 2-fold
greater (~1350 compared with ~700 mg/d) than in the previous
study (12). Thus, changes in BP may have been attributable to dif-
ferences in dietary calcium consumption after dietary interventions.

Not only did we observe reductions in systolic BP and pulse pres-
sure in the casual resting state, but we also observed significant

reductions in the ambulatory state. However, the magnitude of
reductions in systolic BP and pulse pressure after the high-dairy
condition was less in the ambulatory measurements. Although
guidelines of BP treatment typically refer to BP values measured
in seated resting conditions, ambulatory BP measured in 24 h is
more representative of normal life and may be a better indicator
of CVD risk than is casual resting BP (24). Thus, reductions in BP
we observed in ambulatory measurements after the high-dairy
condition may have a greater prognostic benefits for middle-aged
and older adults with elevated BP who seek to gain a benefit from
dairy products.

A rather unanticipated finding of the current study was that
pulse pressure increased significantly when the regular consumption
of dairy products was removed from the routine diet. Compared
with the high-dairy condition for which 4 servings nonfat dairy
were added, a much-lower quantity of dairy products were re-
moved from the diet (1.4 servings/d) in the no-dairy condition.
These results implied that the subjects in the current study
enjoyed the hypotensive benefits from relatively modest con-
sumption of dairy products in their routine diet. It is possible to
argue that the increase in pulse pressure might have been a result
of the addition of fruit products provided in the no-dairy con-
dition. However, fruit consumption is inversely related to BP and
CVD (6, 25). In addition, national BP guidelines recommend an
increased dietary consumption of fruit products as well as of low-
fat and nonfat dairy products to reduce BP (4). We observed no
changes in blood lipid profiles, glucose, or glycated hemoglobin
in the no-dairy condition that were consistent with hypertensive
effects. Although fruit products provided were isocaloric to nonfat
dairy provided in the alternate condition, they contained minimal
protein and were higher in carbohydrate content. The amount that

FIGURE 4. Mean (±SEM) ambulatory (24-h) blood pressure before and after the high-dairy (A and C) and no-dairy (B and D) conditions (n = 48). All
significant differences were preceded by a significant condition × time interaction. *P < 0.05 compared with before; †P < 0.05 compared with after in the no-
dairy condition.
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dietary protein decreased after the no-dairy condition (10 g) was
the approximate amount contained in 1.4 servings dairy products.
Dietary supplementation with milk proteins has been shown to
reduce BP and local arterial stiffness (16). A recent cross-sectional
analysis indicated that total dairy food consumption is inversely
related to pulse pressure and arterial stiffness (26). Thus, it is
plausible that the removal of protein provided from dairy products
may have increased pulse pressure because milk proteins have
been shown to act as angiotensin-converting enzyme inhibitors
(27). In addition to changes in protein intake, there were reductions
in magnesium, vitamin D, and calcium intakes after the no-dairy
condition. These changes were expected with the removal of dairy
products because these nutrients are abundant in dairy products.
Meta-analyses have shown that dietary supplementation with
magnesium, vitamin D, or calcium can result in small reductions
(2–4 mm Hg) in systolic BP (28, 29). Thus, a decrease in dietary
consumption of one or more of these nutrients in the no-dairy
condition may have increased pulse pressure.

For the prevention of hypertension and CVD, it has been
recommended that low- and nonfat dairy products be added to the
diet (4). This recommendation was presumably driven by a concern
that the high-fat content in dairy products may increase the risk of
obesity, diabetes, and CVD. However, recent reviews have in-
dicated no or even inverse relations of total dairy intake to met-
abolic and CVD risks (30–32). Future studies are warranted to
determine the effect of full-fat dairy products added to the normal
routine diet on BP.

There were several strengths of the current study. First, we kept
each subject’s normal routine diet to be baseline dietary con-
ditions, and only dairy and fruit consumption were experimen-
tally manipulated. We reasoned that such an approach would be
more generalizable to a greater number of populations who seek
to conveniently adapt high dairy consumption in their normal
diet. Second, BP was measured in both casual seated and am-
bulatory states, which allowed us to evaluate effects of both
dietary conditions in the clinical setting and normal life. There
were several limitations as well. We were unable to determine
which nonfat dairy product was more effective in reducing BP.
Individuals in the study had the choice of nonfat yogurt, milk,
and/or cheese in addition to other dairy products consumed as
part of their normal routine diets. In addition, we could not de-
termine which ingredients of dairy products (eg, milk protein,
calcium, potassium, and milk peptide) were responsible for hy-
potensive effects of dairy products.

As in many other studies, the completion of the study gen-
erated more questions than we could answer. What is the minimal
and optimal dose of dietary dairy intake to reduce BP? Are there
any additive effects of dairy consumption to other lifestyle modi-
fications (eg, regular exercise)? Could the effect of the solitary
addition of dairy products to the normal routine diet be greater in
ethnic minorities? What is the physiologic mechanism that un-
derlies the reduction in BP? There is no question that more studies
are needed to fully evaluate the hypotensive effects of dairy products.

In conclusion, lifestyle modifications, including dietary changes,
are the first line of approach for treating elevated BP. The current
findings indicate that simply adding 4 servings conventional nonfat
dairy products are effective in reducing both systolic BP and pulse
pressure in middle-aged and older adults. Unlike other lifestyle
modifications, including regular exercise, that are difficult to achieve
high compliance and adherence, dairy products can be easily

incorporated into the daily routine of older adults to gain hy-
potensive benefits.
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DHA-enriched high–oleic acid canola oil improves lipid profile
and lowers predicted cardiovascular disease risk in the canola
oil multicenter randomized controlled trial1–3

Peter JH Jones, Vijitha K Senanayake, Shuaihua Pu, David JA Jenkins, Philip W Connelly, Beno??t Lamarche,
Patrick Couture, Amélie Charest, Lisa Baril-Gravel, Sheila G West, Xiaoran Liu, Jennifer A Fleming,
Cindy E McCrea, and Penny M Kris-Etherton

ABSTRACT
Background: It is well recognized that amounts of trans and satu-
rated fats should be minimized in Western diets; however, consider-
able debate remains regarding optimal amounts of dietary n－9,
n－6, and n－3 fatty acids.
Objective: The objective was to examine the effects of varying
n－9, n－6, and longer-chain n－3 fatty acid composition on markers
of coronary heart disease (CHD) risk.
Design: A randomized, double-blind, 5-period, crossover design was
used. Each 4-wk treatment period was separated by 4-wk washout
intervals. Volunteers with abdominal obesity consumed each of 5 iden-
tical weight-maintaining, fixed-composition diets with one of the fol-
lowing treatment oils (60 g/3000 kcal) in beverages: 1) conventional
canola oil (Canola; n－9 rich), 2) high–oleic acid canola oil with
docosahexaenoic acid (CanolaDHA; n－9 and n－3 rich), 3) a blend
of corn and safflower oil (25:75) (CornSaff; n－6 rich), 4) a blend of
flax and safflower oils (60:40) (FlaxSaff; n－6 and short-chain n－3
rich), or 5) high–oleic acid canola oil (CanolaOleic; highest in n－9).
Results: One hundred thirty individuals completed the trial. At end-
point, total cholesterol (TC) was lowest after the FlaxSaff phase (P <
0.05 compared with Canola and CanolaDHA) and highest after the
CanolaDHA phase (P < 0.05 compared with CornSaff, FlaxSaff, and
CanolaOleic). Low-density lipoprotein (LDL) cholesterol and high-density
lipoprotein (HDL) cholesterol were highest, and triglycerides were low-
est, after CanolaDHA (P < 0.05 compared with the other diets). All
diets decreased TC and LDL cholesterol from baseline to treatment
endpoint (P < 0.05). CanolaDHA was the only diet that increased
HDL cholesterol from baseline (3.5 ± 1.8%; P < 0.05) and produced
the greatest reduction in triglycerides (－20.7 ± 3.8%; P < 0.001) and
in systolic blood pressure (－3.3 ± 0.8%; P < 0.001) compared with
the other diets (P < 0.05). Percentage reductions in Framingham 10-y
CHD risk scores (FRS) from baseline were greatest after CanolaDHA
(－19.0 ± 3.1%; P < 0.001) than after other treatments (P < 0.05).
Conclusion: Consumption of CanolaDHA, a novel DHA-rich canola
oil, improves HDL cholesterol, triglycerides, and blood pressure,
thereby reducing FRS compared with other oils varying in unsaturated
fatty acid composition. This trial was registered at www.clinicaltrials.gov
as NCT01351012. Am J Clin Nutr 2014;100:88–97.

INTRODUCTION

Current dietary recommendations advise a reduction of
saturated and trans fats, but fall short of providing specific

recommendations for optimal amounts of omega-9 (n－9),
omega-6 (n－6), and short- and longer-chain omega-3 (n－3)
fatty acids (1). Although earlier research supported the use of
n－6 PUFAs (2), newer data attest to the health benefits of
consumption of n－9 MUFA– (3) and n－3 PUFA– (4) rich fats.
However, the preferred proportions of these fatty acids in
Western diets remain to be ascertained.

The increasing incidence of metabolic syndrome and the
prevalence of coronary heart disease (CHD)4 (5) underscore the
need for dietary modification as a critical adjunct to physical
activity and pharmacologic intervention for preventing and
treating CHD. The Adult Treatment Panel III dietary guidelines
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recommend up to 20% of calories from MUFAs and up to 10%
from n－3/n－6 PUFAs (6). Novel modified oils, as sources of
blended MUFAs and n－3/n－6 PUFAs, provide increased op-
portunities for optimizing the fatty acid profiles of foods to
improve health. What remains to be evaluated are the effects of
various combinations of n－3, n－6, and n－9 fatty acids on
circulating lipids and other CHD risk factors.

The objectives of this study, therefore, were to investigate the
relative effects of oil mixtures—including conventional canola
oil (Canola) (6:2:1; n－9:n－6:n－3), high–oleic acid canola oil
with DHA (CanolaDHA) (6:1:1; n－9:n－6:n－3), a blend of
corn oil and safflower oil (25:75; CornSaff) (6:25:0.1; n－9:
n－6:n－3), a blend of flax oil and safflower oil (60:40; FlaxSaff)
(1:1:1; n－9:n－6:n－3), and high–oleic acid canola oil (CanolaOleic)
(31:6:1; n－9:n－6:n－3) on lipid, lipoprotein, and apolipoprotein
concentrations in individuals with central adiposity and CHD
risk factors. It was hypothesized that these 5 dietary treatments
would elicit differential effects that reflect their n－9, n－6, and
n－3 fatty acid profiles.

SUBJECTS AND METHODS

Study design

The Canola Oil Multi-center Intervention Trial was conducted
as a double-blind, randomized, crossover trial at the Richardson
Centre for Functional Foods and Nutraceuticals (RCFFN)
(University of Manitoba), the Institute of Nutrition and Func-
tional Foods (Laval University), and the Department of Nutri-
tional Sciences (Pennsylvania State University). Institutional
ethics boards in participating universities reviewed and approved
the study protocol. Written informed consent was obtained from
participants as prescribed by research ethics boards at the

respective institutions. The methodology of the Canola Oil
Multi-center Intervention Trial study design was published
elsewhere (7).

Eligibility criteria and subject selection

Participants (18 y or older) were recruited from the metro-
politan areas of Winnipeg, Quebec City and State College using
radio advertisements, direct mailings, E-mail newsletters, sem-
inars and from outreach activities. Adult men and women with at
least one of the following cardiovascular risk factors were
recruited to the present study: waist circumference >94 cm for
men and >80 cm for women; triglycerides >1.7 mmol/L; HDL
cholesterol (HDL cholesterol): <1 mmol/L (men) or <1.3 mmol/L
(women); blood pressure ≥130 mm Hg (systolic, SBP) and/or
≥85 mm Hg (diastolic, DBP); and glucose ≥5.5 mmol/L.
Volunteers underwent a medical history in the previous 6 mo to
exclude those with thyroid disease, diabetes mellitus, kidney
disease, liver disease; current smokers; or people consuming
more than 2 alcoholic drinks per week. Participants were not
taking any medication known to affect lipid metabolism or en-
dothelial function. Participants who were unwilling to stop
taking supplements of any kind at least 2 wk in advance were
excluded. Eligible individuals were selected based on the in-
clusion and exclusion criteria described above. The flow of
participants through the trial is presented in Figure 1.

Randomization

Random permutations of treatments were created using the
random number generator at randomization.com (version 07/16/
2008) to ensure that all the subjects received all treatments in
a random order. The sequences were kept in sealed envelopes and

FIGURE 1. Flow of participants throughout the study.
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were later allocated to subjects as they joined the study. Random
allocation sequences were generated at the lead site (RCFFN),
with study coordinators at other sites contacting RCFFN to obtain
the allocation sequences to assign the participants to treatment
sequences.

Study diets

A randomized, double-blind, 5-period, crossover controlled-
feeding study design was used wherein subjects consumed
a consistent, weight-maintaining diet of fixed macronutrient
composition providing 15%, 50%, and 35% of energy from
protein, carbohydrate, and fat, respectively (Table 1). Each of 5
treatment periods extended 4 wk and was separated by a 4-wk
washout interval, although 10 participants underwent a short-
ened washout period of 2 to 4 wk at the Pennsylvania State
University. Study diets were prepared in kitchen facilities at 3
clinical sites and one community kitchen because of personal
cultural practices (7). Diets were supplemented with beverages
in which treatment oils were provided at breakfast and supper as
2 divided doses in a blind manner. Both participants and study
coordinators were blind to the treatments. Participants were
free-living and instructed to consume at least one meal under the
supervision of the study coordinators on weekdays. Compliance
was assessed by study coordinators by completion of meals
provided under supervision and by the presence of food not
consumed in their returned meal bags packed for off-site con-
sumption. Body weight was monitored regularly to ensure ad-
equate calories for weight maintenance.

Diets were provided at caloric levels matching individual
volunteer’s daily requirements calculated by using the Mifflin-St
Jeor equation (8). Consequently, treatment oils and fatty acid
intakes per 3000-kcal diet were as follows: 1) Canola [59% oleic
acid (OA), 20% linoleic acid (LA), and 10% α-linolenic acid
(ALA)], 2) CanolaDHA (63% OA and 6% DHA), 3) CornSaff
(18% OA and 69% LA), 4) FlaxSaff (18% OA, 38% LA, and
32% ALA), and 5) CanolaOleic (72% OA and 15% LA) (Table 2).

The 3 canola-based oil treatments were all high in OA, with
Canola representing conventional canola oil. CanolaDHA was
designed with an OA content similar to that of CanolaOleic,
with additional DHA provided by an algal oil. The 2 safflower
oil blends were both high in PUFAs but low in MUFAs, in which
CornSaff was rich in LA and FlaxSaff was enriched with both
LA (50% of the LA content of CornSaff) and ALA. CanolaOleic
was formulated by replacing ALA with additional OA in Canola.
Given the different fatty acid profiles of the 5 treatment oils, we
were able to compare the benefits of long chain n－3 (DHA) and
short chain n－3 (ALA) fatty acids blended with oils rich in n－9
(OA) or n－6 (LA) in the prevention of CHD risk. Amounts of
treatment oils provided to the subjects were proportionately
adjusted to individualized precalculated energy intakes of each
subject, as established by using algorithms based on sex, weight,
height, and age (8). The nutrient content of the diet was esti-
mated by using FOOD PROCESSOR software (ESHA Re-
search) to ensure the adequacy of macro- and micronutrients.

Sample collection and analysis

Fasting blood samples were collected on days 1 and 2
(baseline) and days 29 and 30 (endpoint) of all phases. Samples
from all clinical sites were shipped frozen to and analyzed in
a central laboratory at St Michaels Hospital, University of
Toronto. Baseline and endpoint values were separately assayed
and determined as the mean values from days 1 and 2 and days 29
and 30, respectively. The main outcome measures were serum lipid
variables, including total cholesterol (TC), LDL-cholesterol,
HDL-cholesterol, triglycerides, apolipoprotein A-I, and apoli-
poprotein B concentrations. The following ratios were also
calculated from original values; apolipoprotein B/ apolipoprotein
A-I, TC/HDL cholesterol, and triglycerides/HDL cholesterol.
Serum lipids were analyzed by using a Roche Cobas 6000 c501
System (Roche Diagnostics). LDL cholesterol was calculated by
using the Friedewald formula (9). Serum lipid measures were

TABLE 1

Nutrient profile of the test diets (based on 3000 kcal)1

Treatments

Nutrient Canola

Canola

DHA

Corn

Saff

Canola

Oleic

Flax

Saff

g (% of energy)

Protein 117 (15) 117 (15) 117 (15) 117 (15) 117 (15)

Carbohydrate 380 (50) 380 (50) 380 (50) 380 (50) 380 (50)

Fat

Total 118 (35) 118 (35) 118 (35) 118 (35) 118 (35)

SFA 22 (6.6) 23 (6.9) 22 (6.7) 22 (6.5) 23 (6.8)

MUFA 59 (17.6) 59 (17.8) 32 (9.5) 64 (19.3) 32 (9.6)

PUFA 30 (9.1) 27 (8.0) 54 (16.3) 23 (6.9) 54 (16.3)

1 The energy and macronutrient profiles of the 3 treatment meals are

based on a 3000-kcal/d projected diet and were estimated by using FOOD

PROCESSOR software (ESHA Research). Canola, conventional canola oil

(Richardson Oilseed Ltd); CanolaDHA, high–oleic acid canola oil (Richard-

son Oilseed Ltd) with DHA (Martek Biosciences Corporation); CanolaOleic,

high–oleic acid canola oil; CornSaff, corn oil (Loblaws Inc) and safflower oil

(Loblaws Inc) blend; FlaxSaff, flax oil (Shape Foods Inc) and safflower oil

blend.

TABLE 2

Fatty acid profile of the treatment oils1

Canola

Canola

DHA CornSaff FlaxSaff

Canola

Oleic

16:0, palmitic acid 4.1 5.3 5.9 4.9 3.7

18:0, stearic acid 1.8 1.7 1.9 3.2 1.8

18:1, oleic acid 58.6 63.2 17.6 17.9 71.5

18:2, linoleic acid 19.5 12.7 69.3 37.5 14.7

18:3, α-linolenic acid 9.8 2.0 0.3 32.0 2.3

20:4, arachidonic acid 0 0.1 0 0 0

20:5, EPA 0 0.2 0 0 0

22:5, DPA 0 2.4 0 0 0

22:6, DHA 0 5.8 0 0 0

Total SFA 7.3 9.0 7.9 8.1 6.9

Total MUFA 60.3 64.7 17.7 17.9 73.2

Total PUFA 29.3 23.1 69.6 69.5 17.0

1 Values are based on a 3000-kcal diet; 60 g treatment oil contributed

18% (540 kcal) of total energy. All values are percentages of total fatty acids.

The amount of treatment oil was adjusted to contribute 18% of energy for

each calorie level. Canola, conventional canola oil (Richardson Oilseed Ltd);

CanolaDHA, high–oleic acid canola oil (Richardson Oilseed Ltd) with DHA

(Martek Biosciences Corporation); CanolaOleic, high–oleic acid canola oil;

CornSaff, corn oil (Loblaws Inc) and safflower oil (Loblaws Inc) blend;

DPA, docosapentaenoic acid; FlaxSaff, flax oil (Shape Foods Inc) and saf-

flower oil blend.
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standardized with the CDC Lipid Standardization Program for
external quality control. The apolipoprotein A-I and apolipo-
protein B concentrations were measured by nephelometry with
the BN Prospec (Siemens). The CVs for TC, HDL cholesterol,
triglycerides, apolipoprotein A-I, and apolipoprotein B were
0.8%, 0.9%, 1.2%, 1.4%, and 2.1%, respectively. In addition, at
the beginning and end of each phase, blood pressure was
monitored at each clinical site by using a digital blood pressure
monitor and measured in triplicate after a 5-min rest in a secluded
area. Both SBP and DBP were recorded in the morning before
meals while subjects were in a seated position, with the cuff
placed at the level of the heart in the right arm. Using baseline and
endpoint data from each treatment, we entered age, sex, SBP, TC,
and HDL for each participant into the Framingham 10-y CHD
risk score (FRS) calculator (10).

Statistical analysis

A sample size of 40 subjects at each of the 3 clinical sites (total
of 120) was determined based on endothelial function as the
primary outcome, with an anticipated 20% difference in the mean
and an SD of 1.35, and the alpha and power were 0.05 and 0.8,
respectively (11). This estimated sample size of 120 allowed us to
detect a 10% difference in LDL cholesterol with a power of 0.8 at
a significance of 0.05.

Only participants who completed the entire trial protocol (ie, all 5
dietary phases) were included in the statistical analyses, with analyses
conducted according to originally assigned treatment orders.
Therefore, a per-protocol approach was used for the data analysis to
avoid the need for multiple imputations for missing data. The mixed-
model procedure in SAS (version 9.2) was used with treatment, age,
and sex used as fixed effects, repeated for subjects over treatment
periods, whereas center was added as a random effect to adjust for
potential confounders, including the differences in baseline charac-
teristics and carryover effects across all centers. In addition, diet

effects were estimated while controlling for the dietary treatment
immediately preceding. “Last treatment (the previous diet)” was
included as another random effect to control the sequence of the
dietary treatments. When the current diet was the first treatment in
the trial, a code “9” was given. Separate statistical comparisons were
conducted for 1) mean values at the end of each treatment and 2)
within-treatment percentage changes. Percentage changes from the
baseline to endpoint were calculated as [(posttreatment value –
pretreatment baseline)/pretreatment baseline × 100] for each phase.
Kolmogorov and Cramér–von Mises tests and histograms were used
to test the Gaussian nature of the variables. Tukey-adjusted P values
were used to examine differences between treatments. Least-squares
means ± SEs are presented in the text and in figures unless stated
otherwise.

RESULTS

Baseline characteristics and treatment differences between
study centers

One hundred seventy participants were randomly assigned to
the treatments from September 2010 through March 2012. No
statistically significant differences were observed between centers
for subjects’ age, BMI, and LDL-cholesterol, HDL-cholesterol,
and triglyceride concentrations at baseline. However, the ratio of
men to women, body weight, waist circumference in women,
and DBP differed across centers (Table 3). One hundred thirty
of the total randomly assigned subjects (76.5%) completed all 5
treatment periods (Figure 1). In addition to monitoring food not
consumed, compliance was also verified and confirmed by pre-
dicted shifts in the total plasma fatty acid profile at the end of
each intervention period, as previously published (7) and sum-
marized elsewhere (see Supplemental Table S1 under “Supple-
mental data” in the online issue). No differences were observed
in body weight at the end of the 5 treatments (Table 4). From the

TABLE 3

Baseline characteristics of participants at each participating center1

RCFFN INAF PSU Total P value2

Sex (n) 0.003

Men 16 29 15 60

Women 38 17 15 70

BMI (kg/m2) 29.68 ± 5.03 30.00 ± 4.26 29.70 ± 3.25 29.80 ± 4.37 0.928

Age (y) 43.87 ± 15.81 49.87 ± 14.22 45.90 ± 9.61 46.46 ± 14.18 0.105

TC (mmol/L) 5.39 ± 1.13 5.40 ± 1.02 5.08 ± 0.94 5.32 ± 1.05 0.371

HDL-C (mmol/L) 1.25 ± 0.28 1.20 ± 0.33 1.20 ± 0.24 1.22 ± 0.29 0.635

LDL-C (mmol/L) 3.41 ± 1.01 3.38 ± 0.88 3.19 ± 0.87 3.35 ± 0.93 0.572

Triglycerides (mmol/L) 1.61 ± 0.92 1.81 ± 0.80 1.53 ± 0.92 1.67 ± 0.88 0.338

Glucose (mmol/L) 5.43 ± 1.65 5.29 ± 0.60 5.29 ± 0.45 5.35 ± 1.14 0.788

Body weight (kg) 80.69 ± 15.93 85.80 ± 15.25 89.86 ± 15.74 84.67 ± 15.93 0.042

Waist (cm)

Women 90.64 ± 11.92 97.36 ± 10.33 98.52 ± 9.87 93.94 ± 11.58 0.033

Men 103.37 ± 13.76 106.88 ± 8.74 106.53 ± 6.53 105.84 ± 9.89 0.508

SBP (mm Hg) 122.44 ± 20.33 119.76 ± 14.19 118.50 ± 12.36 120.62 ± 16.70 0.548

DBP (mm Hg) 81.24 ± 12.41 70.50 ± 10.47 79.67 ± 7.39 77.04 ± 11.80 <0.001

1 DBP, diastolic blood pressure; HDL-C, HDL cholesterol; INAF, Institute of Nutraceuticals and Functional Foods,

Québec City, Québec, Canada; LDL-C, LDL cholesterol; PSU, Pennsylvania State University, State College, PA; RCFFN,

Richardson Centre for Functional Foods and Nutraceuticals, Winnipeg, Manitoba, Canada; SBP, systolic blood pressure;

TC, total cholesterol.
2 ANOVA was used to analyze between-treatment differences in continuous variables. A chi-square test was used to

determine the distribution of sex across centers. P < 0.05 was considered significant.
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beginning to the end of the phase, average body weight changes
from baseline fluctuated between －0.39 and +0.12 kg. Including
the body weight fluctuation in the statistical model did not affect
the results.

Endpoint differences between treatments

Endpoint lipid results for the 5 dietary interventions are sum-
marized in Table 4. Consumption of the FlaxSaff diet resulted in the
numerically lowest mean TC (P < 0.05 compared with Canola and
CanolaDHA), whereas the CanolaDHA diet produced the numeri-
cally highest TC concentration (P < 0.05 compared with CornSaff,
FlaxSaff, and CanolaOleic). However, endpoint TC concentra-
tions did not differ significantly between Canola and CanolaDHA
treatments. CanolaDHA feeding resulted in the highest endpoint
LDL-cholesterol (P < 0.05) and HDL-cholesterol (P < 0.05)
values relative to all other treatments. Conversely, CanolaDHA
feeding yielded the lowest endpoint triglyceride values (P < 0.05),
which differed from all other treatments. The mean apolipoprotein
A-I value was numerically highest after the CanolaDHA diet (P <
0.05 compared with Canola, CornSaff, and FlaxSaff), although it
was not significantly different from CanolaOleic and was the
numerically lowest after the FlaxSaff diet (P < 0.05 compared
with Canola, CanolaDHA, and CanolaOleic). The CornSaff and
FlaxSaff diets resulted in the numerically lowest mean apolipo-
protein B concentrations (P < 0.05 compared with CanolaDHA).
Across treatments, CanolaDHA also elicited a lower SBP com-
pared with CornSaff and FlaxSaff (P < 0.05) and the lowest DBP
across all diets (P < 0.05).

Changes from baseline to endpoint within treatments

All diets significantly reduced TC (P < 0.01) and LDL-
cholesterol (P < 0.05) concentrations from pretreatment base-
line concentrations (Figure 2). Percentage changes in TC after
Canola, CanolaDHA, CornSaff, FlaxSaff, and CanolaOleic diets

were －8.5 ± 2.5, －7.4 ± 2.5, －11.7 ± 2.5, －11.4 ± 2.5, and
－9.4 ± 2.5, respectively. Percentage changes in TC were
greatest after the CornSaff and FlaxSaff treatments, whereas
Canola and CanolaDHA feeding produced the smallest reduc-
tions in TC (P < 0.05 compared with CornSaff and FlaxSaff).
Percentage changes in LDL cholesterol for Canola, CanolaDHA,
CornSaff, FlaxSaff, and CanolaOleic diets were －11.3 ± 2.8,
－7.0 ± 2.8, －15.4 ± 2.8, －12.9 ± 2.8, and －12.5 ± 2.8, re-
spectively (all P < 0.05). The percentage reduction in LDL
cholesterol was lowest (P < 0.05) after CanolaDHA than after
CornSaff, FlaxSaff, and CanolaOleic. None of the other paired
comparisons were statistically significant. The Canola, CornSaff,
FlaxSaff, and CanolaOleic treatments reduced HDL-cholesterol
concentrations (P < 0.05) from baseline by －4.2 ± 1.8%,
－4.4 ± 1.8%, －6.8 ± 1.8%, and －5.0 ± 1.8%, respectively.
In contrast, CanolaDHA increased HDL cholesterol from
baseline by 3.5 ± 1.8% (P < 0.05). The CanolaDHA diet re-
duced triglycerides by －20.7 ± 3.8% (P < 0.001), which was
greater than the triglyceride changes produced by all other
treatments (P < 0.001). None of the other diets significantly
affected triglycerides.

Calculated lipid variables, blood pressure, and FRS

The apolipoprotein B:apolipoprotein A-I ratio did not vary
between treatments (Table 4). All diets decreased the TC/HDL
cholesterol ratio (P < 0.01) with the greatest percentage re-
duction for the CanolaDHA diet (－10.1 ± 1.1%), which was
different compared with Canola, FlaxSaff, and CanolaOleic
(P < 0.001) but not CornSaff diet (Figure 2). The CanolaDHA
treatment also resulted in a substantial decrease in the triglyceride/
HDL cholesterol ratio (－22.4 ± 2.8%; P < 0.001), which dif-
fered from all other treatments (P < 0.001). In addition, only
CanolaDHA significantly reduced SBP by －3.3 ± 0.8% (P <
0.001), and DBP by －4.1 ± 1.0% (P < 0.001); the other 4 diets

TABLE 4

Between-treatment comparisons of blood lipid variables, blood pressure levels, and body weight1

Canola CanolaDHA CornSaff FlaxSaff CanolaOleic

TC (mmol/L) 4.81 ± 0.14a,b 4.87 ± 0.14a 4.74 ± 0.14b,c 4.69 ± 0.14c 4.77 ± 0.14b,c

LDL-C (mmol/L) 2.91 ± 0.08b 3.02 ± 0.08a 2.85 ± 0.08b 2.84 ± 0.08b 2.86 ± 0.08b

HDL-C (mmol/L) 1.20 ± 0.02b 1.30 ± 0.02a 1.20 ± 0.02b 1.17 ± 0.02b 1.18 ± 0.02b

Triglycerides (mmol/L) 1.60 ± 0.10a 1.25 ± 0.10b 1.56 ± 0.10a 1.56 ± 0.10a 1.64 ± 0.10a

TC:HDL ratio 4.29 ± 0.12a 4.01 ± 0.12b 4.24 ± 0.12a 4.28 ± 0.12a 4.29 ± 0.12a

apo A-I (mmol/L) 1.42 ± 0.03b 1.46 ± 0.03a 1.41 ± 0.03b,c 1.38 ± 0.03c 1.43 ± 0.03a,b

apo B (mmol/L) 0.94 ± 0.03a,b 0.95 ± 0.03a 0.91 ± 0.03b 0.91 ± 0.03b 0.94 ± 0.03a,b

apo B:apo A-I 0.67 ± 0.02 0.67 ± 0.02 0.67 ± 0.02 0.68 ± 0.02 0.67 ± 0.02

SBP (mm Hg) 119.32 ± 2.91a,b 117.43 ± 2.91b 120.39 ± 2.91a 120.47 ± 2.91a 119.39 ± 2.91a,b

DBP (mm Hg) 77.07 ± 4.04a 74.60 ± 4.04b 77.06 ± 4.04a 77.60 ± 4.04a 76.75 ± 4.04a

Total mass (kg)2 83.88 ± 1.40 84.18 ± 1.39 84.03 ± 1.39 84.31 ± 1.41 83.91 ± 1.41

1 All values are least-squares means ± SEs; n = 130. Mean values within a row with different superscript letters are

significantly different between treatments, P < 0.05 (mixed-model ANOVA and post hoc Tukey’s test). The dependent

variables used for data analysis were the mean of the day 29 and day 30 values at the end of each dietary phase; values are

unadjusted. apo, apolipoprotein; Canola, conventional canola oil (Richardson Oilseed Ltd); CanolaDHA, high–oleic acid

canola oil (Richardson Oilseed Ltd) with DHA (Martek Biosciences Corporation); CanolaOleic, high–oleic acid canola oil;

CornSaff, corn oil (Loblaws Inc) and safflower oil (Loblaws Inc) blend; DBP, diastolic blood pressure; FlaxSaff, flax oil

(Shape Foods Inc) and safflower oil blend; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; SBP, systolic blood

pressure; TC, total cholesterol.
2 Data at endpoints were based on measures by dual-energy X-ray absorptiometry at the end of each dietary phase; the

total available number of subjects was 118.
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failed to affect blood pressure (data not shown). Nevertheless,
reductions in calculated FRS were observed for all treatments (P
< 0.05), except for FlaxSaff, when calculated as the percentage
change from baseline (Figure 3). Changes in the scores from
baseline were －8.2 ± 3.1% for Canola, －19.0 ± 3.1% for
CanolaDHA, －10.0 ± 3.0% for CornSaff, and －6.8 ± 3.1% for
CanolaOleic. CanolaDHA resulted in the greatest reduction in
FRS (P < 0.05) compared with all other 4 treatments.

DISCUSSION

The current study demonstrates that the consumption of
a blend of high–oleic acid canola oil and DHA oil improved

HDL and triglyceride profiles, blood pressure, and FRS com-
pared with the other oil blends studied. Notably, CanolaDHA
improved HDL cholesterol and triglycerides, but resulted in
significantly higher LDL-cholesterol concentrations compared
with the other dietary treatments. Compared with CanolaDHA,
the 2 PUFA-rich diets—CornSaff and FlaxSaff—elicited lower
TC, LDL-cholesterol, and apolipoprotein B concentrations.
LDL-cholesterol, HDL cholesterol, and triglyceride values were
similar among all treatments, except CanolaDHA.

Despite the efficacy of n－3 fatty acids at favorably mod-
ulating several cardiovascular disease risk factors, the ten-
dency of LDL-cholesterol concentrations to increase after
DHA supplementation has been a concern (12), because LDL

FIGURE 2. Percentage change in serum lipids from treatment-specific baseline in response to 5 treatment diets. Percentage change was calculated from the
baseline value of each dietary phase. The bars represent least-squares means for n = 130. The error bars reflect SEMs. The treatment effect was analyzed by
using a mixed model with repeated measures adjusted by Tukey’s test for multiple comparisions. Mean values with different lowercase letters are significantly
different, P < 0.05. Canola, conventional canola oil (Richardson Oilseed Ltd); CanolaDHA, high–oleic acid canola oil (Richardson Oilseed Ltd) with DHA
(Martek Biosciences Corporation); CanolaOleic, high–oleic acid canola oil; CornSaff, corn oil (Loblaws Inc) and safflower oil (Loblaws Inc) blend; FlaxSaff,
flax oil (Shape Foods Inc) and safflower oil blend; HDL-C, HDL cholesterol; LDL-C, LDL cholesterol; TC, total cholesterol; TG, triglycerides.

FIGURE 3. Comparison of percentage changes in Framingham 10-y coronary heart disease risk scores after 5 treatment diets. Percentage changes were
calculated from baseline Framingham 10-y coronary heart disease risk scores of each dietary phase. The bars reflect the least-squares means (n = 130). The
error bars reflect SEMs. The treatment effects were analyzed by using a mixed model with repeated measures adjusted by Tukey’s test. Mean values with
different lowercase letters are significantly different, P < 0.05. Canola, conventional canola oil (Richardson Oilseed Ltd); CanolaDHA, high–oleic acid canola
oil (Richardson Oilseed Ltd) with DHA (Martek Biosciences Corporation); CanolaOleic, high–oleic acid canola oil; CornSaff, corn oil (Loblaws Inc) and
safflower oil (Loblaws Inc) blend; FlaxSaff, flax oil (Shape Foods Inc) and safflower oil blend.
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cholesterol is the primary therapeutic target for CHD pre-
vention. The current work shows a statistically significant
reduction in LDL-cholesterol concentrations from baseline
after the CanolaDHA treatment, albeit with higher endpoint
LDL-cholesterol concentrations compared with Canola. This
suggests a blunting of the LDL-cholesterol-raising effect of
DHA through blending with Canola. In contrast, Eslick et al
(13) showed in a meta-analysis that fish oil containing EPA
and DHA failed to confer a benefit on fasting LDL-cholesterol
concentrations. In another study, LDL-cholesterol concentra-
tions were 7.1% higher after DHA (0.7 g/d) treatment than
after placebo (12). Moreover, in a 12-wk free-living parallel
study in which subjects were given capsules with 0.52, 1.04,
and 1.56 g/d DHA or placebo, every 1-g/d increase in DHA
intake was associated with a 7.1% increase in LDL-cholesterol
concentrations (14). In a recent meta-analysis, Wei and Jacobson
(15) also evaluated the effects of DHA monotherapy on plasma
lipids and found that, compared with placebo, DHA raised
LDL cholesterol by 0.19 mmol/L. In addition, Hartweg et al
(16), in a meta-analysis, reviewed the effects of n－3 fatty
acids—including EPA and DHA or fish oil—and concluded
that n－3 supplementation lowered triglycerides by －0.45 mmol/L
in patients with diabetes, but raised LDL-cholesterol concen-
trations by 0.11 mmol/L compared with placebo. In contrast
with all of the studies above, we hypothesized that the high
MUFA content (65% of total fatty acids) of CanolaDHA in our
study might have blunted the increase in LDL cholesterol that
has been reported in other studies with DHA (12, 14, 15).

Numerous studies during the past few decades have shown
serum total- and LDL-cholesterol-lowering effects of n－6–rich
oils (17–20), and our findings are consistent with these reports.
An advisory issued by the American Heart Association on n－6
PUFAs concluded that intake of 5% to 10% of energy is bene-
ficial at decreasing the risk of CHD (21), whereas a meta-
analysis reported dietary n－6 to be neutral on the relative risk of
CHD (1). However, another recent meta-analysis reported that
diets high in n－6 fatty acids that also were very low in n－3
fatty acids increased the risk of CHD and death (22). Never-
theless, conclusions of the latter meta-analysis were mainly
influenced by a study with a sample size of 54 and with a higher
than recommended n－6 intake (14.9% of energy). Inverse as-
sociations have been shown consistently between higher LA
intakes and mortality from CVD in prospective cohort studies
(23, 24) A recent large prospective study also showed an asso-
ciation of higher plasma phospholipid n－6 fatty acid concen-
trations with a reduced risk of CHD incidence in men and
women, whereas n－3 fatty acid concentrations did not show any
association (25). Possible competition between n－6 and n－3
fatty acids in their shared metabolic pathways (26) might need
to be considered in future studies. Indeed, the relative pro-
portions of these fatty acids required in the diet have been
a point of scientific discussion. In the current study we showed
that n－9 fatty acid–rich oils in combination with long-chain
n－3 fatty acids have the most beneficial effects on HDL-
cholesterol and triglyceride concentrations and at reducing es-
timated CHD risk compared with a combination of long-chain
oils rich in n－6 and n－3. However, the beneficial changes with
the 2 diets enriched in n－6 PUFAs relative to LDL cholesterol,
apolipoprotein B, and the TC/HDL cholesterol ratio are also
noteworthy.

Other studies that evaluated the TC- and LDL-cholesterol-
lowering effects of dietary MUFAs have typically used Western
diets or diets high in saturated fat as a control. The absence of
such a control diet in this study was a limitation. However, the
differential effects of saturated fat on lipid metabolism are well
studied. For example, in a crossover study, endpoint TC and LDL
cholesterol decreased by 10% and 14%, respectively, between
a high-MUFA diet (21% of energy from MUFAs) and an average
American diet (11% of energy from MUFAs) over a period of
28 d (27). Gillingham et al (28) also showed that 28-d dietary
MUFA treatment (23% of energy intake) decreased both TC and
LDL-cholesterol concentrations compared with a typical Western
diet. Moreover, LDL-cholesterol concentrations decreased in 3 of
8 intervention studies reviewed by Hunter et al (29), in which OA
replaced stearic acid. In an 8-wk trial that compared diets high in
either MUFAs (18% of energy intake) or SFAs (16% of energy
intake) in young men, LDL-cholesterol concentrations decreased
by 7.8% during the MUFA diet, whereas they increased by 6.2%
during the SFA diet (30). In the same study, LDL cholesterol
decreased by 11% during the MUFA diet, with no change during
the SFA diet in middle-aged men (30). Therefore, most of the
available evidence supports the conclusion that higher MUFA
intakes decrease LDL-cholesterol concentrations compared with
SFA intakes.

Hodson et al (31) reported a significant decrease in HDL
cholesterol (4%) after a diet in which >50% of the fatty acids
were provided as MUFAs, when compared with an SFA diet.
Our study results agree with these findings and reinforce our
view that the prebaseline diet of our participants was a typical
North American diet. Hence, a decrease in SFAs results in an
HDL-cholesterol-lowering effect. The observation of a higher
HDL-cholesterol concentration after the CanolaDHA treatment
than at baseline agrees with the HDL-cholesterol-increasing
effect of DHA reported by Milte et al (14). These investigators
noted that, for every 1-g/d increase in DHA intake, HDL-
cholesterol concentrations increased by 4.4% during a 12-wk
free-living parallel study in which subjects were given capsules
containing varying DHA concentrations compared with a placebo.

Reported effects of high dietary MUFAs on triglycerides are
mixed; some studies showed decreases compared with a high-
carbohydrate diet (32) and some showed neutral effects compared
with an average American diet (33). Currently, we failed to observe
any significant changes in serum triglycerides during the Canola or
CanolaOleic treatments. However, the CanolaDHA treatment de-
creased serum triglycerides compared with the Canola or CanolaOleic
treatment. This finding agrees with that of a meta-analysis by Wei
and Jacobson (15), who found significant reductions (from 0.03
to 0.64 mmol/L) in triglycerides after DHA treatment, compared
with placebo, in 13 of the 15 studies reviewed.

None of the diets studied served as a control in the current
study because our objective was to compare the effects of dif-
ferent fatty acid profiles. Inclusion of a typical Western diet
would have been useful to establish whether any of the treatments
had adverse effects. However, the addition of a sixth period of
controlled feeding would have made the protocol overly bur-
densome for the participants. In fact, our design could be viewed
as conservative because we compared novel oils with other oils
typically viewed as “healthy.”

The TC/HDL cholesterol ratio is a strong predictor of CHD
risk (34) and is widely used clinically. In the current study, the
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CanolaDHA treatment elicited the greatest reductions in this ratio
compared with the other 2 n－9 MUFA-enriched diets—Canola
and CanolaOleic. In contrast, Sagara et al (35) made a similar
comparison between olive oil (1 g/d for 5 wk) and DHA (2 g/d for
5 wk) and found no difference in the TC/HDL cholesterol ratio.
The higher dose of DHA (3.5 g/d) and the controlled dietary
design feature of the current trial may contribute to the discrep-
ancies observed between studies.

The reduction from baseline in both systolic and diastolic
blood pressure after the CanolaDHA treatment, and compared
with other treatments, is a novel finding for a canola oil blend.
However, previous studies, as reviewed by Mori (36), describe
a reduction of 0.66/0.35 mm Hg/g (SBP/DBP) after feeding n－3
fatty acids, and the blood pressure–lowering effect was greatest
for DHA and in hypertensive individuals. A recent study re-
ported a dose-dependent, reversible activation of voltage acti-
vated K+ (BK) channels in vascular smooth muscle by DHA,
thereby demonstrating a critical vasodilatory influence, which
sheds light on a possible blood pressure–lowering mechanism of
DHA (37). Other blood pressure-lowering mechanisms poten-
tially include an increased release of nitric oxide, of vasoactive
prostanoids, and of endothelium derived hyperpolarizing factor
and the attenuation of vasoconstrictor response to noradrenaline
(36).

The significant reduction in FRS from baseline to endpoint
after CanolaDHA treatment observed in the current study was
mainly the result of elevated HDL, and decreased SBP, rather
than decreased TC concentrations. A simple sensitivity analysis
was conducted and resulted in the same change in FRS after the
CanolaDHA treatment while holding SBP constant. However,
FRS changes in other treatments became insignificant. Even
though our study was not designed to evaluate blood pressure
changes, because one of the objectives was to analyze endothelial
function, we assumed that there might be changes related to
vascular function. Therefore, we ensured that blood pressure
measurements were taken in a very controlled and reproducible
manner. In the statistical model using “center” as a random ef-
fect, any effects of site have been accounted for; hence, the
blood pressure changes observed herein can be considered a true
treatment effect. This beneficial effect of the CanolaDHA
treatment, observed over the comparatively short treatment pe-
riod, underscores its potential long-term health benefits. Whereas
it is implicitly understood that it is important to avoid increasing
CHD risk with DHA or fish-oil consumption (4), the beneficial
effects on risk status of this unique CanolaDHA oil blend have
not been reported elsewhere.

Recent studies (38, 39) have yet to provide conclusive evi-
dence of the benefits of increasing HDL cholesterol on CHD risk.
Additional work is needed to determine the cardioprotective
benefits of this particular oil blend—CanolaDHA—on CHD.
Nevertheless, we acknowledge the beneficial effects of CanolaDHA
on triglycerides, LDL cholesterol, blood pressure, and HDL
cholesterol and most likely other similar oil blends that provide
inexpensive DHA-enriched oil to the North American pop-
ulation for reduction of multiple major risk factors.

On the basis of recommendations from the American Heart
Association, individuals at risk of CHD because of elevated
triglycerides should consume 2–4 g fish-oil supplement daily
under a physician’s care (4). In addition, a recent dose-response
study showed that 3.4 g EPA + DHA/d significantly lowered

average mean arterial pressure by ~2 mm Hg, whereas a more
moderate dose (0.85 g/d) did not (40). Therefore, the dose of
DHA (3.5 g/d) used in the current study is within the recom-
mended range for triglyceride lowering and allowed us to
evaluate the health benefits of DHA, particularly in individuals
with metabolic syndrome or with CHD risk factors. However,
although no adverse effects were observed in the current study,
the potential for long-term adverse effects of higher doses
should be considered when designing longer-term trials.

Hartweg et al (16) showed a weighted mean difference in
triglycerides of 0.35 mmol/L in trials that provided >2 g/d n－3
(EPA+DHA) and 0.57 mmol/L in trials that provided <2 g/d n－3
(EPA+DHA). Therefore, intakes of DHA lower than evaluated
herein would not be expected to change the results significantly,
particularly in individuals with metabolic syndrome. New plant
varieties created through non-GMO double haploid genetic
techniques are becoming available, which are expected to provide
inexpensive crop sources of DHA such as canola that can be
easily accessed in North America.

The limitations of the study were the lack of a control Western
diet, relatively high treatment oil supplementation, and the use of
a per-protocol type of statistical analysis in which only the
completer data were used for the statistical analysis without data
imputation for missing data. We acknowledge that this approach
is biased under circumstances in which attrition is not totally at
random. The strengths of the study were the large subject number,
the controlled feeding and crossover design, and the demon-
strated adherence of the subjects to the study protocol. Also,
a unique feature of the study was that we compared novel oil
blends that mimic new oils entering the marketplace. Thus, our
study provides a proof of concept for the efficacy of these oils.

In summary, DHA enrichment significantly increased HDL
cholesterol and reduced triglycerides, whereas oils rich in n－6
and n－9 fatty acids without DHA significantly reduced LDL-
cholesterol concentrations. Nevertheless, CanolaDHA reduced
baseline to endpoint FRS, to an extent that was greater than with
the other treatments. The effects of these oil blends merit further
investigation to confirm the relative benefits of each oil blend.
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Determinants of body composition in preterm infants at the time of
hospital discharge1–3

Laure Simon, Anne Frondas-Chauty, Thibault Senterre, Cyril Flamant, Dominique Darmaun, and Jean-Christophe Rozé

ABSTRACT
Background: Preterm infants have a higher fat mass (FM) percent-
age and a lower fat-free mass (FFM) than do term infants at the time
of hospital discharge.
Objective: We determined perinatal and nutritional factors that
affect the body composition of preterm infants at discharge.
Design: A total of 141 preterm infants born at <35 wk of gestation and
admitted to Nantes University Hospital Neonatology Unit over a period
of 2 y were enrolled. Nutritional intake and growth were monitored
during hospitalization. Body composition was assessed by using air-
displacement plethysmography at discharge. FFM was compared with
reference data in term infants according to sex and gestational age.
Results: Linear regression produced an excellent model to predict
absolute FFM from perinatal characteristics and nutrition (R2 =
0.82) but not the FM percentage (R2 = 0.24). Gestational and post-
natal ages played an equal role in absolute FFM accretion, as did the
initial growth (between birth and day 5) and growth between day 5
and discharge. Antenatal corticosteroid treatment slightly reduced
FFM accretion. As concerns nutritional intake, a higher protein:
energy ratio at days 10 and 21 was significantly associated with
decreased risk of an FFM deficit when preterm infants were com-
pared with reference values for term infants. Boys had higher risk of
an FFM deficit than did girls.
Conclusion: The initial growth and quality of nutrition were signif-
icantly associated with absolute FFM accretion during a hospital stay
in preterm infants. This trial was registered at clinicaltrials.gov as
NCT01450436. Am J Clin Nutr 2014;100:98–104.

INTRODUCTION

Growth in the perinatal period (ie, the last trimester of pregnancy
and first few months of postnatal life) dramatically affects the

development of most tissues and particularly affects the neuro-

cognitive outcome (1). Moreover, alterations in the perinatal growth

pattern have been associated with increased risk of developing

metabolic syndrome and cardiovascular diseases later in life (2).

Because of insufficient or inadequate postnatal nutritional intake,

extrauterine growth restriction very commonly occurs in premature

infants and is generally characterized by insufficient fat-free mass

(FFM)4 accretion and excessive fat mass (FM) deposition (3). Ex-

trauterine growth restriction, which is defined as a loss of weight

z score between birth and discharge, has been linked with impaired

neurodevelopment (1). Therefore, the optimization of nutritional

management to improve the postnatal growth of premature in-

fants represents a top priority for neonatologists.

Weight gain is often the sole variable used to assess early
growth (4). However, literature evidence has suggested that the
composition of weight gain may be a key determinant of later
metabolic outcome (5). Therefore, there is keen interest among
neonatologists in the accurate determination of body FM and
FFM to optimize the nutritional management of preterm infants.
Over the past decade, air-displacement plethysmography has
emerged as a noninvasive technique that is based on the mea-
surement of body volume by using gas laws (6), and several studies
have confirmed the reliability and accuracy of air-displacement
plethysmography in animals (7), infants, and neonates (8).

Therefore, the main objective of the current study was to de-
termine factors (both intrinsic and nutritional) that influence the FM
percentage and FFM deficit measured at the time of hospital dis-
charge in preterm infants born at <35 wk of gestation.

SUBJECTS AND METHODS

Patients

Enrolled subjects were preterm infants admitted to the
Neonatal Intensive Care Unit at Nantes University Hospital
over a period of 2 y when the equipment for air-displacement
plethysmography (Peapod) and clinical research staff were
available. Inclusion criteria were as follows: gestational age
<35 wk, length of hospitalization >2 wk, and body-composition
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measurement performed between 36 and 38 wk postmenstrual
age. Exclusion criteria were as follows: the presence of severe
malformation, the use of supplemental oxygen or intravenous
infusion at the time of hospital discharge, a transfer to another
hospital before discharge, or the parent’s refusal to participate.
This trial was registered at clinicaltrials.gov as NCT01450436.

Ethics

The study was approved by the Nantes Ethics Committee.
Verbal consent was obtained from parents, and a statement of
nonopposition was recorded in the infant’s clinical chart as re-
quired by French law for this kind of observational study.

Design

In this prospective, observational study, subject characteristics
were recorded at birth [ie, birth weight, length, head circum-
ference (HC), gestational age, and sex]. Gestational age was
calculated on the basis of the date of last menstrual period and
first-trimester ultrasound. Postmenstrual age was calculated as
the sum of gestational age and postnatal age. Therapeutic regi-
mens received (such as ventilatory support and parenteral and
enteral nutrition), and events that occurred during the hospital
stay (eg, infections) were also recorded along with growth
measurements.

Body weight, length, and HC were measured according to
standard procedures. Body weight was measured twice on an
electronic scale accurate to the nearest 0.1g, and the mean value
was used. Body length was measured on an infant-length board to
the nearest 1 mm. HC was measured in the largest frontooccipital
plane to the nearest 1 mm with a nonstretch measuring tape.
Because newborn infants normally experience an initial weight
loss during the first few days of life as a result of physiologic
water loss and the contraction of extracellular volume, postnatal
weight gain was assessed between birth and day 5 and between
day 5 and discharge (9). Growth z scores were calculated ac-
cording to sex with Olsen’s intrauterine curves (10). The change
in weight z score was calculated by subtracting the weight
z score at birth from the weight z score at the time of body-
composition assessment. Body composition was assessed during
the last week before discharge by using air-displacement
plethysmography (PEA POD Infant Body Composition System;
COSMED). Air-displacement plethysmography is a densitomet-
ric technique. Infants were assessed nude in the PEA POD de-
vice. Body mass was assessed on the high-precision electronic
scale. Body volume was determined measured in the test cham-
ber of the PEA POD device by applying gas laws that relate
pressure changes to volumes of air in the enclosed chamber.
Measurements were performed in duplicate by the same oper-
ator. The PEA POD device has been validated for the mea-
surement of body composition of neonates and young children
in the unit (7).

Concerning FFM, we used reference data obtained by Hawkes
(11) on term infants according to sex and range of gestational age
(36–37, 38–39, and 40–41 wk). This reference population was
made of 743 healthy term infants born in Ireland between March
2008 and October 2010. Body composition was assessed within
the first 4 d of life by using air-displacement plethysmography.

An FFM deficit was defined as a measured FFM >2 SD below
the mean FFM in reference data of Hawkes (11).

Daily energy (kcal · kg body weight－1 · d－1), fat, carbohy-
drate, and protein intakes (g · kg body weight－1 · d－1) provided
by parenteral and enteral nutrition during the hospital stay were
obtained from medical records at postnatal days 5, 10, and 21 and
discharge. In previous unpublished work (12), we observed a tight
correlation between nutritional intakes assessed at days 5, 10, and
21 and intakes assessed day by day over the entire period between
birth and 21 d of life. Energy and protein contents in preterm
formula were 720 kcal/L and 20 g/L, respectively, and assumed to
be 650 kcal/L and 13 g/L, respectively, in breast milk. Because
human milk composition is highly variable, macronutrient intakes
were calculated from mean macronutrient concentrations de-
termined by the human milk analyzer (Miris) in 206 samples ob-
tained in our milk bank (CY Boquien and C Boscher, personal
communication, 2014). Calculated intake takes into account nutri-
ents added by fortification. Sixty percent of infants were receiving
their own mother’s milk.

Statistics

The analysis was performed in 2 steps. In the first step, we
considered the FM percentage as a primary endpoint. Infants
were classified into 3 tertiles of FM percentage because, to our
knowledge, no reference values have been published. A com-
parison of perinatal characteristics, nutritional and ventilatory
support, and growth between the 3 tertiles was performed by
using the chi-square test or ANOVA. Risk factors of being in the
upper tertile of the FM percentage were analyzed by logistic
regression. Moreover, we performed a linear regression model
with the FM percentage as a linear function of sex, gestational
age, postnatal age, birth weight z score, antenatal corticosteroid
treatment, change in weight z score between birth and day 5 and
between day 5 and discharge, length of parenteral nutrition, and
length of respiratory assistance. In the second step, we consid-
ered absolute FFM as the endpoint. First, we performed a linear
regression model with absolute FFM as a linear function of the
same factors. These factors were included in the linear re-
gression because they were associated with FFM at discharge in
the univariate analysis. Because gestational age and postnatal
age are 2 very dependent variables, we performed 4 other
models with the omission of specific variables [without gesta-
tional age, without postnatal age, without postnatal or gesta-
tional ages, and with postmenstrual age (sum of gestational and
postnatal age)]. Second, we determined factors associated with
a deficit of absolute FFM according to the reference of Hawkes
(11) by performing univariate and multivariate analyses with
logistic regression.

Descriptive data were expressed as the mean (±SD) or number
(percentage) of observations . Statistical significance was set at
α = 0.05. All statistical analyses were performed with SPSS
software (version 19; SPSS Inc).

RESULTS

One hundred forty-one preterm newborns (71 boys) were en-
rolled in the study. Gestational age ranged between 25 and 34 wk,
and birth weight ranged between 700 and 2660 g. Characteristics of
the population are described in Table 1.
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As concerns nutritional intake (see supplemental Table 1 under
“Supplemental data” in the online issue), at day 5, mean energy
intake was 92 ± 18 kcal · kg－1 · d－1, protein intake was 2.4 ±
0.8 g · kg－1 · d－1, fat intake was 3.9 ± 1.4 g · kg－1 · d－1, and
carbohydrate intake was 11.3 ± 3.3 g · kg－1 · d－1. The protein:
energy ratio was 2.6 ± 0.5 g protein/100 kcal. At day 10, mean
energy, protein, fat, and carbohydrate intakes were 112 ± 13
kcal · kg－1 · d－1 and 2.8 ± 0.7, 5.1 ± 1, and 12.7 ± 2.6 g ·
kg－1 · d－1, respectively. The protein:energy ratio was 2.5 ±
0.5 g protein/100 kcal. At day 21, mean energy, protein, fat, and
carbohydrate intakes were 118 ± 16 kcal · kg－1 · d－1 and 3 ±
0.5, 5.5 ± 1, and 13.3 ± 2.2 g · kg－1 · d－1, respectively. The
protein:energy ratio was 2.5 ± 0.4 g/100 kcal. The mean length
of parenteral nutrition was 7.5 ± 13 d. At birth (Table 1), the
mean weight z score was －0.32 ± 0.98, mean length z score
was －0.48 ± 1.1, and mean HC z score was －0.25 ± 1.1. Postnatal
growth was defined by the difference of z scores between birth
and the day when body composition was measured. The change
in weight z score between birth and discharge was －0.81 ± 0.7,
the change in length z score was －0.87 ± 1.1, and the change in
HC z score was －0.22 ± 1.

FM percentage

Within the population enrolled, there was a >7-fold range in
the FM percentage at discharge (from 3.7% to 27.3%) despite
similar body weights in the 3 FM tertile groups at discharge
(Table 1). In the univariate analysis (Table 1), low gestational
age and high postnatal age (ie, the length of hospital stay) were

positively associated with being in the upper FM tertile at dis-
charge. Maternal BMI (data not shown) was not associated with
risk of being in the upper FM tertile at discharge. Antenatal
corticosteroid treatment was significantly associated with risk of
being in the upper FM tertile at discharge. The birth weight
z score was significantly associated with the upper FM tertile (ie,
the higher the birth weight z score, the higher the FM percentage
at discharge). A greater loss in weight z score between birth and
discharge, particularly a greater decline in the weight z score
between birth and day 5, was associated with risk of being in the
upper FM tertile. The weight z score change between day 5 and
discharge was not different in the 3 tertiles of FM percentage. A
higher length z score loss during the hospital stay was associated
with risk of being in the upper FM tertile. There was no dif-
ference of the HC z score change between the 3 tertiles.

In the multivariate analysis, each increase by 1 birth weight
z score increased risk of being in the upper FM tertile by a factor
of 2.9 (Table 2); thus, an infant who was born with a low birth
weight had decreased risk of being in the upper FM tertile at
discharge. Antenatal corticosteroid treatment more than tripled
the risk of being in the upper FM tertile. After adjustment for
gestational age, the duration of parenteral nutrition was not as-
sociated with risk of being in the upper FM tertile. No difference
was observed between enteral and parenteral intakes for risk of
being in the upper FM tertile (data not shown). The increase in
weight z score between day 5 and discharge was significantly
associated with risk of being in the upper FM tertile after ad-
justment. In contrast, the loss of weight z score between day 5
and discharge was not associated with risk of being in the upper

TABLE 1

Comparison of perinatal characteristics and growth during neonatal hospitalization between tertiles of FM percentage assessed at discharge1

Total

(n = 141)

Tertile 1

(n = 47)

Tertile 2

(n = 47)

Tertile 3

(n = 47) P

FM percentage at discharge 3.7–27.3 3.7–11.0 11.1–14.1 14.2–27.3 —

At birth

Antenatal corticosteroid treatment [n (%)] 114 (80.9) 32 (68.1) 41 (87.2) 41 (87.2) 0.020

Multiple pregnancies (%) 52 (36.9) 19 (40.4) 21 (44.7) 12 (25.5) 0.233

Gestational age (wk) 31.5 ± 2.52 32.3 ± 1.9 31.9 ± 2.1 30.3 ± 3.0 0.001

Birth weight z score －0.32 ± 0.98 －0.51 ± 1.0 －0.52 ± 0.8 0.08 ± 1.0 0.002

Birth length z score －0.48 ± 1.1 －0.56 ± 1.1 －0.76 ± 0.9 －0.14 ± 1.1 0.016

Birth HC z score －0.25 ± 1.1 －0.31 ± 1.2 －0.51 ± 0.7 －0.05 ± 1.2 0.036

M [n (%)] 71 (50.4) 23 (48.9) 24 (51.1) 24 (51.1) 0.970

Data at hospital discharge

Postnatal age at discharge (wk) 5.4 ± 2.7 4.5 ± 2.1 5.1 ± 2.2 6.6 ± 3.3 0.001

Postmenstrual age at discharge (wk) 37.3 ± 0.7 37.2 ± 0.7 37.3 ± 0.7 37.2 ± 0.7 0.610

Weight at discharge (g) 2366 ± 303 2313 ± 283 2346 ± 303 2439 ± 314 0.110

Length at discharge (cm) 44.9 ± 2 44.9 ± 2 44.9 ± 2.1 44.9 ± 1.9 0.986

HC at discharge (cm) 32.6 ± 1.1 32.5 ± 1 32.6 ± 1 32.8 ± 1.2 0.360

FM percentage at discharge 12.9 ± 3.9 9 ± 1.6 12.6 ± 0.9 17.1 ± 2.9 0.001

FM at discharge (g) 308 ± 107 208 ± 42 296 ± 43 417 ± 92 0.001

FFM at discharge (g) 2059 ± 267 2104 ± 267 2050 ± 266 2022 ± 267 0.315

Growth during hospital stay

Change in weight z score between birth and day 5 －0.73 ± 0.45 －0.67 ± 0.39 －0.63 ± 0.26 －0.88 ± 0.6 0.018

Change in weight z score between day 5 and discharge －0.09 ± 0.53 －0.02 ± 0.57 －0.07 ± 0.52 －0.17 ± 0.49 0.360

Change in weight z score between birth and discharge －0.81 ± 0.7 －0.69 ± 0.7 －0.7 ± 0.6 －1.0 ± 0.8 0.016

Change in length z score between birth and discharge －0.87 ± 1.1 －0.76 ± 1.2 －0.67 ± 0.8 －1.2 ± 1.1 0.040

Change in HC z score between birth and discharge －0.22 ± 1 －0.22 ± 1.1 －0.01 ± 0.7 －0.41 ± 1.1 0.150

1 Change in weight z score between birth and day 5 was calculated as the weight z score at day 5 minus the weight z score at birth; change in weight z

score between day 5 and discharge was calculated as the weight z score at discharge minus the weight z score at day 5. P values are from ANOVA or the chi-

square test. FFM, fat-free mass; FM, fat mass; HC, head circumference.
2 Mean ± SD (all such values).
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FM tertile at discharge. After adjustment for the birth weight
z score and postnatal growth, gestational age was no longer as-
sociated with risk of being in the upper FM tertile.

A poor correlation (R2 = 0.24) was obtained when a linear
regression model was applied with the FM percentage as a linear
function of sex, gestational age, postnatal age, birth weight
z score, antenatal corticosteroid treatment, change in weight
z score between birth and day 5 and between day 5 and discharge,
length of parenteral nutrition, and length of respiratory assis-
tance (Figure 1A).

Absolute FFM

When linear regression was used with absolute FFM as a linear
function of the same factors as previously described, a strong
correlation was shown (R2 = 0.82) (Figure 1B). Factors tightly
linked with absolute FFM (Table 3) were birth weight z score
and the change in weight z score between birth and discharge,
particularly between birth and day 5. Each loss of 1 weight z
score between birth and day 5 decreased absolute FFM at dis-
charge by 349 g. Gestational and postnatal ages were signifi-
cantly associated with absolute FFM. Each week of gestational
and postnatal ages increased FFM by 143 and 137 g, re-
spectively. Antenatal and postnatal growth equally affected
FFM. Girls had a significantly lower FFM than boys at dis-
charge. Each full course of antenatal corticosteroid treatment
decreased absolute FFM by 44 g. The 4 other models, with the
omission of gestational and/or postnatal age, were very stable
and yielded similar coefficients.

The relevant equation, represented in Figure 1B, was

FFM(g) = 349× birth weight z score+ 305

× (change in weight z score between birth and day 5)
+287× (change in weight z score between day 5 and discharge)
+143× [gestational age (wk)]+137× [postnatal age (wk)]－ 44

× (number of antenatal corticosteroid course*)
－ 8× [(length of parenteral nutrition (wk)]－ 7

× [ventilatory assistance (wk)]－ 105× sex** (1)

[Note: *One course of antenatal corticosteroid treatment is made
of 2 injections (this variable ranged from 0.5 to 2); **sex = 0 for
boys, and sex = 1 for girls.]

In the multivariate analysis (Table 4), factors associated with
risk of absolute FFM deficit according to reference values of

Hawkes (11) were lower gestational age, lower birth weight
z score, and male sex. Nutritional intake at day 5 was not asso-
ciated with risk of FFM deficit. In contrast, an increased protein:
energy ratio at days 10 and 21 significantly reduced risk of FFM
deficit after adjustment for gestational age and birth weight
z score. After adjustment for gestational age, sex, birth weight
z score, and protein:energy ratio, the parenteral nutrition dura-
tion was not associated with risk of FFM deficit.

DISCUSSION

In our population of preterm infants, clinical variables were
highly correlated with FFM at discharge; the main determinants
were antenatal growth (judged from the birth weight z score),
gestational age and postnatal age (both of which played an equal
role), and initial growth rate (between birth and day 5) and
growth between day 5 and discharge, both of which equally
affected FFM. Finally, a higher protein:energy ratio was a major
determinant of improved FFM at the time of hospital discharge.
The relation between clinical variables and FM was not as
striking.

The FM percentage at discharge was poorly influenced by
nutritional intake in the current cohort study. There was an as-
sociation of being in the upper FM tertile with both antenatal and
postnatal growth patterns. As concerns antenatal status, this result
was consistent with the lower FM observed by Roggero et al (13)

FIGURE 1. Predicted fat mass (A) and predicted fat-free mass (B) as
a function of gestational age, birth weight z score, postnatal age, antenatal
corticosteroid treatment, change in weight z score between birth and day 5
and between day 5 and discharge, and duration of parenteral nutrition and
ventilatory support. The dotted line represents the line of identity. n = 141
preterm infants.

TABLE 2

Multivariate analysis for risk of being in the upper fat-mass percentage tertile by using logistic regression1

Adjusted OR (95% CI) P

Birth weight z score (/1 z score) 2.9 (1.5, 5.6) 0.001

Antenatal corticosteroid treatment 3.9 (1.1, 12.5) 0.03

Length of parenteral nutrition (/wk) 1.4 (0.93, 2.2) 0.11

Respiratory assistance (wk) 1.0 (0.80, 1.4) 0.75

Change in weight z score between birth and day 5 1.4 (0.4, 4.4) 0.59

Change in weight z score between day 5 and discharge 3.5 (1.2, 10.3) 0.02

Gestational age (/wk of gestation) 0.9 (0.63, 1.2) 0.45

Sex (F) 1.0 (0.44, 2.2) 0.99

1 Change in weight z score between birth and day 5 was calculated as the weight z score at day 5 minus the weight z

score at birth; change in weight z score between day 5 and discharge was calculated as the weight z score at discharge minus

the weight z score at day 5.
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in preterm infants born small for gestational age. The increase in
weight z score between day 5 and discharge was associated with
risk of being in the upper FM tertile at discharge, which sug-
gested that the protein:energy ratio might have been insufficient
in the nutritional regimen administered to this cohort. Several
previous studies have also shown that very premature infants are
relatively fatter at discharge than are term infants (3, 14, 15).
Whether this early postnatal FM deposition should also be
considered adequate for premature infants is not known. Indeed,
FM should not be viewed solely as an energy store but as an
organ per se with important metabolic and endocrine functions.

Both preterm and term infants normally lose weight over the
first week of life. In our study, the maximum weight loss had been
reached, on average, by 5 d of life. Because this initial weight loss
was attributable to obligatory water loss, the weight z score
measured at day 5 may have been a more-appropriate bench-
mark to assess fetal and postnatal growth (9). Such data suggest
that a rapid, early growth rate, both in utero and during the first
few weeks of neonatal life, is a key determinant of early FM
accretion. Nevertheless, the linear regression model was a rela-
tively poor predictor of FM, and such factors did not completely
explain the FM percentage. In term infants, the FM percentage
increases physiologically with postnatal age (16). We speculate
that, in more-preterm infants, the steep, physiologic rise in
FM accretion may begin soon after birth rather than at a term
equivalent age. Moreover, we do not know the impact of the
wide range of FM observed in preterm infants at the time of
discharge on long term metabolic and neurologic outcomes. The
relation between the FM percentage at the time of discharge and
long-term neurodevelopmental outcome is complex. Multiple
and conflicting factors influence both variables. Although in-
trauterine growth restriction is associated with low FM and
higher risk of impaired neurodevelopment in childhood (17),
preterm birth increases the body FM percentage and decreases
the developmental quotient at 5 y of age (18), whereas breast-
feeding tends to decrease FM accretion and improve the de-
velopmental quotient at 2 y of age (19, 20). Therefore, the FM
percentage does not appear to be the best benchmark to assess
the quality of growth in preterm infants.

In severely ill adults, absolute FFM has a better prognostic
value than does FM (21). In our study, absolute FFM was tightly
correlated with classic clinical variables (R2 = 0.82), which, in
turn, were correlated with growth and are known to be associ-
ated with the long-term outcome (22). Therefore, we speculate
that FFM may be a better prognostic marker for metabolic and
neurologic outcomes of preterm infants than is FM. Antenatal
and postnatal weeks affected absolute FFM to the same extent.

TABLE 4

Multivariate analysis for risk of FFM deficit at term equivalent age

according to reference of Hawkes (11) by logistic regression1

Adjusted OR

(95% CI) P

Model 1

Gestational age (wk) 0.64 (0.46, 0.90) 0.011

Birth weight z score 0.14 (0.07, 0.29) 0.001

M 4.1 (1.6, 10) 0.003

Antenatal corticosteroid treatment 3.5 (0.83, 15) 0.087

Protein intake at day 5 (g · kg－1 · d－1) 0.48 (0.16, 1.4) 0.187

Protein:energy ratio at day 5 (g/100 kcal) 1.8 (0.40, 8.0) 0.447

Length of parenteral nutrition (wk) 1.1 (0.71, 1.7) 0.668

Model 2

Gestational age (wk) 0.68 (0.48, 0.97) 0.034

Birth weight z score 0.14 (0.06, 0.29) 0.001

M 4.4 (1.7, 12) 0.003

Antenatal corticosteroid treatment 2.5 (0.60, 11) 0.207

Protein intake at day 10 (g · kg－1 · d－1) 6.7 (1.3, 33) 0.020

Protein:energy ratio at day 10 (g/100 kcal) 0.04 (0.01, 0.42) 0.008

Length of parenteral nutrition (wk) 1.2 (0.73, 2.1) 0.410

Model 3

Gestational age (wk) 0.61 (0.42, 0.89) 0.011

Birth weight z score 0.15 (0.07, 0.33) 0.001

M 6.9 (2.2, 22) 0.001

Antenatal corticosteroid treatment 3.4 (0.75, 15) 0.113

Protein intake at day 21 (g · kg－1 · d－1) 1.4 (0.39, 5.4) 0.582

Protein:energy ratio at day 21 (g/100 kcal) 0.11 (0.01, 0.95) 0.045

Length of parenteral nutrition (wk) 1.07 (0.69, 1.7) 0.774

1 Three models were performed because protein intakes at days 5, 10,

and 21 were linked together and could not be included in the same model.

FFM, fat-free mass.

TABLE 3

Linear regression model with predicted absolute FFM as a function of birth weight z score, change in weight z score

between birth and day 5 and between day 5 and discharge, gestational age, postnatal age, sex, antenatal corticosteroid

treatment, and duration of parenteral nutrition and ventilatory support1

Difference in FFM (95% CI) P

g

Birth weight z score 349 (315, 383) 0.001

Change in weight z score between birth and day 5 (/1 z

score)

305 (243, 367) 0.001

Change in weight z score between day 5 and discharge (/1 z

score)

287 (231, 343) 0.001

Gestational age (wk of gestation) 143 (109, 177) 0.001

Postnatal age (wk of postnatal life) 137 (105, 169) 0.001

Sex

M 0 (reference) —

F －105 (－145, －65) 0.001

Antenatal corticosteroid treatment (/one full course) －44 (－74, －14) 0.006

Length of parenteral nutrition (/wk) －8 (－28, –12) 0.419

Ventilatory assistance (/wk) －7 (－21, 7) 0.334

1 R2 of the model = 0.82. FFM, fat-free mass.
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Therefore, we felt it was legitimate to compare absolute FFM of
term and preterm infants at the term equivalent age by using
reference values of Hawkes (11). Gestational age was associated
with absolute FFM at discharge. In parallel, in the first few days
of life, the FFM of preterm infants increases when gestational
age increases (23). A low gestational age was positively asso-
ciated with risk of an FFM deficit according to the reference of
Hawkes (11), as was consistent with reports by Roggero et al
(14). This lesser accretion of FFM illustrates the magnitude of
postnatal growth restriction in premature infants. It suggests that
postnatal nutritional intake is either insufficient or inadequate to
promote adequate growth in such infants. In this study, a higher
protein:energy ratio at days 10 and 21 was associated with lower
risk of having an FFM deficit at discharge. This result was
concordant with several earlier studies that suggested that
a higher protein:energy ratio may improve FFM accretion and
decrease FM deposition (24).

Sex also influences body composition, and boys are usually
heavier with lower FM than that of girls. Nevertheless, this study
showed that boys have higher risk of an absolute FFM deficit at
discharge as judged by comparison with reference values of
Hawkes (11). Consistent with our previous study (25), preterm
infants had a lesser accretion in FFM, particularly in preterm
boys.

Antenatal corticosteroid treatment had a dramatic impact on
risk of being in the upper FM tertile and risk of lower FFM. We
are not aware of any published data on the effect of glucocor-
ticoids on adipose tissue development in preterm infants.
However, corticosteroids have long been known to impair protein
gain and produce growth failure. For instance, fetuses exposed to
multiple courses of antenatal corticosteroid treatment are smaller
at birth (26), and postnatal glucocorticoid treatment increases the
protein breakdown in preterm infants (27). Thus, the greater FM
deposition associated with antenatal corticosteroid treatment may
be secondary to impaired FFM accretion in neonatal period.
Long-term metabolic risks of antenatal corticosteroid treatment
remain unclear. Although Dalziel et al (28) documented insulin
resistance in young adults who had received antenatal cortico-
steroid treatment, Finken et al (29) did not report any adverse
metabolic effect, and the long-term effect of antenatal gluco-
corticoids on abdominal fat in adulthood may depend on glu-
cocorticoid receptor gene polymorphism (30).

What is the optimal body composition in preterm infants at
a term equivalent age? The ultimate aim of neonatologists has
long been to enhance early growth in an effort to mimic the
growth pattern of a normal fetus at the same gestational age in
terms of weight gain. However, during postnatal life, a sharp rise
in the FM percentage is physiologic in term infants (16), and
probably is in preterm infants as well. In contrast, a deficit in
absolute FFM should be prevented at all costs. We speculate that
extrauterine growth failure during a hospital stay should be
redefined as an acquired deficit in FFM. Whether an FFM deficit
correlates with impaired neurologic and metabolic outcomes
must be validated by prospective observational studies with long-
term follow-ups and the assessment of neurodevelopment and
metabolic health.

The main limitation of the current study stemmed from its
observational nature. In the current study, nutritional intakes are
only fair estimates because 1) it is difficult to measure actual
milk intake because of gastric residuals, forgotten feedings, and

the lack of suitable methods for the evaluation of the exact
amount of milk suckled from the breast, and 2) the human milk
macronutrient content was not measured in individual milk
samples. Taking into account the macronutrient composition
of each individual, human milk may provide additional in-
formation. Moreover, nutritional intakes were assessed on the
basis of intakes recorded only at days 5, 10, and 21 rather than
on every single day, and we put enteral and parenteral intakes
together. Controlled trials with widely different intakes would be
needed to determine, for instance, the effect of enhancing pro-
tein intakes on body FM and FFM at the time of discharge. The
second limitation of this study was the choice of the reference
population because of the lack of body-composition data ob-
tained in a large cohort of term infants in our region. Never-
theless, the reference population of Irish newborn infants should
have been an acceptable surrogate because it was comparable
with our small regional population of term infants published in
2011 (25). Moreover, the reference population was mostly of
European white descent and with a socioeconomic status com-
parable to that in Western France.

In conclusion, in this observational study, absolute FFM in
preterm infants at discharge correlates better with classic clinical
variables reflecting perinatal growth and the severity of illness
than does the FM percentage. We speculate that FFM may be
more suitable than body weight or the FM percentage to assess
the quality of growth in preterm infants. Antenatal growth and
gestational and postnatal ages were the main determinants of
FFM. Antenatal corticosteroid treatment and male sex were
associated with higher risk of a FFM deficit at discharge, whereas
a high protein:energy ratio at days 10 and 21 decreased risk of an
FFM deficit at the time of discharge. Interventional studies would
be needed to confirm such an effect. The model developed for
predicting absolute FFM in the current study needs to be con-
firmed in a larger population of preterm infants. Whether FFM
accretion during a hospital stay correlates with subsequent
neurodevelopmental and metabolic outcomes at 2 and 5 y of age
warrants additional long-term follow-up studies.
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Kinetics of 13C-DHA before and during fish-oil supplementation
in healthy older individuals1–3

Mélanie Plourde, Raphae?l Chouinard-Watkins, Christine Rioux-Perreault, Mélanie Fortier, Marie Thuy Mai Dang,
Marie-Julie Allard, Jennifer Tremblay-Mercier, Ying Zhang, Peter Lawrence, Marie-Claude Vohl, Patrice Perron,
Dominique Lorrain, J Thomas Brenna, and Stephen C Cunnane

ABSTRACT
Background: Docosahexaenoic acid (DHA) kinetics appear to
change with intake, which is an effect that we studied in an older
population by using uniformly carbon-13–labeled DHA (13C-DHA).
Objective: We evaluated the influence of a fish-oil supplement over
5 mo on the kinetics of 13C-DHA in older persons.
Design: Thirty-four healthy, cognitively normal participants (12
men, 22 women) aged between 52 and 90 y were recruited. Two
identical kinetic studies were performed, each with the use of a single
oral dose of 40 mg 13C-DHA. The first kinetic study was performed
before participants started taking a 5-mo supplementation that provided
1.4 g DHA/d plus 1.8 g eicosapentaenoic acid (EPA)/d (baseline); the
second study was performed during the final month of supplementation
(supplement). In both kinetic studies, blood and breath samples were
collected ≤8 h and weekly over 4 wk to analyze 13C enrichment.
Results: The time × supplement interaction for 13C-DHA in the
plasma was not significant, but there were separate time and sup-
plement effects (P < 0.0001). The area under the curve for plasma
13C-DHA was 60% lower while subjects were taking the supple-
ment than at baseline (P < 0.0001). The uniformly carbon-13–
labeled EPA concentration was 2.6 times as high 1 d posttracer
while patients were taking the supplement as it was at baseline.
The mean (±SEM) plasma 13C-DHA half-life was 4.5 ± 0.4 d at
baseline compared with 3.0 ± 0.2 d while taking the supplement
(P < 0.0001). Compared with baseline, the mean whole-body half-
life was 61% lower while subjects were taking the supplement. The
loss of 13C-DHA through β-oxidation to carbon dioxide labeled
with carbon-13 increased from 0.085% of dose/h at baseline to
0.208% of dose/h while subjects were taking the supplement.
Conclusions: In older persons, a supplement of 3.2 g EPA + DHA/d
increased β-oxidation of 13C-DHA and shortened the plasma 13C-DHA
half-life. Therefore, when circulating concentrations of EPA and DHA
are increased, more DHA is available for β-oxidation. This trial was
registered at clinicaltrials.gov as NCT01577004. Am J Clin Nutr
2014;100:105–12.

INTRODUCTION

From currently available dose-response studies, it has been
generally accepted that the amount of DHA in plasma total lipids
or phospholipids tends to level off when the intake of DHA and
EPA is >1000 mg/d (1), whereas at <1000 mg/d, the DHA
plasma dose-response relation is generally linear (2, 3). One expla-
nation for the plateau effect of DHA and EPA doses >1000 mg/d is

that DHA is potentially more β oxidized, but to our knowledge, this
possibility has not previously been shown experimentally. Indeed,
regardless of the dietary intake of DHA and EPA, the kinetics of
DHA in humans are still poorly understood.

In humans, the kinetics of DHA in plasma and its β-oxidation
can be evaluated by using an oral dose of uniformly carbon-13–
labeled DHA (13C-DHA)4. Plasma 13C-DHA kinetics in humans
were first reported more than a decade ago (4–6). In one study,
a single oral dose of 250–280 mg 13C–fatty acid mixture in which
13C-DHA represented 44% of the total labeled fatty acids was
given in the form of triglyceride (5). Two hours postdose, 13C-DHA
reached a maximum in plasma triglycerides in 3 healthy men (5).
The apparent retroconversion of 13C-DHA to uniformly carbon-13–
labeled EPA (13C-EPA) was estimated to be equivalent to 1.4% of
the plasma concentration of 13C-DHA (5). Neither β-oxidation nor
the 13C-DHA half-life were reported in these studies (4–6). We
recently reported the metabolism of a single 50-mg dose of 99%
pure 13C-DHA methyl ester given to 6 young and 6 older humans
(7). We showed that 4 h after 13C-DHA intake, older participants
had a 4-fold higher 13C-DHA concentration in plasma total lipids
compared with that of the young participants (7). In older persons
supplemented with 323 mg EPA + 680 mg DHA for 3 wk, the
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unlabeled DHA in plasma total lipids reached a plateau 7 d earlier
than in young adults (8). Therefore, DHA homeostasis seems to
be disturbed in older persons, which is a situation that could both
influence risk of cognitive decline (9, 10) and, in turn, be influ-
enced by a preexisting cognitive decline. The objective of the
current study was to evaluate the influence of fish-oil supple-
mentation on 13C-DHA kinetics in healthy, cognitively normal
older persons.

SUBJECTS AND METHODS

Participants were >50 y old, which was an age chosen to
represent the population that could potentially benefit from
DHA intake in preventing cognitive decline and cardiovascular
diseases (11, 12). All participants completed the Mini-Mental
State Examination before and 4 mo after starting the supplement
and were cognitively normal for their age (13). Exclusion cri-
teria were diabetes, a cancer diagnosis in the past 6 mo, low
serum albumin, liver or renal disease, uncontrolled hyperthy-
roidism or hypothyroidism, an autoimmune disorder, or C-reactive
protein concentration >10 mg/L. Women had to be post-
menopausal to be enrolled in this study. Because we previously
showed that 13C-DHA kinetics are not the same in APOE3 and
APOE4 carriers (14), we excluded APOE4 carriers from the
current study. Other exclusion criteria included smoking, the use of
n－3 PUFA supplements, overt heart disease or a cardiac event
6 mo before the study, and use of long-action benzodiazepines,
warfarin, Coumadin, or a fibrate. At baseline, all participants re-
ported having consumed ≤2 portions fatty fish/wk (eg, of salmon,
herring, or sardines). At baseline, the mean percentage of DHA in

plasma total lipids was 1.6 ± 0.5%, which indicated that DHA
intake was ≤150 mg/d (15, 16). During the study, participants
recorded fatty fish consumption in a logbook.

All participants gave informed written consent before starting
the study. The study was approved by the Human Ethics Research
Committee of the Health and Social Sciences Center–Sherbrooke
University Geriatrics Institute.

Experimental design

The 13C-DHA tracer used in this study was uniformly 13C
labeled (>98%) and of high chemical purity (99%). The 13C-
DHA was synthesized by using microalgae grown in the pres-
ence of 13C-glucose according to the method of Le et al (17).
Each dose comprised 40 mg 13C-DHA methyl ester that, before
use, was stored in an individual glass ampoule sealed under
argon.

The design of the overall study and the 2 embedded kinetic
studies is presented in Figure 1. There were 2 matching 28-d
kinetic studies that used 13C-DHA as follows: one study took place
before subjects started taking the supplement (ie, baseline), and one
study took place during the last month of supplementation with
EPA and DHA (ie, supplement). The supplement consisted of 4 ×
1.3-g capsules of fish oil that provided 1.8 g EPA/d plus 1.4 g
DHA/d in ethyl ester (Ocean Nutrition Canada). We have shown
that at least a 28-d follow-up is needed for the plasma 13C-DHA
concentration to return to near baseline after 13C-DHA has been
consumed orally (7, 14). The 28-d kinetic study started by the
collection of fasting blood and breath samples (0 h), after which
each participant received a single oral dose of 40 mg 13C-DHA

FIGURE 1. Overall study design (top) and design of the embedded kinetic studies (bottom). The kinetic studies were performed before (baseline) and in the
last month of an n－3 fatty acid supplementation (supplement) providing 1.8 g/d EPA + 1.4 g/d DHA for 5 mo. In kinetic studies, a single oral dose of 40 mg
13C-DHA was given to participants after collection of a fasted blood sample (time 0 h of day 0, represented by the upward-facing open arrow). The collection
of blood and breath samples after 13C-DHA intake was done at 1, 2, 4, 6, and 8 h of day 0, and a fasted blood and breath sample was collected at days 1, 7, 14,
21, and 28. 13C-DHA, uniformly carbon-13–labeled DHA.
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deposited on a piece of toast consumed at breakfast. Breakfast
comprised 2 pieces of whole-wheat toast with peanut butter, one
scrambled egg, one apple, 35 g mozzarella cheese, and 250 mL
orange juice. The macronutrient composition of this 670-kcal
breakfast was 25.5 g fat, 78 g carbohydrate, and 29 g protein. The
breakfast including the tracer was consumed by all participants
within 15 min. Four hours after breakfast, participants were given
a lunch consisting of store-bought lasagna with 200 mL vegetable
juice and a cereal bar. The macronutrient composition of this
500-kcal lunch was 15 g fat, 88 g carbohydrate, and 23 g protein.

Blood and breath samples were collected at 0, 1, 2, 4, 6, and 8 h
on day 0 and days 1, 7, 14, 21, and 28 postdose (Figure 1). A
catheter was installed in each participant’s forearm to collect the
first 6 samples during day 0. Blood samples were collected by
using a 5-mL syringe (Becton Dickinson) and transferred into
4 mL EDTA-coated tubes (Becton Dickinson). The tubes were
centrifuged at 2300 × g for 15 min at 4°C, and plasma was stored
in 3 0.5 mL Eppendorf tubes at －80°C until additional analysis.
Alveolar breath samples at rest were collected by having subjects
breath into a device that consisted of a perforated plastic bag at-
tached to a mouthpiece (Easysampler; Quintron Instrument Co) to
which an evacuated tube could be inserted to collect a sample of
the exhaled breath (7, 14). These breath samples were used to
follow the appearance of carbon dioxide labeled with carbon-13
(13C-CO2) that came from 13C-DHA β-oxidation.

Analytic methods

Concentrations of 13C-DHA and 13C-EPA were measured in
plasma total lipids. Plasma total lipids were analyzed instead of
separating by lipid classes (phospholipids, triglycerides, cho-
lesteryl esters, and free fatty acids) because of the absence of
a significant modification in concentrations of triglycerides, total
cholesterol, HDL cholesterol, and LDL cholesterol while sub-
jects were taking the supplement compared with the baseline
(Table 1). Total lipids were extracted from 0.25 mL plasma by
using Folch’s method (18). Heptadecanoate was added as an in-
ternal standard to quantify fatty acids. The plasma total lipid extract
was saponified using 1 mol/L KOH in methanol and heated at 90°C
for 1 h, which released fatty acids from cholesteryl esters and
glycerolipids. After cooling to room temperature, hexane and saline
were added. The hexane phase that contained cholesterol was dis-
carded and the remaining saline plus fatty acid salt mixture was
acidified with hydrogen chloride to obtain free fatty acids; the latter
were extracted with hexane. Fatty acid methyl esters were generated
by adding boron trifluoride/methanol (14%; Sigma-Aldrich) to the
free fatty acids and heated at 90°C for 30 min. Fatty acid methyl
esters were analyzed by using a gas chromatograph (model 6890;
Agilent) equipped with a 50-m BPX-70 fused capillary column
(SGE). The injection and flame-ionization detection were per-
formed at 250°C, and the oven-temperature program was 50°C for
2 min, increased to 170°C at 20°C/min, held there for 15 min, finally
increased to 210°C at 5°C/min, and held there for 7 min. Helium
was the carrier gas, and the inlet pressure was 233 kPa at 50°C.
Standard mixtures of fatty acids were used to identify individual
fatty acids [NuChek 68A, NuChek 411, and NuChek 455 (NuChek
Prep Inc) plus a custom mixture of SFAs]. The 13C-DHA enrich-
ment in plasma total lipids was performed by using gas chroma-
tography–combustion isotope ratio mass spectrometry as previously
described (19). 13C:12C values at each time were compared with

13C:12C at baseline (t = 0 of day 0) to calculate the δ per mil values,
which were designated thereafter as the atom percent excess. The
actual 13C enrichment in plasma DHA and EPA was calculated from
atom percent excess values according to Brossard et al (5).

The enrichment of 13C in expired-breath CO2 was analyzed by
using isotope ratio mass spectrometry (Europa 20–20; Sercon
Ltd) as previously described (20). Helium (Praxair) was the
carrier gas, and 5% CO2:N2 was used as the reference gas. The
ratio of 13C:12C-CO2 was used to calculate the β-oxidation of
13C-DHA recovered in the breath in the form of 13C-CO2. The
percentage of dose of 13C-DHA recovered in the breath as 13C-CO2

was calculated as previously described (21) except that basal me-
tabolism was evaluated by using indirect calorimetry (CCM/D;
Medgraphics Corp) to measure the volume of CO2 and O2 exhaled
by participants over 30 min as previously described (22). The
cumulative 13C-DHA β-oxidation was calculated as the AUC
of the percentage of dose recovered (PDR) at each time point
(GraphPad Prism 5 for Windows software, version 5.03; Graph-
Pad). Specific activities of plasma DHA were calculated by using
the ratio of 13C-DHA (nmol/mL plasma) to uniformly carbon-12–
labeled DHA (12C-DHA; nmol/mL plasma) times 100.

The 13C-DHA half-life in plasma was calculated as previously
described (14). The whole-body 13C-DHA half-life was estimated
by using cumulative β-oxidation curves from days 1–28 postdose
(14). For some participants, a cumulative β-oxidation of 50% was
not reached within 28 d, and thus in those cases, it was assumed
that cumulative 13C-CO2 data >28 d would be linear (see Figure
4). With the use of cumulative 13C-CO2 data at time points 1, 7,
14, 21, and 28 d postdose, a linear equation was calculated
for each participant to estimate the whole-body half-life defined
as the time needed to reach a 50% cumulative β-oxidation of
the 13C-DHA dose recovered as 13C-CO2. Correlations between
plasma 13C-DHA and the percentage of dose of 13C-DHA re-
covered as breath 13C-CO2 were performed for each participant
by using hierarchical linear models (measured within persons).
The slope of the correlation between plasma 13C-DHA and the
percentage of dose of 13C-DHA recovered as breath 13C-CO2

were calculated and compared between baseline and while subjects
were taking the supplement.

TABLE 1

Anthropometric characteristics and blood biochemistry of healthy older

persons at baseline and while taking the supplement1

Baseline

(n = 34)

Supplement

(n = 34) t test

Age (y) 72.4 ± 8.92 — —

Sex (M/F) (n) 12/22

MMSE (/30)3 28.7 ± 1.3 28.8 ± 1.3 0.635

Blood biochemistry4

Glucose (mmol/L) 4.7 ± 0.6 4.7 ± 0.7 0.553

Triglycerides (mmol/L) 1.4 ± 0.8 1.3 ± 0.5 0.200

Total cholesterol (mmol/L) 4.9 ± 0.8 4.8 ± 0.9 0.268

HDL cholesterol (mmol/L) 1.5 ± 0.4 1.5 ± 0.4 0.251

LDL cholesterol (mmol/L) 2.8 ± 0.7 2.8 ± 0.8 0.393

Total:HDL cholesterol 3.5 ± 0.9 3.5 ± 1.0 0.064

1 Statistics were performed by using a paired t test. There was no

significant difference (P < 0.05) between when subjects were taking the

supplement and at baseline for any of the blood biochemistry markers.
2 Mean ± SD (all such values).
3 MMSE, Mini-Mental State Examination.
4 n = 22 subjects taking the supplement.

13C-DHA KINETICS IN OLDER PERSONS 107



Statistics

To calculate the sample size, we used the AUC of plasma 13C-
DHA as the primary endpoint. From a previous published article
that used 13C-DHA in older person, the mean AUC was 230 ±
63 nmol · L－1 · h－1 (7). We did not have data to estimate the
AUC while subjects were taking the supplement, and thus, we set
the effect size at 0.5, and the δ SD was set at 63 nmol · L－1 · h－1

with the assumption that the correlation (r) of the AUC at
baseline compared with when subject were taking the supple-
ment was equal to 0.5, which was conservative. We also set the
power at 80% by using a paired t test with a 0.05 two-sided
significance. With these data, the number of participants was n =
28, but we anticipated a dropout of 20%, and thus, the number of
participants recruited was n = 34. During the study, there were
no dropouts. See supplemental Figure 1 under “Supplemental data”
in the online issue for a presentation of a Consolidated Standards of
Reporting Trials–like flowchart that shows the flow of data through
the kinetic studies.

All data from plasma and breath are presented as means ±
SEMs. Data from blood and breath samples collected during
kinetic studies were analyzed by using the PROC MIXED pro-
cedure implemented in SAS 9.2 software (SAS) (14). Instead of
a classical 2-factor ANOVA, the PROC MIXED procedure was
used to optimize the use of all data over time and maintain sta-
tistical power. This procedure allowed for the testing of the effect of
time as a repeated measure, supplementation as a fixed factor
(baseline compared with supplement), and the interaction time ×
supplement. Student paired t tests were performed for plasma and
whole-body half-lives and to detect significant differences in an-
thropometric characteristics and the blood biochemistry of partic-
ipants while they were taking the supplement than at baseline
(SPSS 17.0; SPSS Inc). AUCs were calculated with GraphPad
Prism 5 for Windows software (version 5.03; GraphPad). Hierar-
chical linear models (measured within persons) were performed
with HLM for Windows v 7.0. This multilevel model addresses
within-subject and between subject variability simultaneously from
a pair of submodels (23). The dependent variable was the per-
centage of dose of 13C-DHA recovered as 13C-CO2 in the breath
per hour. Independent variables were 13C-DHA in plasma and the
supplement. See supplemental Text under “Supplemental data” in
the online issue for a presentation of the mathematical modeling.
Statistical significance was set at P ≤ 0.05.

RESULTS

Participants

There were 12 men and 22 women with an age range of 52–90 y in
the study (Table 1). Their mean (±SEM) score on the Mini-Mental
State Examination was 29 ± 1 both at baseline and while subjects
were taking the supplement, which confirming that subjects were
cognitively normal throughout the study. Blood biochemistry was
performed on 34 subjects at baseline and 22 subjects while they were
taking the supplement. Initially, it was intended that blood bio-
chemistry be performed to evaluate the eligibility of participants only
at baseline. Thereafter, the protocol was amended to include a sec-
ond evaluation of blood biochemistry while participants were taking
the supplement, but the first 12 participants had already completed
the study. Blood glucose, triglycerides, total cholesterol, HDL cho-
lesterol, LDL cholesterol, and total:HDL cholesterol did not sig-

nificantly change while subjects were taking the supplement than at
baseline (Table 1). During the 5 mo that subject were taking the
supplement, all participants reported the consumption of <2
portions fatty fish/wk. At baseline, means of plasma EPA and
DHA were 117 ± 52 and 183 ± 70 nmol/mL, respectively,
which represented 0.95 ± 0.38% and 1.60 ± 0.53% of total fatty
acids, respectively (see supplemental Table 1 under “Supple-
mental data” in the online issue). One month after subject started
supplementation, EPA and DHA plateaued in total lipids of
plasma at concentrations between 383 and 589 nmol/mL for
EPA and between 290 and 376 nmol/mL for DHA (Figure 2).

13C-DHA kinetics

At baseline, plasma 13C-DHA peaked 6 h postdose at 2.0 ±
0.2 nmol/mL, whereas it peaked 4 h postdose at 1.6 ± 0.1 nmol/mL
when subjects were taking the supplement (Figure 3A). The time ×
supplement interaction was not significant, but there were separate
time and supplement effects (P < 0.0001) such that, over the fol-
low-up period of 28 d, the mean difference of 13C-DHA at each
time was not significantly lower while subjects were taking the
supplement than at baseline. However, the AUC of plasma 13C-
DHA while subjects were taking the supplement was 60% lower
than at baseline (P < 0.0001; Figure 3A). The rising slope of
plasma 13C-DHA was the same at baseline as while subjects were
taking the supplement (Figure 3A).

Plasma tracee (12C-DHA; nmol/L) was stable over the 28-d
follow-up period and was ~70% higher while subjects were
taking the supplement than at baseline. The specific activity is
presented in Figure 3B and defined as 13C:12C-DHA. At baseline,
the peak specific activity was 1.12 ± 0.08% compared with
0.53 ± 0.04% while subjects were taking the supplement, with
a significant time × supplement interaction (P < 0.0001) that
showed that the kinetics of specific activity over 28 d differed
significantly in participants while they were taking the supplement
than at baseline. The specific activity was 2.5–7-times higher at
baseline than while subjects were taking the supplement throughout
the metabolic follow-up period 1–28 d postdose (Figure 3B).

There was a significant time × supplement interaction for
plasma 13C-EPA with 2.0–2.8-times higher plasma 13C-EPA from
8 h to 7 d postdose while subjects were taking the supplement than
at baseline (Figure 3C). The specific activity of plasma 13C-EPA
was significantly different over time (P < 0.0001), but there was no
supplement effect and no interaction (Figure 3D).

FIGURE 2. Mean (±SEM) DHA in plasma total lipids over the 5-mo
supplementation period. One month after subjects started taking the supple-
ment, the concentration of DHA doubled in plasma total lipids and reached
a plateau (n = 34).
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The cumulative β-oxidation of 13C-DHA to 13C-CO2 over
28 d was 1.9-times higher while subjects were taking the sup-
plement than at baseline (Figure 4). The peak 13C-CO2 en-
richment occurred 4 h postdose and reached 0.48% of dose of
13C-DHA/h while subjects were taking the supplement compared
with 0.31% of dose per hour at baseline (data not shown). The
enrichment of 13C-CO2 returned almost to baseline 28 d postdose at
baseline and while subjects were taking the supplement (data not
shown). The cumulative β-oxidation at 28 d was 35.1 ± 6.7% of
the tracer dose at baseline compared with 65.7 ± 9.1% while
subjects were taking the supplement (Figure 4).

DHA half-life

The mean plasma half-life of 13C-DHA was 4.5 ± 0.4 d at
baseline compared with 3.0 ± 0.2 d while subjects were taking
the supplement (P < 0.0001; Figure 5A). The mean whole-
body half-life of 13C-DHA was 140 ± 27 d at baseline compared
with 54 ± 12 d while subjects were taking the supplement (P =
0.0107; Figure 5B). Neither the plasma nor whole-body 13C-DHA

half-life differed between men and women, and there was not
a significant correlation with the age of participants.

Hierarchical linear model

The final estimation of the HLM model is shown in Figure 6.
At baseline, 13C-DHA was positively related to PDR as 13C-CO2

with a slope of 0.0847, whereas while subjects were taking the
supplement, the slope was much steeper at 0.2076 (P < 0.001),
which showed that, for a similar concentration of 13C-DHA in
blood, the β-oxidation of 13C-DHA to 13C-CO2 was higher while
subjects were taking the supplement than at baseline. Plasma
13C-DHA explained 50% of the PDR variation in the model. The
intersubject variation (ui) associated with random effect (βkj)
was tested by using age, sex, education, and BMI as covariates
(see supplemental Text for a description of the mathematical
model under “Supplemental data” in the online issue). BMI was
the only covariate to be significantly involved in explaining the
intercept and contributed to ~5% of the variation in the relation
between PDR and plasma 13C-DHA.

FIGURE 3. Mean (±SEM) concentrations of 13C-DHA (A), 13C:12C-DHA (B), 13C-EPA (C), and 13C:12C-EPA (D) in plasma total lipids over 28 d at
baseline and while subjects were taking the supplement (n = 34). Statistics were performed by using the PROC MIXED procedure implemented in SAS 9.2
software (SAS) and tested the effect of time as a repeated measure, supplementation as a fixed factor (baseline compared with supplement), and the interaction
of time × supplement. When there was an interaction, comparisons at each time were performed by using a paired t test. For the AUC in panel A, a paired t
test was performed. In panel A, the 13C-DHA concentration varies significantly over time, and there was an independent supplement effect. In panels B and C,
there was a time × supplement interaction. In panel D, 13C:12C-EPA varied significantly over time only. *P < 0.05. 12C-DHA; uniformly carbon-12–labeled
DHA; 12C-EPA, uniformly carbon-12–labeled EPA; 13C-DHA, uniformly carbon-13–labeled DHA; 13C-EPA, uniformly carbon-13–labeled EPA.
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DISCUSSION

In this study, we report that supplementation with an EPA +
DHA supplement significantly modified the kinetics of 13C-DHA
in healthy older persons without cognitive decline such that its
plasma and whole-body half-lives were lower and its β-oxidation to
13C-CO2 was higher than at baseline. Hence, the plateauing of
plasma DHA at higher intakes of EPA + DHA appears to be
a function of increased β-oxidation.

Despite the higher β-oxidation of DHA while subjects were
taking the supplement, the cumulative β-oxidation of 13C-DHA
remained low compared with what has typically been reported
for other long-chain fatty acids. For example, 24 h postdose, the
β-oxidation of 13C-DHA was <7% while subjects were taking the
supplement and at baseline (Figure 4), whereas the β-oxidation
over the same period and under essentially the same conditions was
29% for 13C-oleic acid, 21% for 13C–linoleic acid, and 31% for
13C-α–linolenic acid (20). These results were potentially because,
in contrast to PUFAs with <20 carbons, PUFAs with >20 carbons
require the previous peroxisomal β-oxidation to shorten the fatty
acid chain before entry to the mitochondrial β-oxidation spiral
(24, 25). However, the relative contribution of peroxisomal com-
pared with mitochondrial β-oxidation to the whole-body pro-
duction of 13C-CO2 from 13C-DHA in humans is unknown. The
affinity of carnitine palmitoyl transferase is also much lower for
DHA than long chain fatty acids with 1–3 double bonds (26). Thus,
DHA is relatively efficiently conserved, probably because of its
structural importance in cell membranes (27) and as a precursor to
signaling molecules (28).

Our 13C-CO2 breath results did not account for the 13C that was
converted to carbon-13–labeled acetyl-CoA but then recovered in
other metabolites rather than entering the Krebs’ cycle and being
converted to 13C-CO2. However, during our gas chromatography–
combustion isotope ratio mass spectrometry analysis, there was no
measurable 13C enrichment in any other plasma fatty acids ex-
cept EPA, which suggested that, once 13C-DHA starts to be

β-oxidized, the process goes mostly to completion (ie, quan-
titatively to 13C-CO2).

The whole-body half-life was calculated from the 13C-CO2

recovery in the breath to estimate the time needed to β-oxidize
50% of the 13C-DHA dose without regard to compartments. In
this calculation, it was assumed that the quantity of 13C-CO2

going from peripheral compartments to plasma and then to
breath remained constant after the 28th d for subjects who did
not reach 50% of cumulative 13C-CO2. Hence, the calculated
whole-body half-life represents the best estimate of the time
needed for one-half of the 13C-DHA dose to be exhaled in the
form of 13C-CO2 by participants, with the recognition that this is
probably an underestimate because some β-oxidized 13C-DHA
could theoretically get incorporated into other compounds syn-
thesized via carbon-13–labeled acetyl-CoA.

The lower postprandial specific activity of plasma 13C-DHA
while subjects were taking the supplement can largely be ex-
plained by the 70% tracer dilution compared with at baseline
(Figure 3B). 13C-DHA kinetics may also have been affected
because the supplement was not pure DHA but rather a combi-
nation of EPA + DHA. The provision of pure DHA results in an

FIGURE 4. Mean (±SEM) cumulative percentage of dose of 13C-DHA
β-oxidized and recovered in the breath as 13C-CO2 at baseline (gray squares)
and while subjects were taking the supplement (black triangles) (n = 34).
Statistics were performed using a PROC MIXED procedure implemented in
SAS 9.2 software (SAS) and tested the effect of time as a repeated measure,
supplementation as a fixed factor (baseline compared with supplement), and
the interaction of time × supplement. When there was an interaction, com-
parisons at each time point were performed by using a paired t test. There
was a time × supplement interaction supporting the idea that the difference
in cumulative 13C-CO2 expired while subjects were taking the supplement;
baseline was not the same at each time point. *P < 0.05. 13C-CO2, carbon
dioxide labeled with carbon-13; 13C-DHA, uniformly carbon-13–labeled
DHA.

FIGURE 5. Mean (±SEM) calculated half-life of 13C-DHA at baseline
and while subjects were taking the supplement in plasma total lipids (n = 32
at baseline and n = 34 while subjects were taking the supplement) (A) and
the whole body (n = 29 at baseline and n = 32 while subjects were taking the
supplement) (B). Paired t tests were performed for comparison between
when subjects were taking the supplement and at baseline. At baseline, blood
samples collected at 14, 21, or 28 d had an enrichment of 13C over 12C below
the enrichment at 0 h of day 0, and thus, it was not possible to calculate the
plasma half-life for 2 participants. In 5 participants at baseline and 2 partic-
ipants while taking the supplement, the cumulative β-oxidation of 13C-DHA
recovered as carbon dioxide labeled with carbon-13 reached a plateau of
<50% 7 d postdose, and thus, the calculation of the whole-body 13C-DHA
half-life was not possible. While subjects were taking the supplement,
plasma and whole-body half-lives were 33–61% lower than at baseline.
*P ≤ 0.05. 13C-DHA, uniformly carbon-13–labeled DHA.
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apparently linear increase in EPA in plasma phospholipids (16).
Therefore, if the supplement had been pure DHA, it is possible that
the 13C-EPA concentration in plasma would have been higher than
we observed, but this possibility is necessarily speculative. Simi-
larly, had the supplement provided a dose of EPA + DHA closer to
the international recommendation (rather than 6 times above the
recommendation as was the case in this study), the effect on
13C-DHA kinetics would likely have been attenuated.

Unlike the specific activity of plasma 13C-DHA, the specific
activity of plasma 13C-EPA was not significantly lower while
subjects were taking the supplement than at baseline (Figure 3D)
despite the EPA + DHA supplement having raised plasma EPA
5-fold. Changes in the mass of 13C-EPA during EPA + DHA
supplementation may originate via several routes, including
the retroconversion from DHA, carbon recycling that provides
carbon-13–labeled acetyl-CoA for stearidonic acid elongation,
or the sparing of EPA from β-oxidation. No change in the
specific activity of plasma EPA suggested that EPA sparing was
significant while subjects were taking the supplement. Because
of the bigger pool of circulating 13C-DHA, the apparent rate of
retroconversion to EPA or displacement of EPA from nonplasma
pools appears to have been unchanged by the supplement. In
contrast, the slope of 13C-DHA β-oxidation increased with higher
circulating DHA while participants were taking the supplement
than at baseline (Figure 6). These data suggest that the partitioning
of DHA between β-oxidation and retroconversion to EPA are
probably regulated separately.

In the current study, there was no difference in plasma 13C-
DHA, plasma DHA, or the 13C-DHA half-life in whole body or

plasma between men and women (data not shown). The absence
of sex-specific differences was probably because of the drop in
estrogen in women after menopause (29). Two other factors that
potentially change DHA homeostasis are age and APOE4 ge-
notype (7, 14). APOE4 carriers were excluded from this study
(15). Age-dependent differences in 13C-DHA metabolism have
been reported elsewhere over a 50-y difference in age (7). In the
current study, there was no correlation between age (52–90 y
old) and the 13C-DHA half-life, but this study was not designed
to assess a possible age effect. Participants in this study were of
an age when cognitive decline could be starting, but they were
all cognitively healthy as assessed by using the Mini-Mental
State Examination. This fact is important because we wanted to
eliminate lower cognitive performance as a confounder that
might have influenced the results (10).

In conclusion, in older persons taking 3.2 g EPA + DHA/d,
there is an increased β-oxidation of 13C-DHA and shortened plasma
and whole-body 13C-DHA half-life. Therefore, when circulating
concentrations of EPA + DHA are increased, more DHA appears
to be available for β-oxidation.
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Human protein status modulates brain reward responses
to food cues1–3

Sanne Griffioen-Roose, Paul AM Smeets, Emmy van den Heuvel, Sanne Boesveldt, Graham Finlayson, and Cees de Graaf

ABSTRACT
Background: Protein is indispensable in the human diet, and its
intake appears tightly regulated. The role of sensory attributes of
foods in protein intake regulation is far from clear.
Objective: We investigated the effect of human protein status on
neural responses to different food cues with the use of functional mag-
netic resonance imaging (fMRI). The food cues varied by taste category
(sweet compared with savory) and protein content (low compared with
high). In addition, food preferences and intakes were measured.
Design: We used a randomized crossover design whereby 23
healthy women [mean ± SD age: 22 ± 2 y; mean ± SD body mass
index (in kg/m2): 22.5 ± 1.8] followed two 16-d fully controlled
dietary interventions involving consumption of either a low-protein
diet (0.6 g protein · kg body weight－1 · d－1, ~7% of energy
derived from protein, approximately half the normal protein intake)
or a high-protein diet (2.2 g protein · kg body weight－1 · d－1,
~25% of energy, approximately twice the normal intake). On the
last day of the interventions, blood oxygen level–dependent
(BOLD) responses to odor and visual food cues were measured
by using fMRI. The 2 interventions were followed by a 1-d ad
libitum phase, during which a large array of food items was avail-
able and preference and intake were measured.
Results: When exposed to food cues (relative to the control condition),
the BOLD response was higher in reward-related areas (orbitofrontal
cortex, striatum) in a low-protein state than in a high-protein state.
Specifically, BOLD was higher in the inferior orbitofrontal cortex in
response to savory food cues. In contrast, the protein content of the
food cues did not modulate the BOLD response. A low protein state
also increased preferences for savory food cues and increased protein
intake in the ad libitum phase as compared with a high-protein state.
Conclusions: Protein status modulates brain responses in reward re-
gions to savory food cues. These novel findings suggest that dietary pro-
tein status affects taste category preferences, which could play an
important role in the regulation of protein intake in humans. This trial was
registered at www.trialregister.nl/trialreg/admin/rctview.asp?TC=3288
as NTR3288. Am J Clin Nutr 2014;100:113–22.

INTRODUCTION

Protein is an indispensable component of the human diet. It
provides nitrogen and amino acids, including the 9 amino acids
classified as essential, which are needed to preserve and maintain
bodily functions and life (1). In humans, the range of protein
intakes, in contrast with fat and carbohydrates, has remained
relatively constant over time and across populations, both as
a percentage of energy in the diet (~10–25%) and as the ab-

solute amount eaten (~40–100 g) (2–4). Both in animals and in
humans, protein intake appears to be tightly regulated (5–8).
After a protein deficit, when the protein status is low, food intake
and food preferences show adaptive changes that suggest com-
pensatory mechanisms aimed at restoring adequate protein sta-
tus (9, 10).

In humans, sweet and savory are the main attractive taste
categories (11). Within our food range, sweet-tasting foods
contain more carbohydrates, whereas savory-tasting foods usu-
ally contain higher levels of protein (12–14). It has been pro-
posed that sweet taste acts as a signal for energy-rich nutrients
and that savory taste allows the recognition of amino acids (15).
It is conceived that, through repeated consumption of food
during our lifetime, we learn to associate the sensory attributes
of foods with their physiologic effects. It has been shown that
this associative learning influences selection and intake of food
and has been suggested to play a central role in the development
of specific appetites (16, 17). The underlying mechanism on the
role of sensory attributes of foods in protein intake regulation is
far from clear and requires further clarification.

In recent years, both animal studies and human fMRI studies
have located brain areas involved in protein intake regulation
(18–21). Journel et al (19) showed that high-protein diets lead to
greater activation in the nucleus tractus solitaries and in the
arcuate nucleus compared with a normal-protein diet. In addi-
tion, reward and motivation aspects of eating behavior, con-
trolled mainly by neurons present in the limbic region, appeared
to play an important role in the reduced hedonic response after
a high-protein diet. Leidy et al (18) showed that a high-protein
breakfast led to reductions in hippocampal and parahippocampal
activation compared with a normal protein breakfast when ex-
posed to images of food cues. Our study further investigated the
specific relation between protein and the underlying neural ef-
fects on food reward.
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Our objective was to investigate the effect of human protein
status on neural responses to different food cues associated with
protein with the use of fMRI. These food cues varied by taste
category (sweet compared with savory) and protein content (low
compared with high). In addition, we measured food liking and
wanting and spontaneous protein intake. We hypothesized that
a low-protein status would increase brain-reward responses to food
cues associated with protein, affecting food preferences and intake.

SUBJECTS AND METHODS

Subjects

Twenty-three healthy women completed the study, which ran
from March to June 2012 (Table 1). Of the 24 subjects enrolled
in the study, 1 subject dropped out after the first intervention
period. A supplemental flow diagram of progress through the
phases of the study is available online (see Supplemental Figure
1 under “Supplemental data” in the online issue). We recruited
healthy, normal-weight women aged 18–35 y. Exclusion criteria
were as follows: restrained eating [Dutch Eating Behavior
Questionnaire, score >2.80 (23)], lack of appetite, an energy-
restricted diet during the past 2 mo, change in body weight
>5 kg during the past 2 mo, stomach or bowel diseases, di-
abetes, thyroid disease or any other endocrine disorder, use of
daily medication other than oral contraceptives, difficulties with
swallowing and/or eating, taste or smell disorders, being a veg-
etarian, being allergic or intolerant to products under study,
smoking, being pregnant or lactating, being left-handed, and
contraindications for MRI scanning.

Potential subjects filled out an inclusion questionnaire,
including a medical-history questionnaire. They attended a
screening and practice session that included measurement of
weight and height and explanation/practice of the different
procedures, including fMRI. The subjects were unaware of the
exact aim of the study and were informed that we were in-
vestigating the effect of specific diets, which varied in macro-
nutrient content, on brain activity. We kept the subjects naive to
the fact that we specifically varied the protein levels of the diets

and were interested in reward. The study was approved by the
Medical Ethical Committee of Wageningen University. Before
the study began, a sample size calculation was performed. Be-
cause we have executed a similar behavioral study (9), we were
able to verify that 24 subject would provide sufficient power for
the outcomes of the behavioral measurements. Written informed
consent was obtained from all subjects.

Study design

Subjects followed two 16-d fully controlled dietary in-
terventions involving consumption of individualized isoenergetic
menus providing either a low-protein diet (0.6 g protein · kg
body weight－1 · d－1, ~7% of energy derived from protein,
which is about half the amount of normal protein intake) or
a high-protein diet (2.2 g protein · kg body weight－1 · d－1,
~25% of energy; about twice the normal protein intake) in
a randomized, counterbalanced, crossover design (Figure 1).
Subjects were randomly assigned to 1 of the 2 treatment-order
groups by the principal investigator. The 2 interventions were
followed by a 1-d ad libitum phase during which a large array of
food items was available and protein and energy intakes were
measured (our secondary outcome measure).

The 2 interventions were separated by a minimum of a 4-wk
washout period during which subjects were instructed to consume
their habitual diet. On the last day of the interventions, before the
start of the ad libitum phase, and in the fourth week of the
washout period (washout measurement), brain responses to odor
food cues, administered with an olfactometer while congruent-
matching visual food cues were simultaneously shown, were
measured by using 3T fMRI (our primary outcome measure).
After the fMRI session, food liking and wanting were measured
with the Leeds Food Preference Questionnaire (LFPQ)4 (24) (our
secondary outcome measure).

TABLE 1

Subject characteristics1

Characteristic Value

Age (y) 22 ± 2

Weight (kg) 65.9 ± 8.3

BMI (kg/m2) 22.5 ± 1.8

Restraint score2 2.3 ± 0.5

Habitual dietary intake3

Energy (MJ/d) 8.4 ± 2.2

Protein (g) 72 ± 18

Carbohydrates (g) 243 ± 65

Fat (g) 76 ± 25

1 All values are means ± SDs; n = 23
2 Assessed with the Dutch Eating Behavior Questionnaire, which was

filled out during screening.
3 Determined with a food-frequency questionnaire, which was filled out

during screening. Together with the Schofield equation, it was individually

determined how much energy the intervention diets needed to contain to

preserve energy balance with age, weight, height, sex, and a physical activity

level of 1.6 (22) accounted for.

FIGURE 1. Schematic overview of the study design. Subjects were di-
vided into 2 groups: 1 group received a low-protein diet for 16 d, and 1 group
received a high-protein diet for 16 d. The 2 interventions were followed by
a 1-d ad libitum phase during which a large array of food items was available
and protein and energy intakes were measured. After a 4-wk washout
period, the intervention was repeated and subjects switched groups. On
the last day of the interventions, and in the fourth week of the washout
period (washout measurement), brain responses to odor and visual food
cues were measured by using fMRI. After the fMRI session the LFPQ was
completed. BW, body weight; LFPQ, Leeds Food Preference Question-
naire; lib, libitum.

4Abbreviations used: fROI, functional region of interest; GLM, general

linear model; LFPQ, Leeds Food Preference Questionnaire; OFC, orbitofrontal

cortex; VAS, visual analog scale.

114 GRIFFIOEN-ROOSE ET AL



Diets

Protein in the diets was exchanged for carbohydrates, and the
amount of fat was kept similar (Table 2). Protein manipulation
was achieved by varying commercially available foods in the
diets and by changing the protein contents of the foods (eg, low-
protein bread). In addition, whey protein isolate powder (Nectar,
pink grapefruit; Syntrax) was added to drinks, desserts, or both,
which were consumed during meals to enable the variations in
required individual protein amounts. We calculated a taste ratio
of the low-protein and high-protein diets by classifying the of-
fered foods as sweet tasting, savory tasting, or neutral tasting:
and divided the total amount of food (g) per taste by the total
amount (g) of food provided by the diet. The ratio of sweet:
savory:neutral for the low-protein diet was 50:16:34 and for the
high-protein diet was 54:16:30.

Procedure

During the dietary intervention, we provided the subjects with
foods and beverages, except for water, coffee, and tea (ad libitum
intake without milk and sugar), which covered ~90% of their
estimated daily energy requirement. Subjects chose the re-
maining 10% of energy from a list of choice items that included
virtually protein-free and fat-free foods [a common procedure
within our division (25)]. Their choice was recorded in a diary.

Each subject’s total energy requirement was estimated by
using the Schofield equation, with age, weight, height, sex, and a
physical activity level of 1.6 accounted for (22), which was then
verified by comparing the result against the results of a validated

food-frequency questionnaire (25) that determines habitual en-
ergy intake and that was filled out during screening. These 2
indicators were used to get an accurate estimate of every sub-
ject’s energy requirement.

During weekdays at lunch, the subjects visited the research
center at the Wageningen University (Wageningen, Netherlands)
and consumed their hot meal. All other foods were supplied daily
as a meal package and were consumed at home. The home meal
package contained 2 bread meals with toppings for dinner and
breakfast and beverages, fruit, and snacks. On Fridays, subjects
received a home meal package with foods and beverages for the
entire weekend plus instructions for the preparation of these
foods. Subjects were instructed to eat all foods that were pro-
vided. They were allowed to use seasoning and table salt.

The ad libitum phase that followed the dietary interventions
started with a hot lunch; the subjects were allowed to select the
foods themselves and eat until comfortably satiated. A large meal
package was provided for consumption at home and contained
>200% of the estimated energy requirements. The home meal
package consisted of foods that were not available during the
intervention and included buns with toppings for dinner and
breakfast and beverages, fruit, and snacks. The foods were
provided in unusual portion sizes to prevent habitual intake (26).
In addition, many foods were offered in both a low-protein and
high-protein version to enable selective protein intake. It was not
specifically indicated to the subjects that there were low-protein
and high-protein foods. Individual food intakes were measured
by weighing the remainders of food on the plate (during lunch)
and the meal package the next day. Ad libitum energy intake
and macronutrient selection were calculated by using food-
composition tables (27).

fMRI

On day 17 of the interventions, before the start of the ad libitum
phase and in the fourth week of the washout period (washout
measurement), subjects were scanned between 1000 and 1400 at
the Hospital de Gelderse Vallei (Ede, Netherlands). All experi-
mental measurements of one individual took place at the same
time. Subjects were instructed to have refrained from eating ≥2 h
before the test. The scan session consisted of 2 functional runs
during which 350 functional volumes were acquired by using
a T2*-weighted gradient echo image, acquired with BOLD
contrast on a 3-Tesla Siemens Magnetom Verio fMRI scanner
equipped with a 32-channel head coil. Whole-brain fMRI data
were obtained with a T2*-weighted 2D echo-planner imaging
sequence (repetition time = 2140 ms, echo time = 25 ms, 90° flip
angle, field of view = 192 × 192 mm, 43 axial slices, ascending
order, voxel size 3 × 3 × 3 mm). The imaging volume was
tilted at an oblique angle of 30° to the anterior-posterior com-
missure line to reduce signal dropout in the orbitofrontal and
ventral temporal lobes (28). In addition, a high-resolution T1-
weighted anatomical MRI scan (MPRAGE: repetition time =
1900 ms, echo time = 2.26 ms, 9° flip angle, field of view = 256 ×
256 mm, 192 sagittal slices, voxel size = 0.5 × 0.5 × 1 mm) was
acquired between the 2 functional runs.

During each functional run, odors of 6 different food products
were delivered. These food cues varied in taste category (sweet
compared with savory) and protein content (low compared with
high) (see Supplemental Table 1 under “Supplemental data” in

TABLE 2

The mean nutritional composition (energy content and macronutrient

composition) of the low-protein and high-protein diets1

Low-protein diet High-protein diet

Energy (MJ/d) 9.5 9.6

Protein

(g · kg body weight－1 · d－1) 0.6 2.2

(g/d) 31 143

(% of energy/d) 6 25

Carbohydrates

(g/d) 323 215

(% of energy/d) 58 38

Fat

(g/d) 83 87

(% of energy/d) 32 33

Alcohol

(g/d) 5 3

(% of energy/d) 2 2

Fiber (g/d) 28 26

1 Duplicate portions of the provided diets were collected every day,

stored at －20°C, and analyzed for energy and macronutrient compositions

after the experiment. Nitrogen was determined by using the Kjeldahl method

(43; method 920.87), and the amount of protein was calculated by using

a conversion factor of 6.25, of fat by using the acid hydrolysis method (43,

method 14.019), and of available carbohydrate by subtracting moisture, ash,

protein, and dietary fiber and fat from the total weight. The energy content

was calculated from the macronutrient composition by using the following

energy conversion factors: protein, 17 kJ/g; fat, 37 kJ/g; carbohydrate, 17 kJ/

g; and alcohol, 29 kJ/g. The average of the calculated composition of the

free-choice items (10%), which were recorded in a diary by all subjects (n =

23), was added.
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the online issue): chocolate mousse (sweet low-protein), apple
turnover (sweet low-protein), curd with fruit flavor (sweet high-
protein), potato rösti rounds (savory low-protein), beef with gravy
(savory high-protein), and pizza (savory high-protein). One non-
food odor (grass) was included to account for general odor effects
(International Flavors & Fragrances Inc). Before the study began,
these odors were matched on perceived intensity and diluted to
medium to high intensity [55–75 on a 100-mm visual analog scale
(VAS)]. The sweet odors and nonfood odor were diluted with 1,2-
propanediol (curd 1:1000, chocolate mousse 1:100, apple turn-
over 1:1000, grass 1:500), and the savory odors were diluted with
deionized water (beef 1:1000, pizza 1:1000, potato rösti rounds
1:1000). Odors were presented with a computer-controlled
8-channel olfactometer (Burghart) while a picture of the product
was simultaneously shown. The stimulus presentation program
E-Prime 2.0 Professional (Psychology Software Tools Inc) was
used to trigger the olfactometer and present the visual cues.

In each functional run, all 7 odors were presented 7 times,
which led to a total of 14 events per odor. Following a fixation
cross (1 s), odorants were delivered for 3 s embedded in a con-
stant nonodorous airflow (total flow 8 L/min, relative humidity
80%, 36°C) while a picture of the food was shown simulta-
neously, followed by an “evaluation screen” (4 s) during which
subjects were instructed to mentally evaluate the product. Af-
terward, there was either a rest period (5–9 s) or the food
product was rated on liking (“How pleasant would you find the
taste of this product right now?”) or wanting (“How much do
you want to consume this product right now?”) on a 100-mm
VAS with the use of a button box (7 s). In each functional run,
every product was assessed once on liking and once on wanting.

Before starting the scan session, subjects filled out a ques-
tionnaire, including a question about the date of their last
menstrual period. This was used to assess the current phase of
their menstrual cycle. Analyses on these data showed that the
different phases of the menstrual cycle were roughly equally
distributed over the treatment groups. In addition, entering the
menstrual cycle phase as a covariate in our analyses did not affect
our results.

LFPQ

After the fMRI, the subjects completed the LFPQ (24) to
measure food liking and food wanting. It included photographs of
16 foods that varied in taste category (sweet compared with
savory) and protein content (low compared with high). These 4
categories (sweet low-protein, sweet high-protein, savory low-
protein, and savory high-protein) were matched on energy
density, fat content, and type of food (each category contained
one sandwich, one snack, one cookie, and one meal item). A
picture of each food was shown, and subjects had to rate their
liking (“How pleasant would you find the taste of this product
right now?”) on a 100-mm VAS. In addition, foods were pre-
sented in randomized pairs, and subjects had to select their most
wanted food (“select the food which you most want to eat right
now”) as quickly and accurately as possible. During the latter
procedure reaction time was measured. Reaction times were
transformed to a standardized ”d-score” with the use of a vali-
dated algorithm (29): the smaller the d-score, the greater the
wanting for that food category relative to other categories in the
task.

Body weight, urinary nitrogen excretion, and analytic
methods

Body weight was measured twice a week before subjects ate
their hot meal, while they were wearing no shoes or heavy clothing.
If a subject’s weight fluctuated by >0.2 kg from baseline, the
research dietitian decided whether energy intake needed to be ad-
justed for weight maintenance.

As an independent, objective marker of dietary compliance,
total urinary nitrogen excretion was measured from two 24-h
urine collections made during day 16 of each intervention. Total
urinary nitrogen excretion in the low-protein state was 77 ± 12
mg · kg body weight－1 · d－1 and in the high-protein state was
303 ± 26 mg · kg body weight－1 · d－1). These data confirm
that the low-protein diet was inadequate and contained protein
amounts below the average daily recommendation and that the
high-protein diet contained more protein than needed (the av-
erage daily recommendation is equivalent to 105 mg N · kg
body weight－1 · d－1) (30). Completeness of the two 24-h urine
samples that were collected on day 16 of the interventions was
verified by recovery of three 80-mg doses of para-aminobenzoic
acid given with the meals (31). Analyses showed an average
recovery rate of 94.4%. Nitrogen in urine was determined col-
orimetrically according to the Kjeldahl method (96; method
920.87) on a Vitros 250 Chemistry System (Ortho-Vlinical Di-
agnostics).

Although we relied primarily on the total nitrogen excretion
data as an independent, objective marker of dietary compliance,
we also used other means to promote compliance. These included
instructing subjects to keep a diary to record any deviations from
the diet, illness, and use of drugs. Subjects were urged not to
change their physical activities, which were also monitored by
assessing the number of steps taken each weekday with pe-
dometers (Yamax Digi-Walker).

Analyses

Data are presented as means ± SEs unless otherwise specified.
fMRI data were preprocessed and analyzed with the SPM8
software package (Wellcome Department of Imaging Neuro-
science, London, United Kingdom) in conjunction with the
MarsBar toolbox (http://marsbar.sourceforge.net/) run with
MATLAB 7.12 (The Mathworks Inc). The functional volumes of
every subject were realigned, globally normalized to Montreal
Neurological Institute space, and spatially smoothed with an
isotropic Gaussian kernel of 8 mm full width at half maximum.
Eight conditions were modeled: delivery of the 7 odors and
rating. The responses to rating were ignored in further analyses.
Before the analysis, it was established that subjects were to be
excluded when head motion exceeded 3 mm displacement (one
voxel). None of the measurements exceeded this limit; thus, no
one was excluded. To regress out motion-related variance, the
motion-correction parameters from the realignment procedure
were added to the model as regressors.

For analyses, food products were either divided on taste
category (sweet compared with savory) or protein content (low
compared with high). For every subject, 12 contrast images
(parameter estimations) were calculated: perception and evalu-
ating sweet food cues (7 s) compared with control (grass),
perception and evaluating savory food cues (7 s) compared with
control, perception and evaluating low-protein food cues (7 s)

116 GRIFFIOEN-ROOSE ET AL



compared with control, and perception and evaluating high-
protein cues (7 s) compared with control, in a low-protein state, in
a high-protein state, or at the end of the washout.

To test our hypothesis, 2 whole-brain statistical F-maps were
created by performing an ANOVA (see Supplemental Table 2
under “Supplemental data” in the online issue). The first F-map
contained the independent variables intervention (low protein
status, high-protein status, or at the end of the washout period)
and taste category of food cue (sweet food cues and savory food
cues). The second F-map contained the independent variables
intervention and protein content of food cue (low-protein food
cues and high-protein food cues). We used a functional region of
interest (fROI) approach that combined a priori anatomical areas
of interest with a functional criterion based on a minimum level
of responsiveness to food cues and learning (32). Anatomical
areas of interest included olfactory areas identified in a meta-
analysis, which included piriform and orbitofrontal cortex
(OFC), amygdala, anterior insula, and ventral putamen (we used
the complete activation map available at http://flavor.monell.org/
~jlundstrom/index_ALE.html) (33). In addition, we added the
striatum (caudate, putamen, and pallidum). These areas play
a prominent role in primary reward processing and found to be
involved in protein regulation (eg, 18, 34). Mask images were
obtained from the WFU Pickatlas 9 (35) and dilated one voxel to
account for anatomical variation. To identify fROIs for both
created F-maps, a threshold with a significance level of P <
0.05 and a cluster size of k > 8 contiguous voxels were used. On
the subject level, the measured changes in BOLD signal were
modeled, and the general linear model (GLM) was used to
identify voxels in which the BOLD signal time courses could be
explained by a linear combination of regressors. For a given
condition (eg, the response to a food cue), the expected change
in BOLD signal was modeled by using a canonical hemody-
namic response function. This yielded an estimate of the β value
for each condition (parameter estimate). This estimated β value
is proportional to the magnitude of the BOLD response and is
referred to here as “β value.”

The mean β value in each fROI was calculated with the use of
MarsBar and submitted to an ANOVA (GLM procedure) in SAS
(SAS Institute). This allowed us to test the effects of the in-
tervention (low-protein status, high-protein status, or end of
washout) and taste category (sweet or savory) or the intervention
and protein content (low or high) as independent variables
within each fROI. This technique represents an unbiased ap-
proach to test a priori hypotheses and avoids problems of cir-
cularity (32). Results of the LFPQ and intake during the ad
libitum phase were analyzed by ANOVA (GLM procedure).

Subjects were included in all models as a random factor. The
analyses showed that the addition of treatment order as a cova-
riate did not affect the results. Tukey’s test was used for post hoc
comparisons. The analyses were conducted with the use of SAS,
9.1 (SAS Institute Inc).

RESULTS

Brain responses

The fROI analyses of the brain responses to food cues (rel-
ative to the control condition) showed a main effect of interven-
tion in parts of the OFC, the striatum, and the hippocampus/

parahippocampal gyrus (Figure 2, Table 3): the BOLD re-
sponse was increased in the left and right orbital part of the
inferior frontal gyrus, left and right caudate, and right putamen
in a low-protein state compared with a high-protein state.
Specifically, the BOLD response to savory food cues was
higher in both the left and right orbital part of the inferior
frontal gyrus in a low-protein state than in a high-protein state
(Figure 3). Compared with baseline, the BOLD response was
lower in the left hippocampus and right parahippocampal gyrus
in a high-protein state.

Independent of type of intervention, a main effect of taste
category of the food cues (relative to the control condition) was
found in the amygdala and the insula (Table 3), whereby insula
activation was higher for sweet food cues. In the amygdala, the
BOLD response was higher with savory food cues. The protein
content of the food cues did not modulate the BOLD response.

Food liking and wanting

The diet interventions significantly altered both liking [F (2,
242) = 8.6; P < 0.001] and wanting [F (2, 242) = 5.0; P < 0.01]
for foods according to their taste category (Figure 4):, the liking
for savory food cues was higher in a low-protein state than in
a high-protein state (P < 0.01). In addition, in a high-protein
state, sweet food cues were more liked (P < 0.001) and tended
to be more wanted (P = 0.06) than savory food cues. The protein
content of the food cues had no effect on liking or wanting.

Protein and energy intakes

Total protein intake (g) in the ad libitum phase was 8% higher
in a low-protein state (103 ± 31 g) than in a high-protein state
(95 ± 33 g): F1,22 = 4.8, P < 0.05. Total energy intake (MJ)
during the ad libitum phase in a low-protein state (14.1 ± 4.3
MJ) did not differ from intake in a high-protein state (14.5 ± 4.5
MJ): F1,22 = 0.5, P > 0.05.

DISCUSSION

The objective of this study was to investigate the effect of
human protein status on neural responses to different food cues
associated with protein with the use of fMRI. In addition, we
measured food preferences and intake.

In summary, we found that protein status modulated the BOLD
response in parts of the reward system in response to food cues
(relative to the control condition), whereby the BOLD response
was higher in reward-related areas (OFC, striatum) in a low-
protein state than in a high-protein state. Specifically, when
exposed to savory food cues, the BOLD response was higher in
the inferior OFC. In contrast, the protein content of the food cues
did not modulate the BOLD response. In addition, protein status
affected food liking and wanting and modulated spontaneous
protein intake; all increased in a low-protein state.

We hypothesized that a low-protein status would increase
brain-reward responses to food cues associated with protein. The
results show that low-protein status (when the subjects where
protein deprived) and high-protein status (when the protein was
overconsumed) oppositely affected the BOLD response. The
finding that both protein deprivation and protein over-
consumption had a modulating effect is not surprising because
both can damage an organism in the long term.
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In a high-protein state, the BOLD response decreased when the
subjects were exposed to food cues (relative to the control
condition), which agrees with recent published studies showing
that protein intake reduces the BOLD response in reward-related
areas (18–20). In our study, however, this reduction in BOLD
response was not accompanied by a subsequent decrease in total

energy intake in the ad libitum phase, but led to a change in
specific food selection (as shown by the similar energy intakes
but different protein intakes in the low-protein and high-protein
states). Given the current findings, we postulate that organisms
regulate their protein intake by selecting foods differing in nu-
trient content, instead of decreasing or increasing their total

FIGURE 2. Mean (±SEM) changes in the BOLD response for the fROIs of the left and right inferior frontal gyrus, orbital part (A); caudate (B); putamen
(C); and left hippocampus and right parahippocampal gyrus (D) when exposed to odor and visual food cues (relative to the control condition) in a low-protein
state, in a high-protein state, or at the end of washout. The interventions significantly altered the BOLD response in the left (F2,110 = 9.8, P < 0.001) and right
(F2,110 = 9.8, P < 0.001) inferior frontal gyrus, left (F2,110 = 4,4, P < 0.05) and right (F2,110 = 6,1, P < 0.01) caudate, right (F2,110 = 4.3, P < 0.05) putamen,
and left hippocampus (F2,110 = 6,1, P < 0.01) and right parahippocampal gyrus (F2,110 = 4.3, P < 0.05). n = 23. The changes in BOLD response for the fROIs
were compared by means of ANOVA (general linear model procedure). Next to each graph the corresponding fROI is shown in black on a representative slice
of the mean anatomical magnetic resonance imaging of all subjects. *Significantly different (P < 0.05) from the other bars. An accompanying horizontal line
indicates that the 2 bars at the extreme ends are significantly different. fROI, functional region of interest.
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energy intake, when given the opportunity via access to a variety
of food options.

This specific food-selection effect was supported by the
finding that protein status specifically modulated the BOLD
response to food cues differing in taste category: the BOLD
response to savory food cues was higher in the inferior OFC in
a low-protein state than in a high-protein state. This was also
reflected in the results of the LFPQ. Protein status altered both
liking and wanting for foods according to their taste category;
liking for savory food cues was higher in a low-protein state than
in a high-protein state. In addition, sweet food cues were more
liked and tended to be more wanted than savory food cues in the
high-protein state. Again, the protein content of the food cues had
no effect on liking or wanting.

The finding that the altered preferences observed after the
interventions were guided by taste category rather than by ab-
solute protein content of the food cues did not agree with our
hypothesis. We had expected that the protein content of the food
would independently influence food reward responses. However,
a recent review concluded that there is no convincing evidence of

the existence of a unique “protein taste” system, and hypothe-
sized that learned associations between taste and postoral signals
could play a role in protein intake regulation (34). This is sup-
ported by studies that have shown that direct intragastric in-
fusion of protein may be sufficient to establish a learned
preference for the protein (36). Our study showed that the
changes in food preferences caused by manipulation of protein
status were underpinned by brain reward responses to relevant
food cues. This neural modulation appears to precede the se-
lection of foods with beneficially different macronutrient ra-
tios. We therefore postulate that these changes in food
preferences rely on existing learned associations between pri-
mary taste categories and macronutrient availability. Our re-
sults led us to hypothesize that protein status modulates brain
reward responses to savory food cues, which results in changes
in taste preferences and leads to adaptations in protein intake.
The causality of this process is yet to be established. These
novel findings, however, provide the strongest evidence to date
that taste is important for the regulation of protein intake in
humans.

TABLE 3

Identified fROIs and results of analysis on change in BOLD response in each fROI when exposed to odor and visual food cues in a low-protein state, in

a high-protein state, or at the end of washout1

fROI

Peak voxel

coordinates of fROI

BA Cluster size

Peak

voxel

P-main effect

x y z Intervention

Taste category

of food cue

Protein content

of food cue

voxels

F-map (intervention × taste category)2

Olfactory map

L inferior frontal gyrus, orbital part －21 26 －8 11 15 4.4 <0.001 0.91

L amygdala －18 2 －17 34 143 6.0 0.06 0.05

L insula －36 2 13 48 27 4.6 0.60 <0.05

R inferior frontal gyrus, orbital part 21 35 －5 47 25 3.8 <0.001 0.33

R amygdala/parahippocampal gyrus 15 14 －17 11 126 4.2 0.31 0.05

R insula 33 11 10 48 8 3.6 0.09 0.09

Striatum

L caudate －6 5 16 — 30 4.7 0.07 0.45

L caudate －12 17 －11 25 119 4.6 <0.05 0.26

R caudate 9 8 16 — 80 4.5 <0.01 0.12

F-map (intervention × protein content)2

Olfactory map

L parahippocampal gyrus －15 5 －17 — 49 3.5 <0.01 0.30

R inferior frontal gyrus, orbital part 30 35 －17 47 68 4.5 <0.05 0.36

R hippocampus 24 －10 －11 — 34 3.9 <0.05 0.35

Striatum

L caudate －9 20 －11 11 52 3.3 <0.01 0.56

L putamen －21 14 7 — 8 2.7 0.06 0.32

L pallidum －18 －10 1 — 20 4.0 0.49 0.34

L insula －30 8 10 48 14 3.4 0.23 0.19

R caudate 21 －16 19 — 11 3.4 <0.05 0.56

R putamen 27 8 10 48 47 3.5 <0.05 0.27

1 BA, Brodmann area; fROI, functional region of interest; L, left hemisphere; R, right hemisphere.
2 Two whole-brain statistical F-maps were created. The F-map (intervention × taste category) contained the independent variables intervention (low-

protein status, high-protein status, and end of washout) and taste category of food cue (sweet food cues and savory food cues). The F-map (intervention ×
protein content) contained the independent variables intervention (low-protein status, high-protein status, and end of washout) and protein content of food cue

(low-protein food cues and high-protein food cues). The last 3 columns contain the results of the ANOVA (general linear model procedure), in which we

analyzed the change in BOLD response in each fROI (relative to the control condition). For the fROIs of F-map (intervention × taste category), the main

effects of the intervention and taste category of food cue are shown. For the fROIs of F-map (intervention × protein content), the main effects of the

intervention and protein content of food cue are shown. The F-maps had a threshold of F = 2.17 (P < 0.05), uncorrected for multiple comparisons, with

a cluster extent threshold k > 8 contiguous voxels.
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That the subjects ingested different amounts of protein, but
similar amount of energy in the ad libitum phase, leads us to
conclude that protein status specifically modulates food prefer-
ences, to restore adequate protein status. Several studies have
shown that protein seems to be more satiating than the iso-
energetic ingestion of carbohydrate or fat (see review; 37), which
in our case could bias the energy intake measurement. However,
the relation between protein and short-term satiety is still am-
biguous, with studies showing different outcomes (38–40). In
addition, in both groups, the energy intake during the 1-d ad
libitum phase greatly exceeded the habitual intake; therefore, we
think it is unlikely that the difference in protein intake in both
groups biased the total energy intake.

In this study we aimed to further explore the specific relation
between protein and the underlying neural effects on food reward.
In our previous study, we established that human protein status
modulates food preferences (9). It has been shown that the sense
of odor is involved in the choice of which food we want to eat. We
therefore decided that, for this particular study, it would make
sense to measure the effect of food odors (in combination with
congruent images) on brain reactivity, rather than the effect of
tasting the food. Regarding the differences in neural processing of
odors and taste, it has been shown that there are modality-specific

activations of the primary taste cortex and the primary olfactory
cortex (41). However, regarding the processing of reward, both
taste and odor studies have shown that similar brain areas are
involved in this process (42), eg, the OFC, where we also found
a response in our study. The choice to use odors rather than taste
also enabled us to use several solid food cues that varied in taste
category and protein content. It would not have been feasible to
measure the effect of tasting the solid foods in the scanner be-
cause the act of chewing causes head movements.

To obtain more insight into the direction of the effects that we
were interested in, an fMRI and LFPQ measurement were in-
cluded when the subjects were eating their normal diet, at the end
of the 4-wk washout period (washout measurement). Because of
practical constraints, it was not possible to include a measure-
ment before the start of the treatments, which would have pro-
vided a true baseline. Although the addition of treatment order as
a covariate in our analyses did not affect the results of the washout
period, our design limited us in claiming that subjects returned to
their normal protein status after the 4-wk washout.

FIGURE 3. Mean (±SEM) changes in the BOLD response for the fROIs
of the left (A) and right (B) orbital part of the interior frontal gyrus when
exposed to odor and visual food cues (relative to the control condition) in
a low-protein state, in a high-protein state, or at the end of washout. When
exposed to savory food cues, the BOLD response was higher in both the left
(P < 0.01) and right (P < 0.05) orbital parts of the inferior frontal gyrus in
a low-protein state than in a high-protein state. n = 23. The changes in BOLD
response for the fROIs were compared by means of ANOVA (general linear
model procedure). Next to each graph, the corresponding fROI is shown in
black on a representative slice of the mean anatomical MRI scan of all
subjects. *Significant difference (P < 0.05) between the 2 bars (horizontal
line) at the extreme ends. fROI, functional region of interest.

FIGURE 4. Food liking (A) and food wanting (B) responses to sweet and
savory food cues in a low-protein state, in a high-protein state, or at the end
of washout. Food liking responses were assessed by using a 100-mm visual
analog scale. Food wanting responses are expressed as a standardized “d-
score,” which is a validated algorithm to transform reaction time (29). A
smaller d-score means a greater wanting for that food category relative to
other categories in the task (reversed y axis). The interventions significantly
altered both liking (F2,242 = 8.6, P < 0.001) and wanting (F2,242 = 5.0, P <
0.01) for foods according to their taste category: the liking for savory food
cues was higher in a low-protein state than in a high-protein state (P < 0.01).
In addition, sweet food cues were explicitly more liked (P < 0.001) in the
high-protein state and tended to be more wanted (P = 0.06) than savory food
cues. Values are means ± SEMs (n = 23). Food liking and food wanting
were analyzed by using ANOVA (general linear model procedure). *Signif-
icant difference (P < 0.05) between the 2 bars (horizontal line) at the
extreme ends. VAS, visual analog scale.
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Note, in the interpretation of the fMRI results, it does not
necessarily mean that an increased BOLD response represents
higher neural activation and a lower BOLD response represents
a lower neural activation. There is still some debate about this
topic, eg, one hypothesis is that, given the nature of the BOLD
signal, a decrease in BOLD could mean that the local neurons are
firing more, and they become efficient at extracting oxygen from
the surrounding vasculature. As mentioned previously, our results
concur with those of earlier published studies that protein intake,
or a high-protein status, reduces the BOLD response in reward-
related areas. Whether this reduced response actually represents
reduced brain activation needs to be confirmed.

In conclusion, protein status modulates brain responses in
reward regions to savory food cues. These findings suggest that
dietary protein status affects taste category preferences, which
could play a role in the regulation of protein intake in humans. To
our knowledge, we are the first to provide neural evidence for
changes in food preference driven by macronutrient depletion.

We thank Karin Borgonjen, Anita Bruggink-Hoopman, Marlous Dukker-

Schippers, Corine Perenboom, Els Siebelink, Betty van der Struijs, and Jet

Zoon for their help in carrying out the study. We thank Daniel Tomé and
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A systematic review and meta-analysis examining the effect
of eating rate on energy intake and hunger1–3

Eric Robinson, Eva Almiron-Roig, Femke Rutters, Cees de Graaf, Ciarán G Forde, Catrin Tudur Smith,
Sarah J Nolan, and Susan A Jebb

ABSTRACT
Background: Reductions in eating rate are recommended to pre-
vent and treat obesity; yet, the relation between eating rate and
energy intake has not been systematically reviewed, with studies
producing mixed results.
Objective: Our main objective was to examine how experimentally
manipulated differences in eating rate influence concurrent energy
intake and subjective hunger ratings.
Design: We systematically reviewed studies that experimentally
manipulated eating rate and measured concurrent food intake,
self-reported hunger, or both. We combined effect estimates from
studies by using inverse variance meta-analysis, calculating the
standardized mean difference (SMD) in food intake between fast
and slow eating rate conditions.
Results: Twenty-two studies were eligible for inclusion. Evidence
indicated that a slower eating rate was associated with lower energy
intake in comparison to a faster eating rate (random-effects SMD:
0.45; 95% CI: 0.25, 0.65; P < 0.0001). Subgroup analysis indicated
that the effect was consistent regardless of the type of manipulation
used to alter eating rate, although there was a large amount of
heterogeneity between studies. There was no significant relation
between eating rate and hunger at the end of the meal or up to
3.5 h later.
Conclusions: Evidence to date supports the notion that eating rate
affects energy intake. Research is needed to identify effective inter-
ventions to reduce eating rate that can be adopted in everyday life to
help limit excess consumption. Am J Clin Nutr 2014;100:123–51.

INTRODUCTION

Observational studies report that overweight and obese in-
dividuals eat at a faster rate than do lean individuals (1, 2). There
is also some evidence that eating rate is a heritable behavioral
phenotype (3) and thus may be a contributing factor to weight
gain and obesity. This has prompted clinical interventions to
reduce eating rate in the dietary treatment of obesity (4) and
public health recommendations to slow eating rate to reduce the
risk of weight gain (5). However, observational studies are
fraught with confounding factors. Moreover, differences between
overweight and lean participants have not been consistently
observed when more objective measures of eating rate were used
in laboratory settings (6, 7). Thus, from these data it is unclear
whether faster eating rates promote greater energy intake and
weight gain.

Experimental laboratory-based studies that directly manipu-
lated eating rate offer the opportunity for direct comparisons of
the effect of different eating rates on appetite and energy intake.
However, data from these studies also reported mixed results,
with eating rate not significantly influencing food intake across
all studies (8–30). This may, in part, be due to differences in the
types of interventions used to change eating rate, which have
included verbal instructions (8), altering food texture (9), and
computerized feedback to participants (10). For example, Forde
et al (9) served participants either a hard-textured (slower eating
rate) or soft-textured (faster eating rate) version of 1 of 2 meal
types and found that a slower eating rate led to a reduction in
energy intake, whereas Andrade et al (14) manipulated eating
rate via verbal instructions and found no effect on intake.

Here we conduct a systematic review and meta-analysis of the
effect of eating rate on energy intake from controlled laboratory
experiments that manipulated eating rate and observed its effects
on concurrent energy intake, later self-reported hunger, or both.
Thus, our main objective was to assess whether there is evidence
that supports the proposition that eating rate affects energy
consumption. Our secondary aim was to examine whether the
method chosen to manipulate eating rate determines changes in
energy intake, because this information has the potential to in-
form behavioral therapies.
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METHODS

Eligibility criteria

Participants

We included experimental studies that tested human partici-
pants (of any age) and excluded studies that only included
participants with a clinically defined eating disorder.

Intervention/studies

Experiments and studies were included if they examined and
reported the effect of manipulating eating rate on concurrent energy
intake, with or without self-reported hunger ratings measured after
meal completion.

Comparator groups

To be eligible for inclusion, all experiments and studies were
required to include at least one condition in which participants ate
a meal at a statistically significant slower rate than a different
experimental condition. If a significant difference in eating rate
between 2 conditions was not clear or could not be ascertained by
contacting the authors, then the study was not deemed suitable for
inclusion. The reason for this was that we were primarily in-
terested in whether successful manipulation of eating rate in-
fluences consumption. For studies that examined the effect of
eating rate via manipulating food form (ie, softening the texture
of a food to increase eating rate), we included only studies that
made comparisons between modified versions (eg, apple com-
pared with apple purée; see reference 9) of the exact same food
in which these manipulations produced different eating rates.

Outcome measure

Studies were required to measure food intake assessed as either
energy intake or quantity of food consumed, with or without self-
reported hunger at the end of the meal, or hunger at a later time point.

Study design

Only studies with experimental designs were included, and
both repeated-measures/within-subjects (also referred to as
“crossover” designs in some of the articles) and between-subjects
(independent groups) designs were suitable for inclusion. The
repeated-measures/within-subjects design studies involved a par-
ticipant eating at both a fast and slower rate during different ex-
perimental sessions (order of sessions counterbalanced). The
between-subjects studies involved participants eating at either
a fast or slower rate during a session. We included studies that
reported randomized and nonrandomized designs.

Information sources and search strategy

For the formal search strategy, 3 electronic databases were
searched during March 2013: PsycINFO (http://www.apa.org/pubs/
databases/psycinfo/index.aspx), Web of Knowledge (http://wokinfo.
com/), and MEDLINE (http://www.nlm.nih.gov/bsd/pmresources.html).
Searches included a combination of key words relevant to eating
rate, speed, energy intake, food intake, hunger, and satiety. We
limited searches to human subjects. For an example of search
strategy, see Supplemental Appendix 1 under “Supplemental data”
in the online issue. The formal electronic searches were supple-
mented by a manual search of reference sections in articles iden-

tified by the electronic search and other relevant sources. Between
conducting the formal searches and submitting the manuscript for
publication, we also conducted supplementary electronic searches
by using Web of Science (http://wokinfo.com/) and MEDLINE via
Web of Knowledge to ensure we were aware of all potential
studies. The search process was guided by the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) (11).

Article selection and extraction of data

Two authors independently performed the searches (ER and
EA-R). Three authors were responsible for the evaluation of
articles for inclusion, with disagreements resolved by discussion
(ER, EA-R, and FR). A single author extracted data from the
included studies (ER); 30% of these articles were checked in-
dependently by 2 different authors (EA-R and FR), and there
were no disagreements. All authors were responsible for sug-
gesting relevant additional articles. We contacted corresponding
authors with specific questions related to the design and outcome
of their trials when this was not clear from their article.

Data items extracted for individual studies

Type of study

We classified type 1 studies as those that manipulated eating rate
and examined concurrent energy intake and type 2 studies as those
that corresponded to type 1 studies but that also measured self-
reported hunger at the end of the meal. Type 3 studies had manip-
ulated eating rate while keeping energy intake constant by serving
a fixed meal and measured self-reported hunger at a later time.

Participants

We recorded participant sample size, age, BMI, and sex and
inclusion criteria were extracted.

Study design

Information on whether the study was a repeated-measures/
within-subjects or between-subjects experiment was extracted.

Eating rate manipulation

We recorded the method of manipulation used and number of
participants in each study.

Food intake and eating rate measures

The food type that was eaten, testing times, and the method
used to record eating rate were all extracted.

Hunger measure

The type of hunger measure (eg, self-reported) and time when
the measure was taken were recorded.

Results

Eating rate (eg, g/min), intake (g or kcal), and/or hunger scores
were extracted. If data relating to study results were not reported
in the article, the authors were contacted.
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Additional information

We extracted information on whether or not participants were
randomly assigned to conditions, whether a cover story was used,
whether the researchers checked if participants were aware of the
aims of the study, and potential confounders (eg, whether water
intake was balanced across conditions).

Whenever the design of the study resulted in additional
conditions that were not relevant to our hypotheses (eg, if one
condition did not differ from another for eating rate), we only
extracted data on the relevant eating rate conditions.

Quality assessment

Because the studies reviewed had to be experiments (all of which
had a completion rate of close to 100%), the usual quality filters
for randomized trials or observational epidemiologic studies did not
apply. However, we examined whether studies used designs in
which participants would be blind to the true purpose of the
experiments, because this may have influenced conscious de-
cisions made about consumption. We further examined whether
randomization was used and whether participants reported
awareness of the study aims, and we identified any potential
confounding variables or methodologic limitations in each study.

Statistical and subgroup analysis

We calculated the standardized mean difference (SMD) and SE
of the SMD between experimental conditions for each study and
synthesized individual study SMDs via meta-analysis by using
the method of generic inverse variance implemented in RevMan
version 5.1 (31). We adopted SMDs because our main outcomes
of interest could be measured by different outcome scales: for
example, energy intake could be measured in grams or kilo-
calories and self-reported hunger could be measured by using
different self-report methods (eg, visual analog scales). The SMD
is a measure of effect size that accounts for variability in the use
of different outcome scales by estimating the difference between
2 experimental conditions for an outcome variable (eg, food
intake) and dividing that difference by the SD of the outcome
variable for the 2 experimental conditions. Pooled SMDs and
95% CIs were reported for each study type (types 1–3) separately.

All but 2 of the studies (9, 12) used repeated-measures/within-
subjects designs in which the same single group of participants
ate at different eating speeds during multiple study sessions. We
took account of the correlation between the experimental sessions
due to the repeated-measures design in the calculation of the SE
of the SMD. Because studies did not report values for the corre-
lation between experimental sessions, we estimated these corre-
lations for study types 1, 2, and 3 by using summary data made
available from study authors and our knowledge about repeated-
measures laboratory eating behavior studies (type 1, ρ = 0.75; type
2, ρ = 0.5; type 3, ρ = 0.6; see Supplemental Appendix 2 under
“Supplemental data” in the online issue for further details).

Among type 1 studies there were sufficient comparisons to test
subgroup differences between 4 different methods of manipu-
lating eating rate: verbal instructions (eg, reference 8), com-
puterized feedback (eg, reference 13), food form manipulations
(some studies manipulated the texture of food so it would be eaten
slower or faster; eg, reference 9), and food delivery manipulations
[eg, reference 12, in which food was consumed with a straw

(faster) or spoon (slow)]. We calculated SMDs for each study
type and examined differences between the 4 methods of ma-
nipulating eating rate in type 1 studies formally by using a chi-
square test of subgroup differences (see Supplemental Appendix
2 under “Supplemental data” in the online issue for further de-
tails). Pooled SMDs and 95% CIs were calculated for each
subgroup within the type 1 studies separately.

We assessed heterogeneity with the I2 statistic (the percentage
of variability between studies due to statistical heterogeneity).
(See Supplemental Appendix 2 under “Supplemental data” in
the online issue for I2 guidelines.) Because there was evidence
of moderate to considerable heterogeneity in the majority of
analyses, we used a random-effects model in all meta-analyses
reported and conducted subgroup analyses to examine possible
causes of this heterogeneity.

Most studies included 2 conditions, and therefore contributed one
comparison to the main analyses. Some studies included multiple
conditions that significantly differed in eating rate. For example,
Ioakimidis et al (13) included fast, slow, and intermediate eating rate
conditions. Thus, we conducted separate meta-analyses to compare
the effect of fast with slow speeds, slow with intermediate speeds,
and intermediate with fast speeds. In some instances, within-subjects/
repeated-measures design studies contributed multiple comparisons
to analyses (eg, the design in reference 20 resulted in conditions in
which eating rate instructions and food form manipulations were
used across different sessions), so in these cases we adjusted the
sample size of each comparison accordingly.

In the main analyses, we classified the faster of the 2 eating
rates as the “fast” condition and the slower of the 2 as the “slow”
condition without taking into account the numeric values of the
eating rates. Because the recorded eating rates for the fast and
slow conditions (measured in g/min or kcal/min), and therefore
the difference between the rates, varied between studies, we
performed a meta-regression to examine the influence of the
differing eating rates across studies on the pooled SMDs (ie,
whether a larger difference between the “fast” and “slow” rates
resulted in a larger difference in energy intake or hunger pooled
across the studies), because we reasoned that this may be
a source of heterogeneity. For individual studies, either the
percentage difference between eating rates was reported or we
were able to calculate the percentage difference from the nu-
meric eating rates reported (not all of the studies reported ab-
solute eating rates of fast and slow conditions, so we opted to
use percentage differences to include as much data as possible).
Meta-regression by percentage difference in eating rates was
performed for types 1 and 2 studies with fast compared with
slow eating rates only by using Stata version 11.2 (StataCorp)
(see Supplemental Appendix 2 under “Supplemental data” in the
online issue). We did not perform meta-regression for type 3
studies because of the small number of comparisons available
for type 3 studies for intermediate compared with slow condi-
tions and for intermediate compared with fast conditions.

RESULTS

Study selection

Details of the selection process are shown in Figure 1. After
removal of duplicates, the search yielded 733 publications.
The titles and abstracts of these were screened, which left
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76 publications that were of likely interest. Of these, 5 were
conference papers and 1 was a dissertation. We searched for
versions of these publications in peer-reviewed journals, and as
a result we identified 3 further peer-reviewed publications. Thus,
we fully text screened 73 publications of which 15 qualified for
inclusion. Of the remaining 58 publications that did not qualify
for inclusion, 41 did not examine the effect of an experimental
manipulation of eating rate, 8 did not examine eating rate, 5
sampled participants with eating disorders, on closer inspection
of data it was unclear whether 2 studies achieved a significant
difference in eating rate between conditions, 1 examined eating
rate but did not measure food intake or hunger, and 1 reported
insufficient methods information to qualify for inclusion. We
next identified any remaining publications through the authors’
collective knowledge and by searching the reference sections of
each eligible article identified through the search process. An
additional 7 eligible articles were identified, resulting in a total
of 22 studies. Some studies provided more than one unique
comparison into each meta-analysis [eg, Martin et al (17) ex-
amined the effect of eating rate in men and women separately],
so rather than combine data for such occurrences, we entered
each comparison separately.

Overview

Participant characteristics

Detailed information with regard to each individual study,
including sample sizes, is shown in Table 1 (type 1 and type 2

studies) and Table 2 (type 3 studies). Three studies sampled
males only (16, 28, 30), 6 sampled females only (8, 13–15, 19,
22), and the remaining studies included both sexes. Ten
studies reported a mean age between 18 and 25 y old (8, 10,
12–15, 22–25, 30), 7 studies had participants with a mean age
>25 y (9, 17, 20, 26–29), 2 studies sampled adolescents (21,
29), and the remaining studies did not report mean age. The
mean BMI of study participants was in the healthy-weight
range according to WHO BMI guidelines (in kg/m2; 18.5–
24.9) for 15 studies (8, 9, 12–16, 20–26, 30); and in 7 studies,
the mean BMI was >24.9 (10, 17–19, 27–29). Only one study
(16) did not report eligibility criteria for participants; common
criteria were exclusion of participants using medications
known to interfere with appetite, history of an eating disorder,
and food allergies. All but 2 of the studies (9, 12) used
a within-subjects design.

Type 1 studies: the effect of manipulating eating rate on
concurrent energy intake

Forest plots from studies examining the effect of fast and slow
eating rates on concurrent energy intake are depicted in Figure 2.
Overall, a small to medium-sized effect was observed, which
was significant. In the fast eating rate conditions, participants
had a higher energy intake than did those in the slow eating rate
conditions (random-effects SMD: 0.45; 95% CI: 0.25, 0.65; P <
0.0001, I2 = 92%).

Three studies (13, 21, 22) provided comparisons between fast,
intermediate, and slow eating rate conditions (forest plot figures
not shown). A significant effect was observed, with participants
in the fast condition tending to eat more than participants in the
intermediate conditions (random-effects SMD: 0.70; 95% CI:
0.53, 0.88; P < 0.0001, I2 = 35%). Similarly, for the comparison
between slow and intermediate eating rate conditions, a large
effect was observed, whereby participants tended to eat less in
the slow compared with the intermediate condition, but this was
not significant at the 5% level (random-effects SMD: 1.30; 95%
CI: －0.07, 2.66; P = 0.06, I2 = 98%).

Subgroup analyses: method of manipulating eating rate

Studies examining the effect of fast compared with slow eating
rates can be classified into 4 main subgroups (Figure 2). Four
studies examined the effect of providing participants with verbal
instructions (8, 14, 18, 20). These studies typically involved
researchers instructing participants to chew slowly and take their
time while eating. Seven studies (9, 16, 19, 20, 23–25) examined
the effect of manipulating food form. These studies typically
provided participants with soft (fast eating rate) or hard (slow
eating rate) textured versions of the same food. Six studies (10,
13, 17, 21, 22, 26) manipulated eating rate by using computer-
ized feedback. Here, intake was measured on a set of scales
while subjects were eating and they received instructions on
a computer screen to modify eating rate. Two studies (12, 15)
manipulated eating rate via the method of food delivery. In one
study (12), this involved eating with a spoon (slow eating rate)
rather than a straw (fast eating rate); and in the other study,
participants ate from a container that refilled quickly or slowly
(15). We did not find any significant evidence of a difference
between methods used to manipulate eating rate on concurrent
energy intake (test of subgroup differences: χ2 = 3.90, df = 3,
P = 0.27, I2 = 23%).

FIGURE 1. Search flowchart.
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Type 2 studies: self-reported hunger after consuming a meal

Of the 21 type 1 studies, 11 also measured and reported hunger
at meal completion (8–10, 12, 14, 17, 18, 22–25). Examining the
effect of fast compared with slow eating rates, there was no
significant effect of eating rate on hunger (random-effects SMD:
0.04; 95% CI: －0.09, 0.16; P = 0.54, I2 = 66%), as shown in

Figure 3. One study (22) that contributed to the overall analysis

of fast compared with slow eating rates also included an in-

termediate eating rate group. For this study, there were no sig-

nificant differences between fast and intermediate conditions

(SMD: 0.08; 95% CI: －0.21, 0.37; P = 0.59) or intermediate and
slow eating rates (SMD: 0.07; 95% CI: －0.22, 0.36; P = 0.62).

FIGURE 2. Forest plot of studies examining effect of fast compared with slow eating rates on concurrent intake (type 1 studies). I2 is an indicator of
between-comparison heterogeneity. Inverse variance meta-analysis with standardized mean differences was used. IV, inverse variance; Std., standardized.

FIGURE 3. Forest plot of studies examining effect of fast compared with slow eating rates on hunger after measuring concurrent intake (type 2 studies). I2 is an
indicator of between-comparison heterogeneity. Inverse variance meta-analysis with standardized mean differences was used. IV, inverse variance; Std., standardized.
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Relation between change in eating rate and change in food
intake

For the 23 comparisons from type 1 studies, there was sig-
nificant evidence of a larger SMD in energy intake between fast
and slow conditions as the percentage difference between the
eating rates increased (regression coefficient: 0.013; 95% CI:
0.002, 0.025; P = 0.02), suggesting that the size of the change in
eating rate that experimental manipulations produced may also
have an effect on food intake (as shown in Figure 4).

Relation between change in eating rate and change in hunger

For the 13 comparisons from type 2 studies, we did not find
significant evidence of a relation between difference in per-
centage eating rate and SMD in self-reported hunger (regression
coefficient: 0.002; 95% CI: －0.005, 0.010; P = 0.527), as shown
in Figure 5. However, we had fewer comparisons from type 2
studies than for type 1 studies and therefore less power to detect
a relation between percentage difference between eating rates
and self-reported hunger.

Type 3 studies: later self-reported hunger after consuming
a fixed meal

Four studies (27–30) examined self-reported hunger several
hours after eating a fixed amount of food at a fast or slow rate. In
all studies, we analyzed the final time point available for mea-
sured hunger, which was 180 min from the start of eating for
2 studies (27, 30) and 210 min for the other studies (28, 29).
Comparing fast with slow eating rates, no significant effect on
later hunger was observed (SMD: 0.48; 95% CI: －0.17, 1.13;
P = 0.15, I2 = 93%), as shown in Figure 6. One study (27)
examined the effect of a fast compared with an intermediate
eating rate (SMD: 0.0; 95% CI: －0.40, 0.40; P = 0.99) as well
as the effect of an intermediate compared with a slow eating rate
(SMD: －0.05; 95% CI: －0.45, 0.34; P = 0.82), and there were
no significant differences.

Heterogeneity across comparisons

We noted a large degree of heterogeneity in the majority of
meta-analyses, and therefore presented results from random-

effects models. Meta-regression for type 1 studies showed that the
percentage difference between eating rates was associated with
energy intake, which is likely to contribute to some of this
heterogeneity (as shown in the relation between change in eating
rate and change in food intake analysis). We found no significant
evidence of difference between methods of manipulation of
eating rate. For all study types, we conducted further subgroup
analyses to identify factors that may have contributed to the
heterogeneity. For example, there were variations across studies
for participant sex (female-only studies compared with mixed-
sex studies), average weight status (studies in which mean BMI
was within a healthy weight range compared with a BMI above
the healthy weight range), and meal type (eg, was food intake
measured during a main meal or snack). However, we found no
evidence to support any of these as significant determinants.

Quality of evidence

Of the 22 studies, most reported that participants had been
randomly assigned to experimental conditions, although 6 (9, 10,
15–17, 19) did not report whether random assignment was used.
Seven of the studies reported the use of a cover story to disguise
the aims of the research (18, 19, 22, 24–26, 30), whereas the
remaining studies did not. Andrade et al (8) previously raised
concerns about water intake confounding the influence of eating
rate on food intake. Nineteen included studies either did not
serve water or had similar water consumption across conditions.
In one study, it was unclear whether intake was balanced across
conditions (21); in another, there was a significant difference
between conditions (14); and in one study (25), there was
a nonsignificant difference (P = 0.09) in water intake between
fast and slow eating conditions. The exclusion of these 3 studies
from the analysis (collectively) had no effect on the overall re-
sults.

Few other limitations were observed that would be likely to
influence the observed results. In one computerized instruction,
study participants in the slow and fast eating rate conditions were
served different-sized portions of food (13). In one study, par-
ticipants were told to let go and binge eat during the meal, al-
though this instruction was used in both eating rate conditions

FIGURE 4. Meta regression plot (bubble plot) examining the change in
standardized mean differences between fast and slow eating on concurrent
intake (type 1 studies) by the percentage difference in fast and slow eating
rates.

FIGURE 5. Meta regression plot (bubble plot) examining the change in
standardized mean differences between fast and slow eating on postmeal
hunger (type 2 studies) by the percentage difference in fast and slow eating
rates.
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(15). In 2 of the food form/texture studies (24, 25), there was
a tendency for the soft-textured food (fast condition) to be liked
more than the hard-textured food (slow condition). We examined
whether removing these studies from our analyses (individually
and collectively) influenced the eating rate effect on concurrent
energy consumption; the overall effect remained significant, and
a similar sized effect was observed. Visual inspection of funnel
plots indicated that there was no evidence of publication bias.

DISCUSSION

Overview

The results of available study data included in this systematic
review suggest that slower eating rates lead to a significant re-
duction in food intake. Altering eating rate was not shown to alter
subjective reports of hunger at meal end or 2–3.5 h later. Analysis
also showed that the approach used to manipulate eating rate did
not significantly influence whether a slower eating rate was as-
sociated with reductions in food intake, although larger de-
creases in eating rate were associated with larger decreases in
food intake. However, there was a large amount of heterogeneity
across study outcomes.

Mechanisms

Several experimental studies have suggested that the speed of
eating and frequency of chewing may influence various satiety
hormones, altering concentrations of insulin, glucagon-like
peptide 1, cholecystokinin, peptide YY, pancreatic polypeptide,
and triglycerides (26, 28, 29, 32). In addition, eating rate could
also influence food intake via differences in stomach distension,
with slow eating resulting in slower gastric emptying (33, 34).
However, more work is needed to clarify the relative role of
different satiety hormones, because findings have been in-
consistent to date (26–29).

A probable mechanism by which eating rate may affect intake
is through the magnitude (duration + intensity) of oral exposure to
taste. A fast eating rate is directly related to a lower duration of
sensory exposure per unit (in g or kcal) of food (35). Numerous
studies have shown that when eating rate is held constant, in-
creasing oral sensory exposure leads to a lower energy intake
(36, 37). Another complementary potential mechanism concerns
slower eating being related to a higher number of sips, bites, or
chews per unit of food (35). The results of 2 experimental studies
suggest that increasing the number of bites or sips, while keeping
eating rate constant, leads to lower energy intake (38, 39). In
another recent study, increasing the number of chews per unit of
food also decreased ad libitum energy intake in obese and

normal-weight subjects (40). It may be that some people have
developed a learned association between the number of sips,
bites, or chews and feelings of satiation that bring a meal to an
end. These suggestions are also in line with the finding from the
present review that altering the eating rate influenced concurrent
intake but had little influence on hunger measured later that day.

Implications for behavioral interventions

Our analyses indicate that reducing eating rate in individuals
could be an important approach to help curtail energy con-
sumption. In the present analysis, the reduction in food intake
observed as a result of interventions to slow eating rate was not
associated with an increase in hunger, which decreases the risk of
later energy compensation (25). Ford et al (4) reported results
from a childhood obesity trial that suggests that targeting eating
rate may be beneficial for weight loss, confirming that modifying
eating rate could be an approach that contributes to weight loss or
weight maintenance. However, further research is now needed.

How best to reduce eating rate now deserves attention both in
a clinical and public health context. Strategies that attempt to
retrain and teach individuals to eat at a slower rate are one option
and computerized training has potential for individual in-
terventions (4). At a population level, altering food form may be
a strategy worthy of further investigation. Other manipulations to
a food product to reduce eating rate may include combinations of
textures that require smaller bites, more chew cycles per bite, and
a longer oral residence time. This method could represent a more
sustainable approach to alter eating rate than verbal or visual
instructions because it may be less disruptive of habitual eating
patterns, without subsequent compensation (25).

Limitations and future research

Most studies used random assignment, and we did not identify
any major limitations. Moreover, accounting for studies that did
have some limitations did not change the pattern of results ob-
served. Few studies used detailed cover stories, so the observed
effects could be inflated by demand characteristics. For example,
if participants believed that eating slowly makes you feel fuller,
this belief may have influenced their energy consumption (41).
Some studies manipulated eating rate via alterations to food form,
which could result in changes in food intake independent of
eating rate. However, there was clear evidence from the other
study types that eating rate affected food intake. A limitation of
the present work was that reviewed studies predominantly ex-
amined energy consumption during an experimental session, so
we are not able to conclude whether habitually changing the
speed at which individuals eat would produce consistent and

FIGURE 6. Forest plot of studies examining effect of fast compared with slow eating rates while eating a fixed portion of food on later hunger (type 3
studies). I2 is an indicator of between comparison heterogeneity. Inverse variance meta-analysis with standardized mean differences was used. IV, inverse
variance; Std., standardized.
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sustained reductions in energy intake in free-living conditions.
Although, as noted, a recent study did find that a slower eating
rate was associated with reduced food intake during that meal and
compensation did not occur during other meals that day (25).
Caution is also needed in extrapolating these data to people who
are obese. Most studies reviewed sampled predominantly healthy-
weight young adults, although in some studies the mean sample
BMI was in the overweight range. Finally, there was a large amount
of heterogeneity across studies for our main outcome variables,
which formal analysis was not able to fully explain. This suggests
that the effect of manipulating eating rate on food intake is variable
across studies. The methods used to manipulate eating rate did not
appear to explain this variability in the present analysis, so it may
be that individual differences and usual eating rate moderate any
experimental manipulation. Future work to determine why this
variability occurs is now needed.

Conclusions

There is evidence that manipulating eating rate affects energy
consumption, although future work will need to address the
factors that determine the magnitude of this effect. Reducing
eating rate may be an effective intervention to decrease energy
intake as part of behavioral strategies to prevent and treat obesity.
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Effect of moderate-dose vitamin D supplementation on insulin
sensitivity in vitamin D–deficient non-Western immigrants
in the Netherlands: a randomized placebo-controlled trial1–4

Mirjam M Oosterwerff, Elisabeth MW Eekhoff, Natasja M Van Schoor, A Joan P Boeke, Prabath Nanayakkara,
Rosa Meijnen, Dirk L Knol, Mark HH Kramer, and Paul Lips

ABSTRACT
Background: Low serum 25-hydroxyvitamin D [25(OH)D] con-
centrations have been associated with insulin resistance, the meta-
bolic syndrome, and type 2 diabetes. Because many non-Western
immigrants in the Netherlands are vitamin D deficient, obese, and at
high risk of diabetes, vitamin D supplementation may contribute to
prevent diabetes and insulin resistance.
Objective: We examined the effect of vitamin D supplementation
on insulin sensitivity and β cell function in overweight, vitamin D–
deficient, non-Western immigrants at high risk of diabetes.
Design: The study was a 16-wk, randomized, placebo-controlled
trial. A total of 130 non-Western immigrants with prediabetes (fasting
glucose concentration >5.5 mmol/L or random glucose concentration
from 7.8 to 11.1 mmol/L) and vitamin D deficiency (serum 25[OH]D
concentration <50 nmol/L) were randomly assigned after stratifica-
tion by sex to receive either cholecalciferol (1200 IU/d) or a placebo
for 16 wk. All participants received 500 mg Ca/d as calcium carbon-
ate. The primary outcome was the difference in the area under the
curve of insulin and glucose after a 75-g oral-glucose-tolerance test
after 4 mo of treatment. Secondary outcomes were insulin-sensitivity
variables, β cell–function variables, and metabolic syndrome.
Results: Mean serum 25(OH)D concentrations increased signifi-
cantly in the vitamin D compared with placebo groups. After
4 mo of therapy, the mean between-group difference was 38 nmol/L
(95% CI: 32.1, 43.9 nmol/L; P < 0.001). There was no significant
effect on insulin sensitivity and β cell function. In a post hoc analysis,
when patients with diabetes at baseline were excluded, a significant
increase in the insulinogenic index was observed in participants who
obtained a 25(OH)D concentration ≥60 nmol/L (P = 0.040).
Conclusions: Vitamin D supplementation in non-Western vitamin
D–deficient immigrants with prediabetes did not improve insulin
sensitivity or β cell function or change the incidence of metabolic
syndrome. However, after the exclusion of diabetic subjects, an
improvement in the insulinogenic index was observed in partici-
pants who obtained a 25(OH)D concentration ≥60 nmol/L. This
trial was registered at trialregister.nl as NTR1827. Am J
Clin Nutr 2014;100:152–60.

INTRODUCTION

The prevalence of diabetes has increased substantially over the
past decades. Different strategies for addressing the prevention of
diabetes in high-risk populations have been developed. Vitamin D
deficiency may play a role in the development of type 2 diabetes

because it is associated with reduced insulin sensitivity and
compromised β cell function.

Cross-sectional studies have shown that low serum 25-
hydroxyvitamin D [25(OH)D]5 is associated with glucose in-
tolerance, insulin resistance, the metabolic syndrome, and type 2
diabetes (1–4). Prospective cohort studies have identified an in-
verse association between the baseline serum 25(OH)D concen-
tration and risk of developing insulin resistance and diabetes (5–8).
However, results from small clinical trials and post hoc analyses of
larger trials regarding the effect of vitamin D supplementation on
glucose homeostasis have been inconsistent (9–11).

In non-Western immigrants in the Netherlands, the prevalence
of severe vitamin D deficiency, which has been defined as a serum
25(OH)D concentration <25 nmol/L, is ~50% (12). Further-
more, the prevalence of obesity is high, and diabetes is 4 times
more prevalent, in Turkish and Moroccan immigrants compared
with the indigenous Dutch population (13, 14). The objective of
the present trial was to evaluate the effect of vitamin D supple-
mentation on insulin sensitivity and β cell function in non-
Western immigrants in the Netherlands.

METHODS

Study design and participants

The study was designed as a randomized, placebo-controlled,
double-blind trial that examined the effect of vitamin D compared
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with a placebo on pancreatic β cell function, insulin sensitivity,
and glycemia in non-Western immigrants at risk of type 2 di-
abetes. The trial was conducted at the Clinical Research Unit of
the VU University Medical Center (VUmc) in Amsterdam. The
study was approved by the Ethical Review Board of the VUmc,
and all participants provided written informed consent. The trial
was registered at trialregister.nl as NTR1827.

Participants were non-Western immigrants, 20–65 y of age,
and with BMI (in kg/m2) ≥27 with impaired fasting glucose or
glucose intolerance that was defined as a fasting plasma glucose
concentration from 5.6 to 6.9 mmol/L or an impaired random
glucose concentrations from 7.8 to 11.1 mmol/L. Participants
were screened for vitamin D deficiency [serum 25(OH)D con-
centration <50 nmol/L].

Exclusion criteria included pregnancy or lactation, very severe
vitamin D deficiency (<10 nmol/L), a history of diabetes type 1
or secondary diabetes, oral antidiabetic agents or insulin therapy,
use of vitamin D supplements over 200 IU/d, a concurrent in-
terfering medication [ie, an antiviral medication or corticoste-
roids, badly controlled thyroid or adrenal disease, serious heart
or pulmonary disease, hepatic disease (enzyme values >3 times
the upper limit of normal), or renal disease (creatinine concen-
tration >150 μmol/L), and serious mental impairment.

Participants were recruited from the outpatient department of
VUmc and participating general practices and through print
advertisements and visits to mosques, community centers, and
health markets over a 2-y recruitment period from August 2009 to
May 2011. Potential participants underwent screening for
overweight by weight and height measurements and subsequent
screening that included a whole blood or plasma glucose con-
centration and serum 25(OH)D concentration. Glucose was either
measured by using a venous blood sample or a calibrated
Hemocue (Hemocue Diagnostics BV) measurement in whole
blood depending on the screening site.

Random assignment and blinding

Eligible participants were randomly assigned in blocks of 20
subjects stratified by sex. In each block, participants were al-
located in a 1:1 ratio to receive 1200 IU vitamin D3/d (3 tablets of
400 IU) or 3 identical placebo tablets per day. All participants
received calcium carbonate (1 tablet/d) that contained 500 mg
elementary calcium (Nycomed BV). Calcium was supple-
mented, because dietary calcium intake is very low in the study
population. Vitamin D3 and placebo tablets were manufactured
by Vemedia Manufacturing BV. The pharmacist of the VUmc,
who was independent of the clinical study team, randomly as-
signed participants by using a computer-generated randomiza-
tion list and prepared the study medication. The vitamin D
content was tested several times during the study to determine
degradation during storage. Participants were advised to main-
tain their own diets and physical activities during the study. Data
remained masked until all data were entered into the database,
verified, and analyzed.

Procedures

Random assignment occurred within 5 wk after screening if
the participant was eligible and informed consent was obtained.
Baseline characteristics included glycated hemoglobin (Hb A1c),

blood pressure, anthropometric measurements, and a 75-g oral-
glucose-tolerance test (OGTT) after an overnight fast. Two
months after random assignment, a control visit was performed.
Pill adherence was assessed by counting the study medication.
Fasting blood samples were taken as well as anthropometric
measurements. Four months after random assignment, a final
study visit included a 75-g OGTT, anthropometric measure-
ments, and a pill count. Compliance was enhanced through
regular phone calls. Primary endpoints were the AUC of glucose
and AUC of insulin during 2 h after a 75-g OGTT.

Secondary outcome measures were the change in 25(OH)D
concentration, parathyroid hormone (PTH) concentration, BMI,
Hb A1c, and insulin sensitivity and secretion variables as well as
the metabolic syndrome, which was defined according to the
Adult Treatment Panel III criteria as the presence of ≥3 of the
following criteria: triglyceride concentration ≥1.7 mmol/L, HDL-
cholesterol concentration <1.03 mmol/L for men and <1.3 mmol/
L for women, blood pressure ≥130/85 mm Hg or use of an anti-
hypertensive medication, waist circumference ≥102 cm for men
and ≥88 cm for women, and a glucose concentration ≥5.6 mmol/L
(15).

During the OGTT, subjects were placed in a semirecumbent
position. A radial vein was cannulated to permit sampling of
venous blood glucose. The cannula was kept patent by using
0.9% saline. Glucose was measured immediately on site by using
the Yellow Springs Glucose analyzer YSI2300 STAT Plus
(Yellow Springs,) at time －10,-5, 30, 60, 90, and 120 min. The
device has a within-run CV of 2%. Fasting values for glucose
were calculated as the average of the 2 basal values. Venous
blood samples for the total blood count, calcium, albumin, Hb
A1c, and kidney and liver functions were sent directly to the
Laboratory of Clinical Chemistry, VUmc. Serum samples for
25(OH)D, PTH, and insulin were stored under identical condi-
tions at －80°C. Blood pressure was measured with a Dinamap
Pro300V2 (GE Medical Systems) device before the OGTT in
a sitting position.

Serum 25(OH)D was measured in EDTA plasma samples
stored at －80°C by using isotope dilution–online solid-phase
extraction liquid chromatography–tandem mass spectrometry.
Samples were extracted and analyzed by using solid-phase ex-
traction liquid chromatography–tandem mass spectrometry
(a Symbiosis online SPE system; Spark Holland) coupled to
a Quattro Premier XE tandem mass spectrometer (Waters Corp).
The interassay CV was 9% at 25 nmol/L and 6% at 63 nmol/L
(16). Serum PTH was measured in EDTA samples by using an
immunoradiometric assay (Luminescence; Abbott) with an in-
terassay CV of 9% at 1 pmol/L and 5% at >1 pmol/L. Insulin
was measured by using an immunometric assay (Luminescence,
Advia Centaur; Siemens Medical Solutions Diagnostics) with an
interassay CV of 8%. Laboratory measurements for 25(OH)D,
PTH, and insulin were done in pairs (before and after the in-
tervention) and in the same analytic run to decrease variation at
the Endocrine Laboratory, VUmc.

Computation

AUCs of insulin and glucose were computed by applying the
trapezoidal rule on values from 0 to 120 min (17). The in-
cremental AUC was similarly computed after the subtraction of
the fasting value. The ratio of these AUCs (AUC insulin:AUC
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glucose) was evaluated as a measure of insulin release during the
OGTT. The insulin-sensitivity index (ISI) composite:

10, 000÷?gluc0 × ins0 × glucmean × insmean (1)

where gluc0 is the glucose baseline, ins0 is the insulin baseline,
glucmean is the glucose mean, and insmean is the insulin mean—
was used to evaluate insulin sensitivity (18), as well as the
Stumvoll index (19),

18.8— 0.27 × BMI — 0.0052× ins120 — 0.27 × gluc90 (2)

The insulinogenic index was calculated as the change in in-
sulin over the first 30 min (insulin at 30 min － insulin at 0 min)
divided by the change in glucose over the first 30 min (glucose
at 30 min － glucose at 0 min)] to evaluate the β cell function.
The HOMA-IR was calculated as follows:

Ins0 × gluc0 ÷ 135 (3)

with insulin in pmol/L (20).

Statistical analysis

With the use of an independent sample t test, 54 persons/
group were needed to detect a difference between groups of
50 μU · mL－1 · min－1 in incremental AUC for insulin (with
the assumption of an SD of 92 μU · mL－1 · min－1, α = 0.05,
and a power of 0.80). To account for a dropout rate of 15%, 64
participants/group were needed.

Differences in baseline characteristics between intervention and
placebo groups were tested by using independent t tests for normally
distributed continuous variables, Mann-Whitney U tests for skewed
variables, and Pearson’s chi-square tests for categorical variables.
Normally distributed variables are presented as means (±SDs),
skewed variables are presented a medians with IQRs, and categor-
ical variables are presented as percentages.

To compare differences between treatment groups in outcomes
over time, linear mixed models (LMMs) were used. LMMs adjust
for dependencies between repeated responses and allow for
missing data without introducing bias. Fixed factors time [with
levels 0 (baseline), 2 mo (if appropriate), and 4 mo] and group
(with levels of intervention and placebo) were constructed. The
effect of interest was the group-by-time interaction. An un-
structured covariance matrix was chosen for repeated measures.
Resulting estimates of fixed effects could be interpreted as the
difference score (follow-up minus baseline) for the intervention
compared with placebo groups during the follow-up period. A
generalized estimating equation analysis was used to evaluate the
effect of treatment over time within the different glucose-tolerance
groups. All effects were adjusted for sex, age, and BMI or waist
circumference and based on all randomly assigned participants
following the intention-to-treat principle. Skewed continuous
variables were natural log transformed before analysis. In a post hoc
analysis, the same analyses were performed in participants with
baseline serum 25(OH)D concentrations <25 nmol/L, with com-
pliance rates >80% and the inclusion of participants with impaired
fasting glucose and impaired glucose tolerance during the OGTT. In
another post hoc analysis, patients with diabetes at baseline were

FIGURE 1. Study-flow diagram. DM, diabetes mellitus; ITT, intention to treat; OGTT, oral-glucose-tolerance test.
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excluded, as suggested by Boucher et al (21), and the effect of
treatment was analyzed in participants who obtained a serum
25(OH)D concentration >60 nmol/L. P values were 2 sided at
the 0.05 significance level. Statistical analyses were performed
with SPSS 15.0 software (version 15.0.1; SPSS Inc).

RESULTS

Study recruitment and follow-up

The study flow diagram is shown in Figure 1. Of 872 subjects
interested in the study, 268 participants were eligible for
screening, including a serum 25(OH)D measurement after
a glucose measurement was done. Of 268 screenings, 157 sub-
jects (59%) were eligible for inclusion. A total of 130 partici-
pants were randomly assigned, and 85% of participants
completed the study (53 subjects in the intervention group and
57 subjects in the placebo group). Dropouts included the fol-
lowing: 8 subjects experienced side effects, 5 participants did

not adhere to the protocol because of a long stay in a foreign
country, 4 subjects started taking an antidiabetic medication, one
subject started ultraviolet light therapy, one participant became
pregnant, and 1 subject was excluded because of anemia.

Baseline characteristics

Baseline characteristics of the study population by treatment
group are shown in Table 1. No differences were shown between
groups except for the AUC of glucose, Hb A1c concentration,
Stumvoll index, and alcohol use. The intervention group used
more alcohol and had lower glucose concentrations at baseline
and a significantly lower Hb A1c.

Effects of supplementation

After therapy, mean (±SD) 25(OH)D concentrations increased
from 25 ± 11 to 58 ± 12 nmol/L after 2 mo and 60 ± 16 nmol/L
after 4 mo in the intervention group. In the placebo group, 25(OH)D

TABLE 1

Baseline data in both study groups1

Characteristic Vitamin D group (n = 65) Placebo group (n = 65) P

Age (y) 48.9 ± 10.32 51.5 ± 10.5 0.16

Sex (M) (%) 40 40 1.00

Ethnicity (%) 0.34

Morocco 40 37 —

Surinam 19 32 —

Turkey 19 20 —

Other 23 11 —

Smoking (%) 9 6 0.80

Alcohol use (%) 23 9 0.03

BMI (kg/m2) 32.2 ± 4.8 33.2 ± 5.1 0.25

Waist:hip ratio 0.9 ± 0.1 0.9 ± 0.1 0.17

Systolic BP (mm Hg) 133 ± 16 135 ± 16 0.43

Diastolic BP (mm Hg) 80 ± 12 80 ± 12 0.93

25(OH)D (nmol/L) 25.0 ± 10.8 21.7 ± 10.5 0.08

PTH (pmol/L) 8.4 (6.6–11.2)3 9.5 (6.3–12.8) 0.54

Fasting glucose (mmol/L) 5.0 (4.7–5.3) 5.12 (4.7–5.7) 0.21

Fasting insulin (pmol/L) 70 (52–96) 78 (56–114) 0.17

Total cholesterol 4.8 ± 0.9 4.8 ± 0.9 0.66

HOMA-IR4 2.2 (1.7–3.2) 2.6 (1.9–3.7) 0.13

AUC of insulin during OGTT (pmol · L－1 · 120 min－1) 46,266 (31,473–70,653) 55,410 (35,097–81,029) 0.33

Incremental AUC of insulin during OGTT (pmol · L－1 · 120 min－1) 37,762 (25,539–59,033) 44,945 (28,795–63,023) 0.43

AUC of glucose during OGTT (mmol · L－1 · 120 min－1) 884 (748–1060) 997 (822–1161) 0.02

Incremental AUC of glucose during OGTT (mmol · L－1 · 120 min－1) 288 (167–422) 380 (262–494) 0.02

AUC insulin:AUC glucose 57 (38–80) 51 (36–84) 0.80

ISI composite5 10.4 ± 5.8 8.7 ± 4.9 0.07

Stumvoll index (mL · min－1 · kg－1)6 5.1 ± 2.9 3.9 ± 2.9 0.02

Insulinogenic index7 118 (75–181) 99 (66–202) 0.50

Hb A1c (%) 5.8 (5.5–6.1) 6.0 (5.7–6.4) 0.004

Season of study entry (%) 0.47

October through March 57 63 —

April through September 43 37 —

1 n = 130. P values are from independent t test for continuous variables and the Mann-Whitney U test for skewed variables; differences in frequencies

were determined by using Pearson’s chi-square test. BP, blood pressure; glucmean, glucose mean; gluc0, glucose at baseline; gluc30, glucose at 30 min;

gluc90, glucose at 90 min; Hb A1c, glycated hemoglobin; insmean, insulin mean; ins0, insulin at baseline; ins30, insulin at 30 min; ins120, insulin at 120 min;

ISI, insulin-sensitivity index; OGTT, oral glucose tolerance test; PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D.
2 Mean ± SD (all such values).
3 Median; IQR in parentheses (all such values).
4 HOMA-IR = fasting glucose × fasting insulin (pmol/L) ÷ 135.
5 ISI composite = 10,000 ÷ ?gluc0 (mmol/L) × ins0 (pmol/L) × glucmean × insmean.
6 Stumvoll index = 18.8 － 0.27 × BMI (kg/m2) － 0.0052 × ins120 － 0.27 × gluc90.
7 Insulinogenic index = (ins30 － ins0) ÷ (gluc30 － gluc0) (pmol/mmol).
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concentrations remained stable at 22 ± 11 nmol/L at baseline, 24 ±
16 nmol/L after 2 mo, and 23 ±15 nmol/L after 4 mo. There was
a significant difference between intervention and placebo groups
after 4 mo of 38 nmol/L (95% CI: 32, 44 nmol/L; P < 0.001)
(Figure 2).

Change in outcome variables

Study inclusion required impaired fasting glucose or impaired
glucose tolerance diagnosed with a random glucose measure-
ment. After inclusion, an OGTT was performed. Diabetes was
diagnosed in 11% of participants; 49% of participants were
glucose tolerant, and 40% of participants had impaired glucose
tolerance according to the American Diabetes Association cri-
teria (22). After intervention, this pattern did not change sig-
nificantly as analyzed by using a generalized estimating equation
(Table 2).

After adjustment for age, sex, and BMI, AUCs for insulin,
glucose, and insulin:glucose did not change significantly in the
treatment compared with placebo groups (Table 3). Results did
not change when BMI was substituted by waist circumference.
The mean difference by LMMs for the AUC for glucose was

7 mmol/L (P = 0.8). Median insulin concentrations and mean
glucose concentrations during glucose tolerance tests are shown
in Figure 3.

In a post hoc analysis, there was no significant interaction with
sex. With post hoc analyses, 5 additional subjects were excluded
from analyses because of protocol violations.

Other post hoc analyses restricted to participants with
compliance for the study medication >80% (n = 81), with
serum baseline 25(OH)D concentrations <25 nmol/L (n = 74),
or with impaired fasting glucose or impaired glucose tolerance
(n = 50), revealed no change in outcome variables (data not
shown).

Change in secondary variables

With increasing serum 25(OH)D in the intervention group,
PTH concentrations decreased significantly (P = 0.03 between
groups by using LMMs). The median serum PTH concentration
after 4 mo was 7 pmol/L (IQR: 6–9 pmol/L) in the treatment
group and 8 pmol/L (IQR: 6–11 pmol/L) in the placebo group.
No significant difference between groups was shown in serum
calcium concentrations (P = 0.20) and cholesterol concentra-
tions (P = 0.25). BMI of participants did not change signifi-
cantly over 4 mo (intervention group: 32 ± 5 at baseline and
33 ± 5 after 4 mo; placebo group: 33 ± 5 at baseline and 33 ±
5 after 4 mo).

Hb A1c was significantly different at baseline between the 2
groups with no change after the intervention. Both intervention
and placebo groups showed stable Hb A1c concentrations over
the 4-mo study period. HOMA-IR, ISI composite, and Stumvoll
and insulinogenic indexes did not change significantly (Table 3).
In the post hoc analysis (n = 81), when patients with diabetes
were excluded and the analysis was restricted to participants
who reached a serum 25(OH)D concentration ≥60 nmol/L after
the intervention (vitamin D group: n = 27; control group: n =
54), a significant increase (P = 0.040) in the insulinogenic index
was observed. Other β cell and insulin sensitivity variables did
not change.

The metabolic syndrome was present in 32% of subjects in the
intervention group at baseline and 45% of subjects in the placebo

FIGURE 2. Mean (±SD) serum 25(OH)D concentrations in the intention-
to-treat population. n = 65 in each treatment group. P < 0.001 tested with
linear mixed models. 25(OH)D, 25-hydroxyvitamin D.

TABLE 2

Classification of subjects according to glucose tolerance at baseline and after treatment1

Baseline After treatment Results of GEE analysis

Vitamin D

(n = 65)

Placebo

(n = 65) P

Vitamin D

(n = 53)

Placebo

(n = 57) P OR (95% CI) P

IFG (%)2 1.5 6.2 0.17 1.9 5.3 0.35 0.65 (0.02, 18.3) 0.81

IGT (%)3 18.5 23.1 0.52 24.5 29.8 0.53 1.11 (0.44, 2.80) 0.83

Type 2 diabetes (%)4 7.7 13.8 0.26 7.5 14.0 0.28 0.89 (0.24, 3.39) 0.87

NGT (%)5 63.1 35.4 0.002 64.2 33.3 0.001 0.89 (0.43, 1.84) 0.76

IFG and IGT (%)6 9.2 21.5 0.05 1.9 17.5 0.006 4.78 (0.34, 67.04) 0.25

1 P values were determined by using Pearson’s chi-square test to evaluate between treatment groups. ORs (95% CIs) for glucose tolerance groups are

presented by using GEE analysis to evaluate the effect of treatment over time, adjusted for sex, age, and BMI. GEE, generalized estimating equation; IFG,

impaired fasting glucose; IGT, impaired glucose tolerance; NGT, normal glucose tolerance.
2 Fasting glucose concentration from 5.6 to 7.0 mmol and 2-h glucose concentration <7.8 mmol/L.
3 Fasting glucose concentration <5.6 mmol/L and 2-h glucose concentration ≥7.8 and <11.1 mmol/L.
4 Fasting glucose concentration ≥7.0 mmol/L or 2-h glucose concentration ≥11.1 mmol/L.
5 Fasting glucose concentration <5.6 mmol/L and 2-h glucose concentration <7.8 mmol/L.
6 Fasting glucose concentration from 5.6 to 7.0 mmol/L and 2-h glucose concentration ≥7.8 and <11.1 mmol/L.
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group. After the intervention, the prevalence was 38% in the
intervention group and 49% in the placebo group.

Safety

Vitamin D supplements were well tolerated, but 5 participants
discontinued calcium pills because of constipation and gastroin-

testinal complaints. They were advised to optimize their dairy in-
takes. Overall pill adherence, which was defined as a >80% intake
of prescribed pills, was 83% for vitamin D or the placebo and 82%
for calcium with no differences between the 2 treatment groups.

Adverse events reported in this study (3 event in the placebo
group and 4 events in the intervention group), included nausea,

TABLE 3

Results of linear mixed models, intention to treat analysis1

Vitamin D2 Placebo2 Effect3 P

AUC for glucose

Model 1

t = 0 931 (874, 988) 1013 (957, 1070) 7 (－44, 58) 0.8

t = 4 923 (864, 981) 1012 (945, 1070) — —

Model 2

t = 0 949 (894, 1004) 1023 (968, 1077) 7 (－43, 58) 0.8

t = 4 941 (884, 999) 1022 (965, 1079) — —

AUC for insulin4

Model 1

t = 0 10.8 (10.6, 10.9) 10.9 (10.7, 11.0) －0.04 (－0.16, 0.08) 0.5

t = 4 10.9 (10.7, 11.0) 10.9 (10.7, 11.1) — —

Model 2

t = 0 10.8 (10.6, 10.9) 10.9 (10.7, 11.0) －0.04 (－0.16, 0.08) 0.5

t = 4 10.9 (10.6, 11.0) 10.9 (10.7, 11.0) — —

HOMA-IR4

Model 1

t = 0 0.8 (0.7, 0.9) 1.0 (0.8, 1.1) －0.1 (－0.2, 0.05) 0.2

t = 4 0.9 (0.8, 1.0) 1.0 (0.9, 1.1) — —

Model 2

t = 0 0.8 (0.7, 0.9) 1.0 (0.8, 1.0) －0.1 (－0.2, 0.05) 0.2

t = 4 0.9 (0.7, 0.9) 1.0 (0.9, 1.0) — —

AUC for insulin:AUC for glucose4

Model 1

t = 0 4.0 (3.8, 4.1) 4.0 (3.8, 4.1) －0.05 (－0.15, 0.06) 0.4

t = 4 4.1 (3.9, 4.2) 4.0 (3.8, 4.2) — —

Model 2

t = 0 4.0 (3.8, 4.1) 4.0 (3.8, 4.1) －0.05 (－0.15, 0.06) 0.4

t = 4 4.0 (3.9, 4.2) 4.0 (3.9, 4.2) — —

ISI composite4

Model 1

t = 0 2.2 (2.1, 2.3) 2.0 (1.9, 2.2) 0.06 (－0.07, 0.2) 0.4

t = 4 2.1 (2.0, 2.3) 2.0 (1.9, 2.1) — —

Model 2

t = 0 2.2 (2.0, 2.3) 2.0 (1.9, 2.1) 0.06 (－0.07, 0.2) 0.4

t = 4 2.1 (1.9, 2.2) 2.0 (1.9, 2.1) — —

Insulinogenic index4

Model 1

t = 0 4.7 (4.5, 5.0) 4.7 (4.5, 4.9) －0.14 (－0.37, 0.08) 0.2

t = 4 4.9 (4.7, 5.2) 4.7 (4.5, 5.0) — —

Model 2

t = 0 4.7 (4.5, 4.9) 4.7 (4.5, 4.9) －0.14 (－0.37, 0.08) 0.2

t = 4 4.9 (4.6, 5.1) 4.7 (4.5, 4.9) — —

Stumvoll index

Model 1

t = 0 5.1 (4.4, 5.8) 3.9 (3.2, 4.6) 0.5 (－0.4, 1.4) 0.3

t = 4 4.3 (3.4, 5.1) 3.6 (2.7, 4.5) — —

Model 2

t = 0 4.9 (4.2, 5.5) 4.0 (3.4, 4.6) 0.5 (－0.4, 1.4) 0.3

t = 4 4.1 (3.2, 4.9) 3.7 (2.9, 4.5) — —

1 n = 130 and t = 0 at baseline; t = 4 after 4 mo intervention. Model 1 was a univariable model. Model 2 was adjusted

for sex, age, and baseline BMI. Covariates were fixed at mean values. P values were derived by using linear mixed models.

ISI, insulin-sensitivity index.
2 All values are model-based means; 95% CIs in parentheses.
3 All values are effects; 95% CIs in parentheses.
4 Calculated with ln-transformed variables because of skewed plots of residuals.
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constipation, and itching. Serious adverse events did not occur.
Two participants were hospitalized for a short period (both
placebo), and these participants returned for follow-up.

DISCUSSION

The main finding in this double-blind, randomized trial was
that 1200 IU vitamin D supplementation did not improve insulin
sensitivity or β cell function in obese non-Western immigrants
with vitamin D deficiency and at high risk of diabetes. More-
over, secondary outcomes, including BMI, Hb A1c, the meta-
bolic syndrome, incidence of impaired fasting glucose, and
impaired glucose tolerance did not significantly change after
4 mo supplementation. However, in the post hoc analysis re-
stricted to subjects without diabetes and who reached a serum
25(OH)D concentration ≥60 nmol/L in the vitamin D group,
a significant improvement in the insulinogenic index was ob-
served. It can be imagined that vitamin D will not improve β cell
function and insulin sensitivity once diabetes has developed and
the fibrosis of pancreatic islets has progressed (21).

From animal studies, it is known that vitamin D deficiency is
associated with decreased insulin synthesis and secretion
(23, 24). Moreover, several cross-sectional studies have shown
associations between vitamin D deficiency and low insulin se-
cretion (4, 21, 25), whereas other studies did not (26). The as-
sociation between insulin resistance and vitamin D deficiency
was confirmed by several observational studies (1, 4, 26).
However, the causality has been uncertain; results from ran-
domized trials on the effects of vitamin D supplementation on
glycemia have been inconclusive. Most trials with high-dose
vitamin D supplementation (≥2000 IU/d) did not show an effect
on insulin sensitivity (9, 27–29), whereas 2 trials showed an
increase (10, 30) and one trial showed a decrease (31). Insulin

secretion was unaffected in 4 trials (10, 27–29) but increased in
one trial that used 2000 IU/d (9). A recent randomized clinical
trial in obese adolescents with vitamin D insufficiency showed
a decrease of fasting insulin and HOMA-IR after 4000 IU vi-
tamin D/d compared with placebo (32). Of course, age may be
a factor that could explain different outcomes in clinical trials
because the absorption of vitamin D decreases with aging (33).
In a bone-related trial, supplementation of 700 IU vitamin D/d im-
proved glycemia and insulin resistance in subjects with impaired
fasting glucose only but not in subjects with normal fasting
glucose (34). Furthermore, supplementation of 400–800 IU vita-
min D/d in 2 large trials did not decrease the incidence of diabetes
(11, 35). The inconsistence between trials may have been attrib-
utable to differences in populations that have been studied, the
degree of vitamin D deficiency, or the duration and dose of sup-
plementation.

Our population had much lower baseline 25(OH)D concen-
trations than in other trials, and lower 25(OH)D concentrations
have been associated with higher risk of the metabolic syndrome
(36). The negative result might have been attributable to different
ethnicities, as some studies have suggested different effects of
vitamin D, 1,25-dihydroxyvitamin D, and PTH in different
populations (26, 37). In a recent report from the Surya study (10),
the investigators showed that the response of insulin resistance to
vitamin D supplementation was associated with polymorphisms
of the vitamin D receptor gene (38). It can be argued that the
vitamin D dose used in the current study was insufficient to affect
the outcome variables, although the mean serum 25(OH)D
concentration increased from 23 nmol/L at baseline to a mean of
60 nmol/L. The Institute of Medicine has set the required serum
25(OH)D concentration at 50 nmol/L and the supplementation
dose at 600 IU/d for this age group (39). The dose that was used in
this study was twice the dose recommended by the Institute of

FIGURE 3. Median (IQR) serum insulin concentrations and mean (±SD) glucose concentrations during a glucose tolerance test before and after the
intervention. n = 65 in each treatment group at baseline; n = 53 in the vitamin D group and n = 57 in the placebo group after the intervention. Difference in the
AUC for glucose, P = 0.8; difference in the AUC for insulin, P = 0.5. P values were derived from linear mixed models.
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Medicine. The dose used in our trial was restricted by the upper
tolerable limit of 2000 IU/d from all sources at the time of the
design of the trial (Health Council of the Netherlands). More
recently, the Endocrine Society Guideline recommended higher
doses, although the effect of higher doses still is the subject of
investigation (40).

The strength of our study was the severe vitamin D deficiency
of our population with gross overweight and high diabetes risk.
We used the OGTT instead of the euglycemic clamp procedure;
therefore, we were able to recruit more participants in this
specific population. The hyperinsulinemic euglycemic clamp
procedure has been widely accepted as the reference standard for
directly determining metabolic insulin sensitivity in humans (41),
although the AUC insulin:AUC glucose, Stumvoll index, and ISI
composite have been shown to be reasonably accurate compared
with the clamp procedure (19).

Potential limitations of the study were that the treatment group
appeared slightly healthier at baseline despite a well-performed
randomization procedure. We accounted for this by using LMMs
in the statistical analysis. Some experts might judge the dose of
vitamin D to have been relatively low, although the mean serum
25(OH)D showed a considerable increase. The 4-mo duration of
the treatment and follow-up could have been another limitation.
In a similar study, changes in insulin sensitivity were only
reported when serum 25(OH)D concentrations of 80 nmol/L were
reached, and there was no significant change until 6 mo (10).
When repeating the study, a higher vitamin D dose and a minimal
study duration of 6 mo is recommended.

In conclusion, glucose metabolism did not improve with 1200 IU
vitamin D3/d according to the intention-to-treat analysis in this
population with vitamin D deficiency and at high risk of diabetes.
However, the significant improvement of the insulinogenic index
in the post hoc analysis in nondiabetic participants who reached
a serum 25(OH)D concentration ≥60 nmol/L suggested a poten-
tial better effect when higher doses of vitamin D are used and
participants who have not already developed diabetes are selected
(10). Observations from epidemiologic studies could be explained
by differences in lifestyles, obesity, or physical activity. For future
trials, it will be important to select a vitamin D–deficient
population with prediabetes, a precise and accurate test pro-
cedure, adequate vitamin D doses, and a sufficient duration of
the trial. Currently, there is insufficient evidence for broad-based
supplementation of vitamin D in the general population to re-
duce risk of type diabetes. Meanwhile, more data are needed to
determine whether prolonged high doses in the highest risk
populations might delay the development of diabetes.
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Revision of Dietary Reference Intakes for energy in preschool-age
children1–4

Nancy F Butte, William W Wong, Theresa A Wilson, Anne L Adolph, Maurice R Puyau, and Issa F Zakeri

ABSTRACT
Background: Dietary Reference Intakes (DRI) for energy aim to
balance energy expenditure at a level of physical activity consistent
with health and support adequate growth in children. DRIs were derived
from total energy expenditure (TEE) measured by using the doubly
labeled water (DLW) method; however, the database was limited in
the 3–5-y-old range.
Objective: We reexamined the DRI for energy for preschool-age
children.
Design: Ninety-seven healthy, normal-weight, preschool-age children
(mean ± SD age: 4.5 ± 0.9 y) completed a 7-d DLW protocol while
wearing accelerometer and heart rate–monitoring devices.
Results: Mean TEE and physical activity level (PAL) averaged
1159 ± 171 kcal/d and 1.34 ± 0.14, respectively. TEE predicted
by DRI equations agreed with observed TEE (+34 kcal/d or 3%) if
the sedentary PAL category was assumed but was overestimated by
using the low active (+219 kcal/d or 19%), active (398 kcal/d or
34%), and very active (593 kcal/d or 51%) PAL categories. PAL
categories were redefined on the basis of the narrower PAL range
observed in preschoolers (range: 1.05–1.70) compared with older
children and adults (range: 1.0–2.5). Sex-specific nonlinear regres-
sion models were newly developed to predict TEE from age,
weight, height, and new PAL categories. The mean absolute error
of TEE prediction equations was 0.00 ± 35 kcal/d or 0.1 ± 3%.
Ancillary measures, such as total accelerometer counts and total
daily steps, that were significantly correlated (P = 0.01–0.05) with
TEE (r = 0.26–0.38), TEE per kilogram (r = 0.31–0.41), and PAL
(r = 0.36–0.48) may assist in the classification of preschoolers into
PAL categories.
Conclusions: Current DRIs for energy overestimate energy require-
ments of preschool-age children because of the erroneous classification
of children into PAL categories. New TEE prediction equations that are
based on DLW and appropriate PAL categories are recommended for
preschool-age children. This trial was registered at clinicaltrials.gov as
H12067. Am J Clin Nutr 2014;100:161–7.

INTRODUCTION

Dietary Reference Intakes (DRIs)5 for energy aim to balance
total energy expenditure (TEE) at a level of physical activity
consistent with health and support growth rates in children
compatible with a healthy body size and composition. In contrast to
previous Recommended Dietary Allowances derived from ob-
served energy intakes in children (9), the 2002 Institute of Medi-
cine (IOM) DRI committee decided to base energy requirements
on TEE estimated by using the doubly labeled water (DLW)

method (15). The DLW method is considered more reliable than
food intake data or the factorial approach for the estimation of
TEE.

DLW is a noninvasive, stable-isotope method that captures
the average TEE in free-living individuals over a period of time,
typically 5–10 d in children, and reflects basal metabolism, the
thermic effect of feeding, physical activity, thermoregulation,
and the energy expended in the synthesis of newly deposited
tissues (22).

The IOM DRI committee compiled a normative DLW database
on infants and toddlers, children 3–18 y old, and adults who were
healthy, free living, and normal weight (15). Sex-specific pre-
diction equations for TEE were developed for each of these age
groups by using its major contributors: age, sex, height, weight,
and physical activity. Historically, energy requirements in adults
were expressed as multiples of the basal metabolic rate (BMR)
or physical activity level (PAL), whereby

PAL = TEE÷BMR (1)

which provides a means of controlling for age, sex, and weight
(7, 16). PAL associated with sustainable lifestyles in adults range
from 1.2 to 2.5, where 1.2 represents the survival requirement,
and 2.5 represents a very active lifestyle. In the development of
DRI prediction equations for TEE, a 4-level ordinal variable was
estimated from DLW PAL data and used in models to modify
height and weight contributions to TEE. Nonlinear regression
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models for boys and girls aged 3–18 y were generated for
sedentary (PAL ≥1.0 but <1.4), low-active (PAL ≥1.4 but
<1.6), active (PAL ≥1.6 but <1.9), and very active (PAL ≥1.9
but <2.5) categories.

Thus, current pediatric DRI for energy were based on DLW
data of normal-weight children aged 3–18 y. Although a sizable
database of DLW data was compiled that represent a wide range
of ages, body sizes, and levels of physical activity, some age
groups were underrepresented, and therefore, interpolations had
to be performed. In particular, the normative DLW database was
limited in the 3–5 y-old range with only two 3-y-olds and thirty-
two 4-y-olds but sufficient 5-y-old children (n = 201). Although
it was recognized that the energy cost of physical activities such
as walking and running, expressed as multiples of the BMR,
increase from early childhood to adolescence (15), the impact of
these age-related changes on daily PAL was not appreciated, and
therefore, the same PAL categories were used in children and
adults. In retrospect, mean PAL values in the normative DLW
database increased from 1.39 to 1.56 to 1.80 in boys and from
1.48 to 1.60 to 1.69 in girls between the ages of 3–8, 9–13, and
14–18 y, respectively, largely because of the decrease in the BMR
from 47 to 27 kcal · kg－1 · d－1. Mean PAL and BMR values in
adults were 1.80 and 24 kcal · kg－1 · d－1, respectively.

In this analysis, we reexamined DRIs for energy in healthy,
preschool-age children aged 3–5 y. Our specific aims were to 1)
measure TEE by using the DLW method under free-living con-
ditions in a sample of healthy, preschool-age children, 2) compare
TEE measured by using DLW against that predicted by using DRI
equation, 3) develop new TEE prediction equations for sedentary,
low-active, active, and very active PAL categories, and 4) provide
descriptors of PAL categories to classify and implement TEE
prediction equations in preschool-age children.

SUBJECTS AND METHODS

Subjects

A cross-sectional design was used in which 97 healthy children
completed the 7-d DLW method concomitant with accelerometry
and heart-rate monitoring. The Institutional Review Board for
Human Subject Research for Baylor College of Medicine and
Affiliated Hospitals approved the protocol. Enrollment began in
May 2010. All parents or primary caretakers gave written in-
formed consent to participate in the study.

Healthy preschool-age children, aged 3–5 y, were eligible for
the study. Exclusion criteria included any medical illness or
medication that affected growth or limited participation in
physical activities or sports. Children who were taking pre-
scription drugs or had chronic diseases including metabolic or
endocrine disorders, asthma treated with steroids, or sleep apnea
were excluded from the study. For inclusion in the analysis,
children were required to have a BMI (in kg/m2) calculated as
weight divided by the square of height, between 5th and 85th
percentiles according to the CDC (17).

Methods

Anthropometric measures and body composition

Body weight to the nearest 0.1 kg was measured with a digital
balance, and height to the nearest 1 mm was measured with

a stadiometer in duplicate and repeated if the 2 measurements
differed by >0.2 kg or 0.5 cm, respectively. Body composition
was measured by using dual-energy X-ray absorptiometry
(Delphi-A, software version 12; Hologic). Fat-free mass (FFM)
and fat mass (FM) were also estimated by 2H and 18O dilution as
part of the DLW method. Total body water was computed from
18O and 2H isotope dilution spaces by applying a 1% correction
for 18O and a 4% correction for 2H to account for the exchange
with nonaqueous organic compounds and converted to FFM by
using age- and sex-specific hydration constants published by
Lohman et al (18).

Accelerometry and heart-rate monitoring

A small (7-mm-thick, 33-mm-diameter, 10 g total weight)
device (Actiheart; CamNtech Ltd), equipped with a uniaxial
accelerometer and electrocardiogram signal processor was
affixed to the chest by using 2 electrodes (Skintact Premier;
Leonhard Lang GmbH). A triaxial accelerometer (ActiGraph
GT3X+; ActiGraph) was worn above the iliac crest of the right
hip with an adjustable elastic belt and used to measure the amount
and frequency of movement of children. Details of the devices,
their programming and processing have been published else-
where (5). Briefly, physical activity, steps, and heart rate were
recorded for an average of 6.6 ± 0.8 d. Nonwear time was
defined as ≥20 min of consecutive zero counts if the interval
was not identified as nighttime sleep, nap time, or device re-
moval for bathing or aquatic activities in records completed by
parents. A valid day required ≥1000 min wear time/d.

DLW method

TEE was measured over a 7-d period by using the DLW
method (1). After collection of baseline urine samples, each
participant received, by mouth, 0.086 g 2H2O/kg body weight at
99.9 atom% 2H and 1.38 g H2

18O/kg body weight at 10 atom%
18O (Isotec). Seven postdose urine samples (1 mL) were col-
lected at home on days 1–7. Urine samples were stored frozen
before analysis by using gas isotope ratio mass spectrometry
(28). For stable-hydrogen isotope ratio measurements, 10 μL
urine without additional treatment were reduced to hydrogen gas
with 200 mg Zn reagent at 500°C for 30 min (27). 2H:1H isotope
ratios of the hydrogen gas were measured with a Finnigan Delta-
E gas isotope ratio mass spectrometer (Finnigan MAT). For
stable-oxygen isotope ratio measurements, 100 μL urine was
allowed to equilibrate with 300 mbar CO2 of known 18O content
at 25°C for 10 h by using a VG ISOPREP-18 water-CO2

equilibration system (VG Isogas Ltd). At the end of the equili-
bration, 18O:16O isotope ratios of CO2 were measured with an VG
SIRA-12 gas-isotope ratio mass spectrometer (VG Isogas Ltd).

Isotopic results were normalized against the following 2 in-
ternational water standards: Vienna-Standard Mean Ocean Water
and Standard Light Antarctic Precipitation (12). The isotope di-
lution spaces for 2H (NH) and 18O (NO) were calculated as follows:

NH_or_NO(mol) = (d×A×Eα)÷(α×Ed × 18.02) (2)

where d is the dose of 2H2O or H2
18O in grams, A is the

amount of laboratory water in grams used in the dose dilution, α
is the amount of 2H2O or H2

18O in grams added to the laboratory
water in the dose dilution, Eα is the rise in 2H or 18O abundance
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in the laboratory water after the addition of the isotopic water,
and Ed is the rise in 2H or 18O abundance in urine samples at
time zero obtained from zero-time intercepts of 2H and 18O
decay curves in urine samples. Carbon dioxide production
( ?VCO2) was calculated from fractional turnover rates of 2H (kH)
and 18O (kO) as follows:

?V CO2(mol/d) = 0.45537× (kO ×NO － kH ×NH) (3)

?VCO2 was converted to TEE by using Weir’s equation (26) as
follows:

TEE(kcal/d) = 22.4×
(
1.106× ?V CO2 + 3.941× ?V O2

)
(4)

where ?VO2 was calculated by using the relation

?V O2 = ?V CO2÷FQ (5)

with the assumption of a food quotient (FQ) (2) equal to 0.86.
PAL was calculated as the ratio of TEE over the BMR computed
according to Schofield (23).

Statistics

Data are summarized as means ± SDs. Descriptive statistics
were performed with STATA software (release 13; StataCorp
LPs). Nonlinear regression was used to develop new prediction
equations for TEE. Goodness-of-fit methods were used to assess
competing models on the basis of their agreement between
measured and predicted values. Mean absolute errors, mean
percentage errors, and root mean squared errors (RMSEs) were
computed to assess the accuracy of final prediction equations
against DLW. Agreement between observed and predicted TEEs
was assessed by using the graphical method of Bland and Alt-
man (3).

RESULTS

Ninety-seven healthy, normal-weight children aged 3–5 y
(mean ± SD age: 4.5 ± 0.9 y) participated in the study. The
sample was balanced for age and sex and diverse in terms of
race-ethnicity (32 white, 29 black, 29 Hispanic, 2 Asian, and 5
multiracial subjects). Anthropometric measures and body com-
position of children are summarized in Table 1. Weight-for-age,
height-for-age, and BMI z scores were within normal limits.
Mean percentages of FM were 26%, 26% and 27% by using
DXA and 2H, and 18O dilutions, respectively.

Mean 7-d TEEs and other variables generated by using the
DLW method are summarized for the preschool-age children in
Table 2. TEEs increased significantly with age (1050 ± 118,
1196 ± 173, and 1234 ± 163 kcal/d in 3-, 4-, and 5-y-olds,
respectively; P = 0.001) and differed slightly by sex (P = 0.03).
No significant differences in TEE were detected by race-ethnicity.
The sex difference persisted even after adjustment for weight
and height or FFM, FM, and height. With the use of linear
regression, child characteristics (age, weight, and height)
explained 46% and 54% of the variance in TEE in boys and
girls, respectively. Note the wide variation of TEE (784–1674

kcal/d) even after adjustment for body weight (47–91 kcal ·
kg－1 · d－1).

TEE data are displayed in Figure 1 as a function of age and
weight along with data from the DRI normative DLW database
from birth to 8 y of age. Newly acquired TEE data com-
plemented the underrepresented 3–5-y age range of the DRI
normative DLW database. To evaluate the DRI for energy in
preschoolers, TEE was predicted from age, weight, and height
by using sex-specific DRI equations for each of the 4 PAL cat-
egories. If the sedentary PAL category was assumed, the pre-
dicted TEE was in close agreement with that measured by DLW
(34 kcal/d or a 3% overestimation). If the low-active PAL cate-
gory was assumed, the difference between predicted and mea-
sured TEEs was 219 kcal/d or a 19% overestimation. If the active
PAL category was assumed, the difference between predicted and
measured was 398 kcal/d or a 34% overestimation, and if the very
active PAL category was assumed, the difference between pre-
dicted and measured amounted to 593 kcal/d or a 51% over-
estimation. The predicted TEE values with the use of DRI equations
compared with measured TEE values are displayed graphically in
Figure 2.

The observed distribution of PAL values for preschool-age
children (PAL: 1.05–1.70) was narrower than the range in the DRI
normative DLW database (PAL: 1.0–2.5) and led to the over-
estimation of TEE by using DRI equations. To compute the PAL,
the BMR was estimated by using Schofield’s prediction equations
for boys and girls (23) because measured values were not available
for all subjects. In the DRI document, basal energy expenditure
equations were provided; however, basal energy expenditure values
were significantly higher than those predicted by Schofield’s
equations (934 ± 73 compared with 862 ± 66 kcal/d) and higher
than measured rates in a subset of 48 preschoolers (916 ± 55
compared with 823 ± 89 kcal/d) (P = 0.001).

TABLE 1

Anthropometric measures and body composition of preschool-age children

aged 3–5 y1

Boys (n = 48) Girls (n = 49) Total (n = 97)

Age (y) 4.5 ± 0.92 4.6 ± 0.9 4.5 ± 0.9

Weight (kg) 17.4 ± 2.7 17.1 ± 2.5 17.2 ± 2.6

Height (m) 1.06 ± 0.08 1.06 ± 0.07 1.06 ± 0.08

BMI (kg/m2) 15.3 ± 0.7 15.2 ± 0.8 15.3 ± 0.8

Weight-for-age percentile 48 ± 26 48 ± 24 48 ± 25

Height-for-age percentile 54 ± 29 56 ± 27 55 ± 28

BMI-for-age percentile 42 ± 22 45 ± 23 44 ± 22

Weight-for-age z score －0.06 ± 0.78 －0.08 ± 0.75 －0.07 ± 0.76

Height-for-age z score 0.18 ± 1.06 0.21 ± 0.94 0.19 ± 1.00

BMI-for-age z score －0.26 ± 0.66 －0.16 ± 0.68 －0.21 ± 0.67

DXA FFM (kg)3 13.3 ± 2.5 12.2 ± 2.1 12.7 ± 2.3

DXA FM (kg)4 4.1 ± 0.9 4.8 ± 1.0 4.5 ± 1.0

DXA FM (% of weight)4 23.7 ± 4.6 28.6 ± 4.8 26.2 ± 5.3
2H FFM (kg)3 13.2 ± 2.1 12.2 ± 1.9 12.7 ± 2.1
2H FM (kg)3 4.2 ± 0.8 4.9 ± 1.1 4.5 ± 1.0
2H FM (%)4 24.2 ± 3.1 28.6 ± 4.1 26.4 ± 4.2
18O FFM (kg)4 13.0 ± 2.1 12.0 ± 1.9 12.5 ± 2
18O FM (kg)4 4.4 ± 0.8 5.0 ± 1.1 4.7 ± 1.0
18O FM (%)4 25.1 ± 3.1 29.5 ± 4.1 27.3 ± 4.2

1 DXA, dual-energy X-ray absorptiometry; FFM, fat-free mass; FM, fat

mass.
2 Mean ± SD (all such values).
3,4 Sex effect: 3P < 0.02, 4P < 0.001.
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On the basis of the mean ± 1 SD of the observed PAL of the
preschool-age children, PAL thresholds were redefined for
sedentary (PAL ≥1.0 but <1.2), low-active (PAL ≥1.2 but
<1.35), active (PAL ≥1.35 but <1.5), and very active (PAL
≥1.5) categories. Nonlinear regression models were developed

to predict TEE from age, weight, height, and the new PAL
categories separately for boys and girls. There are physiologic
reasons for considering the following additive mode:

TEE = b0 + b1 × age+ PA(b2 ×weight+ b3 × height) (6)

where TEE is in kilocalories per day, age is in years, weight is
in kilograms, and height is in meters. The variables of this model
have a direct interpretation in terms of energy expenditure. To fit
this model, we used nonlinear least squares, which uses an it-
erative procedure to estimate unknown variables. To start the
iterative procedure, we needed to set starting values of variables.
Toward this end, we set PA = 1 for the sedentary PAL category,
PA = 1 + a2 for the low-active PAL category, 1 + a3 for the
active PAL category, and 1 + a4 for the very active PAL cate-
gory. For the iteration, the initial values of a2, a3, and a4 were
set equal to zero, and convergence was achieved after just a few
iterations. An investigation of the model assumptions and re-
sidual analysis indicated that the model fit the data well and was
appropriate for describing the data. The PA coefficients (a1, a2,

FIGURE 1. TEE of preschool-age children measured in this study (n =
97) (solid circles), with data from the DRI normative DLW database from
birth to 8 y of age (n = 821) (open circles), are plotted as a function of (A)
age and (B) weight. DLW, doubly labeled water; DRI, Dietary Reference
Intake; TEE, total energy expenditure.

FIGURE 2. TEE of preschool-age children (n = 97) predicted by using
DRI equations for sedentary, low-active, active, and very active physical
activity categories compared with TEE measured in the current study by
using the DLW method (solid circles). DLW, doubly labeled water; DRI,
Dietary Reference Intake; TEE, total energy expenditure.

TABLE 2

TEE measured by using the doubly labeled water method in preschool-age children aged 3–5 y1

Boys (n = 48) Girls (n = 49) Total (n = 97)

2H dilution space (NH) (kg)2 10.6 ± 1.73 9.9 ± 1.5 10.3 ± 1.6
18O dilution space (NO) (kg)2 10.2 ± 1.6 9.5 ± 1.5 9.8 ± 1.6
2H:18O dilution spaces (NH:NO) 1.04 ± 0.01 1.04 ± 0.01 1.04 ± 0.01
2H turnover rate (kH) (d) －0.13 ± 0.03 －0.12 ± 0.03 －0.13 ± 0.03
18O turnover rate (kO) (d) －0.17 ± 0.03 －0.17 ± 0.03 －0.17 ± 0.03
2H ln DOB compared with days (r) －0.996 ± 0.006 －0.997 ± 0.004 －0.997 ± 0.005
18O ln DOB compared with days (r) －0.997 ± 0.005 －0.998 ± 0.003 －0.997 ± 0.004
?VCO2 (mol/d) 9.43 ± 1.51 8.83 ± 1.1 9.13 ± 1.35

BMR (kcal/d)4 893 ± 63 831 ± 54 862 ± 66

TEE (kcal/d)2 1197 ± 192 1122 ± 140 1159 ± 171

TEE (kcal · kg－1 · d－1)5 69.4 ± 8.1 66.3 ± 6.8 67.8 ± 7.6

PAL 1.34 ± 0.16 1.35 ± 0.12 1.34 ± 0.14

1 BMR, basal metabolic rate; DOB, δ over baseline enrichment; PAL, physical activity level; TEE, total energy

expenditure; ?VCO2, carbon dioxide production.
2,4,5 Sex effect: 2P = 0.03, 4P < 0.001, 5P = 0.045.
3 Mean ± SD (all such values).
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a3, and a4) were solved simultaneously for the 4 PAL categories
while keeping the equations parallel, as was done in the DRI
nonlinear regression equations.

In nonlinear regression models, age was shown to be non-
significant (P = 0.72 in boys; P = 0.92 in girls), and therefore,
age was dropped from the models. Parenthetically, regression
coefficients and the RMSE were nearly identical with or without
age in the model. Sex-specific prediction equations that were
based on weight, height, and PAL accounted for 96.3% and
94.0% of the variance in TEE in boys and girls, respectively. An
examination of residual plots by comparing measured and pre-
dicted TEEs revealed no bias with respect to age, weight, or height.
Mean absolute errors, mean percentage errors, and RMSEs, shown
in Table 3, were computed to assess the accuracy of TEE pre-
diction equations against DLW. The concordance between ob-
served and predicted TEEs (0.00 ± 34.2 kcal/d) is graphically
displayed by using a Bland and Altman plot in Figure 3; there was
no bias between differences and the means of observed and pre-
dicted TEE values (r = －0.10, P = 0.31). An estimate of the error
in predicting TEE for individuals can be derived from the absolute
mean error or mean percentage error provided in Table 3. From the
observed variance, the predicted TEE would be expected to be
within ±68 kcal/d or ±6.4% for 95% of individuals within the
population. The Bland and Altman plot of differences between
predicted and measured TEEs compared with means of the same
values displays 95% CIs for individuals.

The observed TEE and its derivatives are described for the 4
new PAL categories in Table 4. As expected, TEE in absolute

terms or adjusted by weight increased across the 4 PAL cate-
gories. PAL increased from 1.13 in the sedentary category to
1.57 in the very active category.

New equations for predicting TEEs in preschool-age children
are summarized below. For normal-weight boys, aged 3–5 y, the
prediction equation for TEE is as follows:

TEE(kcal/d) = 358+ PA× [16.0×weight(kg)
+ 356× height(m)] (7)

where PA = 1.0 if PAL is estimated to be ≥1.0 but <1.2
(sedentary), PA = 1.20 if PAL is estimated to be ≥1.2 but <1.35
(low active), PA = 1.37 if PAL is estimated to be ≥1.35 but
<1.5 (active), and PA = 1.64 if PAL is estimated to be ≥1.5
(very active).

For normal-weight girls, aged 3–5 y, the prediction equation
for TEE is as follows:

TEE(kcal/d) = 352+ PA× [11.6×weight(kg)
+ 347× height(m)] (8)

where PA = 1.0 if PAL is estimated to be ≥1.0 but <1.2
(sedentary), PA = 1.25 if PAL is estimated to be ≥1.2 but <1.35
(low active), PA = 1.46 if PAL is estimated to be ≥1.35 but
<1.5 (active), and PA = 1.62 if PAL is estimated to be ≥1.5
(very active).

The application of the TEE prediction equations requires the
classification of children into one of the 4 PAL categories. To
provide some objective measure of physical activity in preschool-
age children, mean values by PAL category are presented in Table 4
for accelerometer counts and total daily steps. The mean wear time
was 1412 ± 26 min/d for the 7-d monitoring. Actiheart and
Actigraph total accelerometer counts and total daily steps were
significantly correlated (P = 0.01–0.05) with TEE (r = 0.26–0.38),
TEE per kilogram (r = 0.31–0.41), and PAL (r = 0.36–0.48).

DISCUSSION

Newly acquired TEE data closed the 3–5-y age gap in the DRI
normative DLW database and suggested a need to revise DRI

TABLE 3

Nonlinear regression models for the prediction of TEE in boys and girls

aged 3–5 yI

Values t P

Boys aged 3–5 y

Constant (b0) 358 ± 129 2.77 0.008

a2 0.198 ± 0.051 3.90 0.001

a3 0.370 ± 0.082 4.51 0.001

a4 0.636 ± 0.130 4.90 0.001

Weight coefficient (b2) 16.0 ± 4.76 3.36 0.002

Height coefficient (b3) 355.6 ± 187.8 1.89 0.065

R2 0.963 — —

Absolute error (kcal/d)2 0.0 ± 36.8 — —

Percentage error2 0.1 ± 3.0 — —

RMSE (kcal/d) 36.5 — —

Girls aged 3–5 y — —

Constant (b0) 352 ± 114 3.09 0.004

a2 0.248 ± 0.080 3.12 0.003

a3 0.456 ± 0.120 3.81 0.001

a4 0.619 ± 0.156 3.97 0.001

Weight coefficient (b2) 11.6 ± 3.45 3.37 0.002

Height coefficient (b3) 346.8 ± 152.3 2.28 0.028

R2 0.940 — —

Absolute error (kcal/d)2 0.0 ± 34.2 — —

Percentage error2 0.1 ± 3.2 — —

RMSE (kcal/d) 33.9 — —

1 All values are coefficients ± SEs unless otherwise designated. Non-

linear regression models in which TEE is in kilocalories per day, weight is in

kilograms, and height is in meters. Physical activity coefficients are desig-

nated a2, a3, and a4 for low-active, active, and very active categories.

RMSE, root mean squared error; TEE, total energy expenditure.
2 All values are means ± SEs.

FIGURE 3. Bland and Altman plot of differences between predicted and
measured TEEs in preschool-age children (n = 97) compared with means of
the same values. The horizontal solid line represents the mean difference and
the dashed lines represent the ± 2-SD intervals. TEE, total energy expenditure.
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prediction equations for TEEs of preschool-age children (15).
Newly acquired TEE values for 3–5-y-olds were consistent with
existing DLW data for 0–2-y-olds and 5–8-y-olds. However,
prediction of TEEs by using low-active, active and very active
PAL categories of DRI equations resulted in serious over-
estimations of TEEs. The erroneous predictions stemmed from
the fact that PAL categories used are not developmentally ap-
propriate for this young age group. Observed PAL values
gradually increase from infancy to early childhood, primarily
because of the decreasing BMR (the denominator of the PAL
ratio) but also because of the developmental maturation of the
growing child, which results in greater muscle mass, motor
coordination, and physical capability (10).

On the basis of the PAL distribution of preschoolers, we
redefined PAL thresholds for sedentary, low-active, active, and
very active categories to reflect their narrower range compared
with older children and adults. The distribution of PAL values
observed in our study (mean 1.34; range: 1.1–1.7) was consistent
with the DRI normative DLW database (15) in which the mean
PAL observed in 3–5-y-olds was 1.38 ± 0.14 (range: 1.2–1.8).
On the basis of DLW, heart-rate monitoring, and time-motion
activity diaries, mean PAL values were 1.4–1.5 in children <5-y
old (25). Other publications confirmed the lower mean PAL in
preschool-age children, ranging from 1.24 to 1.6 (8, 13, 14, 19,
21, 24). On the basis of our observations of healthy preschool-
age children, we suggest the following PAL categories: ≥1.0 but
<1.2 (sedentary), ≥1.2 but <1.35 (low active), ≥1.35 but <1.5
(active), and ≥1.5 (very active).

In this young age group, health can be defined as normal
growth and development, the absence of disease, and the abili-
ty to participate in social and physical activities. Throughout
childhood, a range of body sizes and growth rates compatible
with health are acknowledged, recognizing the genetic variability
in children. Optimal body composition and energy expenditure
on the basis of short- or long-term outcomes have not been
defined for this age group. As in the IOM DRI report, our data
represent healthy (defined as the absence of disease) children
with BMI between 5th and 85th percentiles. Our exclusion cri-
teria entailed overweight and obesity and any medical illness or
medication that affected growth or limited participation in
physical activities or sports. Children who were taking pre-

scription drugs or with chronic diseases including metabolic or
endocrine disorders, asthma treated with steroids, and sleep
apnea were excluded. Therefore, our data represent the range of
energy expenditure and physical activity observed in healthy
preschoolers growing normally. In our presentation, we have
provided guidance for the prediction of TEE on the basis of
weight, height, and physical activity for boys and girls, with
recognition of the variation in children without being pre-
scriptive.

The physical activity of our preschoolers on the basis of step
counts appeared similar to that of other groups. The mean daily
step count in our preschoolers was 9145 steps/d. In Belgium, 4–5-
y-old preschoolers accumulated 9980 steps/d (6). In Canada,
daily step counts were 7529 steps/d in 30 preschoolers (20). In
a larger study of Canadian preschoolers (n = 133), 3–4-y-old
children had 8513 steps/d, and 5-y-old children had 9886
steps/d (11).

We present new prediction equations for TEE for preschool-
age children. In this age group, weight and physical activity are
the major predictors of TEE. Even in these young children, there
is considerable variability in the energy expended in physical
activity that justifies the incorporation of a PAL factor in the
prediction of TEE. We showed that age, weight, and height
explained 46% and 54% of the variance in TEE in boys and girls,
respectively. The addition of the PAL factor increased the var-
iance in TEE explained to 94–96% in boys and girls. Conse-
quently, we formulated sex-specific TEE prediction equations on
the basis of weight, height, and PAL (we omitted age because of
colinearity). DRI prediction equations for normal-weight boys
and girls aged 3–18 y were developed from age, height, weight,
and PAL category; the RMSEs were 82.8 kcal/d for boys and
96.7 kcal/d for girls aged 3–18 y. RMSEs for our new TEE
prediction equations were smaller than those for the DRI pre-
diction equation probably because of our narrower age range;
r2 values were similar.

We recommend the new sex-specific prediction equations for
TEEs in preschool-age children. To compute the estimated en-
ergy requirement as done in the DRI, the energy deposition for
growth, which was estimated to be an average of 20 kcal/d in this
age group of 3–8-y-olds should be added to predicted TEEs (15).
To use the prediction equations for TEE, children must be

TABLE 4

Descriptors of PAL categories in preschool-age children1

Sedentary PAL Low active PAL Active PAL Very active PAL

Total energy expenditure and derivatives

n 13 42 25 17

Total energy expenditure (kcal/d) 968 ± 1162 1086 ± 84 1223 ± 90 1405 ± 143

Total energy expenditure (kcal · kg－1 · d－1) 59.6 ± 5.4 65.4 ± 5.8 69.6 ± 5.9 76.2 ± 5.9

Physical activity level 1.13 ± 0.05 1.28 ± 0.04 1.41 ± 0.04 1.57 ± 0.06

Ancillary measurements of physical activity level

Total activity

Actiheart device (counts/d)3 92,699 ± 27,134 95,187 ± 26,011 103,981 ± 22,915 120,212 ± 27,921

Actigraph device x-axis (counts/d)4 448,155 ± 91,714 449,202 ± 102,665 513,522 ± 96,727 617,135 ± 152,568

Actigraph device vector magnitude (counts/d) 1,027,449 ± 142,937 1,097,268 ± 197,052 1,216,795 ± 180,256 1,362,043 ± 241,604

Step count: Actigraph device (steps/d) 7850 ± 1000 8638 ± 1723 9501 ± 2065 10,634 ± 1848

1 PAL, physical activity level.
2 Mean ± SD (all such values).
3 Actiheart (CamNtech Ltd.)
4 ActiGraph GT3X+ (ActiGraph).
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classified into a PAL category. In the DRI report, age-specific
guidance was given to interpret PAL categories in terms of
walking equivalents (15). In the current article, we have pro-
vided ancillary descriptors that could be used to classify groups
of children or individual children into PAL categories. As with
any classification system, there will be overlaps at boundaries
between PAL categories, but an objective ancillary measure
would improve on subjective judgment. Pedometers and accel-
erometers are becoming more ubiquitous not only in research
but also in the public (4). Pedometry is a simple, inexpensive
method that objectively records the number of steps in a given
epoch and has been shown to correlate highly with moderate-
vigorous physical activity in preschoolers (6, 20). Accelerometry
is more expensive and labor intensive but objectively measures
the frequency, intensity, and duration of movement as well as step
counts. In this research project, children wore Actiheart and
Actigraph devices for 7 d to coincide with the DLW washout
period. Total accelerometer counts and total daily steps were
moderately correlated with TEEs and PALs and, thus, provided
some measure to classify children into PAL categories.

In conclusion, current DRIs for energy overestimate energy
requirements of preschool-age children because of the erroneous
PAL classification of children. New TEE prediction equations
that are based on DLW and developmentally appropriate PAL
categories are recommended for preschool-age children.
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Interindividual variability of lutein bioavailability in healthy men:
characterization, genetic variants involved, and relation with fasting
plasma lutein concentration1–5

Patrick Borel, Charles Desmarchelier, Marion Nowicki, Romain Bott, Sophie Morange, and Nathalie Lesavre

ABSTRACT
Background: Lutein accumulates in the macula and brain, where
it is assumed to play physiologic roles. The bioavailability of lutein is
assumed to display a high interindividual variability that has been hy-
pothesized to be attributable, at least partly, to genetic polymorphisms.
Objectives: We characterized the interindividual variability in lutein
bioavailability in humans, assessed the relation between this variabil-
ity and the fasting blood lutein concentration, and identified single
nucleotide polymorphisms (SNPs) involved in this phenomenon.
Design: In a randomized, 2-way crossover study, 39 healthy men
consumed a meal that contained a lutein supplement or the same
meal for which lutein was provided through a tomato puree. The
lutein concentration was measured in plasma chylomicrons isolated
at regular time intervals over 8 h postprandially. Multivariate statis-
tical analyses were used to identify a combination of SNPs associated
with the postprandial chylomicron lutein response (0–8-h area under
the curve). A total of 1785 SNPs in 51 candidate genes were selected.
Results: Postprandial chylomicron lutein responses to meals were
very variable (CV of 75% and 137% for the lutein-supplement meal
and the meal with tomato-sourced lutein, respectively). Postprandial
chylomicron lutein responses measured after the 2 meals were pos-
itively correlated (r = 0.68, P < 0.0001) and positively correlated to
the fasting plasma lutein concentration (r = 0.51, P < 0.005 for the
lutein-supplement–containing meal). A significant (P = 1.9 × 10－4)
and validated partial least-squares regression model, which included
29 SNPs in 15 genes, explained most of the variance in the post-
prandial chylomicron lutein response.
Conclusions: The ability to respond to lutein appears to be, at least
in part, genetically determined. The ability is explained, in large
part, by a combination of SNPs in 15 genes related to both lutein
and chylomicron metabolism. Finally, our results suggest that the
ability to respond to lutein and blood lutein status are related. This
trial was registered at clinicaltrials.gov as NCT02100774. Am J
Clin Nutr 2014;100:168–75.

INTRODUCTION

Lutein is present at high concentrations in the human macula
lutea (1–6). The involvement of lutein in the prevention of age-
related macular degeneration has been suggested (7–13). Lutein
has recently been shown in the human brain where it has been
suggested to have a beneficial role on cognitive function (14, 15).

Clinical studies that have provided dietary lutein have reported
a high interindividual variability in blood and tissue lutein con-
centrations in response to dietary lutein (16). Both dietary factors

(17) and genetic variations between individuals (18) have been
proposed to explain this phenomenon. In support of the latter factor,
recent studies have shown that blood and tissue concentrations of
lutein are associated with genetic polymorphisms (16, 19, 20).

Lutein metabolism starts in the gastrointestinal lumen where
digestive enzymes can modulate its bioaccessibility by allowing
the release of this hydrophobic compound from its food matrix to
mixed micelles (17, 21). Cell culture studies have shown that at
least the 2 apical membrane transport proteins [ie, scavenger
receptor class B type I (SR-BI) (22, 23), which is encoded by
SCARB1, and Niemann-Pick disease, type C1, gene-like 1 (NPC1L1)
(24)] participate in the uptake of micellarized lutein. Candidate
gene association studies have also suggested that other enter-
ocyte membrane lipid transporters [ie, cluster determinant 36
(CD36) (19), ATP-binding cassette G5/G8 (ABCG5/G8) (19,
20), and ATP-binding cassette subfamily member 1 (ABCA1)
(16, 20)] could participate in lutein absorption.

After its uptake at the apical side of the enterocyte, lutein is
transported within the cell to the site where it is incorporated into
chylomicrons. The precise mechanisms of this process are not
known, although proteins involved in the intracellular transport of
lipids might be involved (25).
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The enterocyte contains 2 enzymes that can be involved in
carotenoid metabolism within the enterocyte β,β-carotene-15,15＇-
monooxygenase (BCMO1), which has been associated with blood
lutein status (16, 19, 26–28), and β,β-carotene-9,10＇-oxygenase
(BCO2), the involvement of which in lutein metabolism has re-
cently been shown (29). The fraction of carotenoid that is not
metabolized by these enzymes is incorporated into chylomicrons,
which are secreted into the lymph and enter the bloodstream.
Chylomicrons are hydrolyzed to chylomicron remnants that are
mainly taken up by liver cells (30).

Although it is known that there is high interindividual variability
in lutein bioavailability, no study, to our knowledge, has attempted
to comprehensively characterize this phenomenon. Furthermore,
consequences of this variability with regard to chronic blood lutein
status are not known. Thus, the aims of the current study were to 1)
better characterize the interindividual variability of lutein bio-
availability in healthy subjects, 2) assess whether this variability
in lutein bioavailability can affect fasting concentrations of lutein,
and 3) identify the interplay between the multiple genetic variants
that are involved in this phenomenon.

SUBJECTS AND METHODS

Subject number and characteristics

Forty healthy, nonobese, nonsmoker men were recruited for
the study. This group of subjects had allowed for the identification
if a combination of single nucleotide polymorphisms (SNPs) that
significantly explains the postprandial chylomicron triacylglycerol
response to dietary fat (31). Subjects presented normal energy
consumption (ie, 2500 kcal/d). Subjects either drank no alcohol or
drank <2% alcohol as total energy. Subjects had no history of
chronic disease, hyperlipidemia, or hyperglycemia and were not
taking any medication known to affect lutein or lipid metabolism
during the month before the study or during the study period.
Because of the relatively large volume of blood that was drawn
during the study, subjects were required to have a blood hemo-
globin concentration >1.3 g/L as an inclusion criterion. The study
was approved by the regional committee on human experimen-
tation (no. 2008-A01354-51; Comité de Protection des Personnes
Sud Méditerranée I, France). Procedures followed were in accor-
dance with the Helsinki Declaration of 1975 as revised in 1983.
Objectives and requirements of the study were fully explained to
all participants before beginning the study, and informed written
consent was obtained from each subject. One subject left the study
for personal reason before he participated in the first postprandial
experiment, which left 39 subjects whose baseline characteristics
are reported in Table 1.

DNA preparation and genotyping methods

An average of 25 μg DNA was isolated from a saliva sample
from each subject by using the Oragene kit (DNA Genotek Inc)
as described in detail previously (32). The DNA concentration
and purity were checked by using spectrophotometry at 260 and
280 nm (Nanodrop ND1000; Thermo Scientific). All genotyping
procedures were carried out by the Integragen company. As con-
cerns the whole genome genotyping, the procedure was as follows:
200 ng DNA was hybridized overnight to HumanOmniExpress
BeadChips (Illumina), which allowed the analysis of ~7.33 × 105

SNPs/DNA sample. Unhybridized and nonspecifically hybridized
DNA was washed out. BeadChips were then stained and scanned
on an Illumina iScan scanner (Illumina). Detailed methods are
provided in the Infinium HD Assay Ultra Protocol Guide (Illu-
mina). As concerns the 43 other SNPs (see Choice of candidates
genes), they were genotyped as previously described (33).

Postprandial experiments

For the clinical research study, we used a randomized, 2-way
crossover design with a minimum washout period of 3 wk be-
tween each meal. Subjects were asked to refrain from the con-
sumption of lutein-rich foods (an exclusion list was provided by
a dietitian) for 48 h before each postprandial clinic visit. In
addition, the day before the postprandial clinic visit, subjects
were asked to eat dinner between 1900 and 2000 without any
alcohol intake and, afterward, abstain from the consumption of
any food or beverage other than water until their clinic visit. After
the overnight fast, subjects arrived at the local Center for Clinical
Investigation (la Conception Hospital, Marseille, France) and
consumed either a meal that provided lutein as a supplement or
a meal that provided lutein in a food matrix (ie, tomato puree).
Both meals consisted of semolina (70 g) cooked in 200 mL hot
water, white bread (40 g), egg whites (60 g), peanut oil (50 g), and
mineral water (330 mL). The lutein supplement was provided in
3 pills, each of which contained 5 mg free lutein (Visiobane Protect).
The source of free lutein in the pills was FloraGLO (Kemin In-
dustry Inc). The pills also contained Porphyra, B vitamins, vi-
tamins C and E, fish oil, bee wax, and gelatin. The tomato puree
(100 g/meal), which was purchased from a local supermarket,
provided 0.1 mg free lutein as measured by using HPLC. The
tomato puree was chosen as a source of food lutein because it
has been shown that a postprandial chylomicron lutein response
can efficiently be measured after tomato-puree consumption (34),
and we used this food in a parallel study dedicated to lycopene
bioavailability (data presented in a future article on tomato ly-
copene bioavailability). Thirty-three of 39 subjects participated
in the study on tomato lycopene bioavailability and, thus, con-
sumed the tomato puree. Subjects were asked to consume the
meals at a steady pace, with one-half of the meal consumed in

TABLE 1

Characteristics of subjects included in the statistical analysis of results1

Characteristic Mean ± SEM

Age (y) 32.3 ± 2.0

Weight (kg) 73.5 ± 1.3

BMI (kg/m2) 23.0 ± 0.3

Glucose (mmol/L)2 4.8 ± 0.1

Triacylglycerol (g/L)2 0.7 ± 0.1

Total cholesterol (g/L)2 1.6 ± 0.1

Hemoglobin (g/dL)2 15.1 ± 0.1

Lutein (μmol/L)2,3 0.30 ± 0.01

Postprandial chylomicron lutein response (nmol/L/h)4 69.0 ± 8.3

1 n = 39.
2 Fasting plasma variables.
3 Because the fasting plasma lutein concentration can be affected by

recent dietary intakes of lutein, blood concentrations were measured on 4 oc-

casions for each subject with a ≥3-wk interval between each measurement.
4 Incremental AUC of chylomicron lutein concentration measured dur-

ing the postprandial period (0–8 h) after the intake of the meal providing the

lutein supplement.
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10 min and the remainder of the meal consumed within 30 min
to diminish the variability because of different rates of intake
and, thus, gastric emptying. No other food was permitted over
the next 8 h. Subjects were only allowed to finish the remaining
bottled water they had not drunk during the meal. A baseline
blood sample was drawn before administration of meals (ie, in
the fasted state) as well as at 2, 3, 4, 5, 6, and 8 h after meal
consumption. Blood was taken up into evacuated tubes con-
taining K-EDTA. The tubes were immediately placed into an
ice-water bath and covered with aluminum foil to avoid light
exposure. Plasma was isolated by centrifugation (10 min at 4°C
and 878 × g) ≤2 h after collection.

Chylomicron preparation

Plasma (6 mL) was overlaid with 0.9% NaCl solution (4.5 mL)
and centrifuged for 28 min at 130,000 × g at 10°C by using
a SW41Ti rotor (Beckman Coulter) in a Thermo Sorvall WX100
ultracentrifuge (Thermo Scientific). The upper phase, which
contained mainly chylomicrons and large chylomicron remnants
(35, 36), was collected. Immediately after recovery, chylomicrons
were stored at －80°C before lutein analysis.

Chylomicron lutein extraction and analysis

Chylomicron lutein was extracted and analyzed as follows.
Briefly, ≤2 mL chylomicrons was deproteinated by adding one
volume of ethanol that contained apo 8＇-carotenal as an internal
standard. After the addition of 2 vol hexane, the mixture was
vortexed for 10 min and centrifuged at 500 × g for 10 min at
4°C. The upper phase (which contained lutein) was collected,
and the sample was extracted a second time with hexane fol-
lowing the same procedure. Hexane phases were pooled and
evaporated completely under nitrogen gas. The dried extract was
redissolved in 200 μL dichloromethane:methanol mixture (65:35;
vol:vol). All extractions were performed at room temperature
under yellow light to minimize light-induced damage. A volume
of 90 μL was used for the HPLC analysis. Separation was achieved
by using a 10 × 4.0-mm, 2-μm Modulo-Cart QS guard column
(Interchim) followed by a 250 × 4.6-mm internal diameter,
5-μm particle size YMC C30 column (Interchim) held at 35°C.
The mobile phase was composed of HPLC-grade methanol (A),
methyl tert-butyl ether (B), and water (C) (Carlo Erba–SDS). A
linear gradient from 96% A, 2% B, and 2% C at t = 0 to 18% A,
80% B, and 2% C at t = 27 min at a flow rate of 1 mL/min was
used. The HPLC system consisted of a pump (Waters 2690) as-
sociated with a photodiode-array detector (Waters 2996) (Waters).
Lutein was identified via spectra and a retention time coincident
with an authentic standard (DSM LTD) and quantitated at
450 nm. Peaks were integrated by using Chromeleon software
(version 6.80; Dionex), and quantitation was performed by
comparing the sample peak area with lutein calibration curves
and corrected by extraction efficiency on the basis of the re-
covery of the internal standard.

Calculations

A trapezoidal rule was used to calculate the postprandial
plasma chylomicron lutein response (ie, the AUC of the post-
prandial plasma chylomicron lutein concentration over 8 h).
Calculated AUCs were incremental (ie, baseline-corrected by

using the fasting plasma chylomicron lutein concentration mea-
sured in each subject).

Choice of candidate genes

Candidate genes included those of which their encoded pro-
teins have been shown by in vitro methods to be involved in lutein
uptake by the enterocyte [ie, scavenger receptor class B, member
1 (SCARB1) and NPC1L1 (22, 24)], genes that are suspected to
be involved, directly or indirectly, in enterocyte lutein metabo-
lism, [ie, liver-fatty acid binding protein (L-FABP), intestinal-fatty
acid binding protein (I-FABP) (25), and microsomal triglyceride
transfer protein (MTTP)], and genes that have been associated in
genome-wide association studies (26) or candidate gene asso-
ciation studies (18, 28, 37) with blood lutein concentrations. This
choice resulted in the selection of 28 genes (see Supplementary
Table 1 under “Supplemental data” in the online issue), which
represented 2091 SNPs on arrays. In addition, we added 30
SNPs in 23 genes that we have recently shown to be associated
with the postprandial chylomicron triacylglycerol response in
the same group of subjects (31). Indeed, chylomicrons are the
main blood carrier of newly absorbed lutein, and we hypothe-
sized that genetic variants that affect the secretion and clearance
of chylomicrons in the postprandial period likely affect the post-
prandial blood response in lutein. We also added 43 SNPs that
have been associated, in previous publications, with lipid me-
tabolism (see Supplementary Table 2 under “Supplemental data”
in the online issue). After the genotyping of subjects (see DNA
preparation and genotyping methods), SNPs for which the ge-
notype call rate was <95% or SNPs that presented a significant
departure from the Hardy-Weinberg equilibrium (P < 0.05; chi-
square test) were excluded from all subsequent analysis [336
SNPs excluded, which left 1785 SNPs for the partial least-
squares (PLS) regression analysis].

Statistics: PLS regression

To identify SNPs associated with the variability in the post-
prandial chylomicron lutein response, we used PLS regression.
PLS is a multivariate statistical tool often used for chemometric
(38) and spectrometric modeling and has recently been applied to
SNP-based predictions by our group (31) and other researchers
(19, 31, 39, 40). Because of the large number of SNPs compared
with the low number of subjects and the multicollinearity be-
tween SNPs, PLS regression was chosen to identify SNPs (of the
1785 candidate SNPs) that were predictive of the postprandial
chylomicron lutein response according to their variable impor-
tance in the projection (VIP) value. A general genetic model was
assumed (ie, the 3 genotypes of each SNP were treated as separate
categories with no assumption made about the effect conferred
by the variant allele for homozygotes or heterozygotes on the
postprandial chylomicron lutein response). Different PLS re-
gression models were built by using increasing VIP threshold
values. The model that maximized the explained variance (R2)
and predicted variance (Q2) and validated the following cross-
validation ANOVA was selected. See Supplementary Methods
under “Supplemental data” in the online issue for additional
validation procedures of PLS regression models (41, 42) that
were also performed. SIMCA-P12 software (Umetrics) was used
for all multivariate data analyses and modeling.
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Statistics: univariate analyses

In a second approach, we performed univariate analyses to
compare the postprandial chylomicron lutein response between
subgroups of subjects who bore different genotypes for SNPs
selected in the PLS regression model. Differences obtained in
different genotype subgroups were analyzed by using Student’s
t test with the Benjamini-Hochberg correction with QVALUE
software [version 1.0; John D. Storey (43)] and R software
(version 3.0.2; R foundation of statistical computing). For all
tests, a false-discovery rate q < 0.05 was considered significant.

RESULTS

Interindividual variability in chylomicron lutein responses
to meals

The postprandial chylomicron lutein response after consumption
of the meal that contained the lutein supplement is shown in Figure 1.
The CV of the postprandial chylomicron lutein response, which is
called the lutein response hereafter in the article, was 75% as il-
lustrated in Figure 2. Lower lutein responses with a higher vari-
ability (CV: 137%) were observed after the consumption of the meal
with tomato-sourced lutein (n = 33 of 39 subjects) (data not shown).

Correlation between lutein responses measured after
consumption of the 2 meals

To assess whether the ability to respond to dietary lutein was an
intrinsic characteristic of subjects, we calculated the correlation
between lutein responses measured after the 2 meals. Results
showed that there was a significant positive relation (Pearson’s
r = 0.68, P < 0.0001; Spearman’s rank correlation coefficient =
0.45, P = 0.011) between the 2 responses.

Correlations between lutein responses to meals and fasting
plasma lutein concentrations

To assess whether the fasting plasma concentration of lutein,
which is known to be a marker of lutein status, was related to the

ability to respond to dietary lutein, we calculated the correlation
between the lutein responses of subjects and their fasting plasma
lutein concentrations. To estimate the fasting plasma lutein
concentration, we averaged 4 fasting plasma lutein concentra-
tions measured ≥3 wk apart. Results showed that there was
a significant positive relation between the lutein response to the
meal that contained the lutein supplement and the fasting plasma
lutein concentration (Pearson’s r = 0.51, P < 0.003; Spearman’s
rank correlation coefficient = 0.49, P = 0.006). The relation
between the lutein response to the meal that contained tomato
puree as a source of lutein and the fasting plasma lutein concen-
tration was also positive (Pearson’s r = 0.3; Sperman’s ρ = 0.3)
although nonsignificant (P = 0.09 and P = 0.07, respectively),
which was likely because of the higher variability of the lutein
response observed after the meal (see Interindividual variability in
chylomicron lutein responses to meals).

Genetic variants associated with the lutein response

As stated previously, we used PLS regression to examine
whether the 1785 candidate SNPs (used as qualitative X vari-
ables) could explain a significant part of the variability in the
lutein response of 39 subjects after consumption of the meal that
contained the lutein supplement. We focused on the lutein
supplement–containing meal because of the higher number of
subjects and the higher, more accurate lutein response measured
because of the higher dose of lutein in the meal. As shown in
Table 2, the model that included all SNPs described the group
variance with good accuracy (R2 = 0.92) but was not predictive
of the variance (Q2 = －0.10). Therefore, to improve the model
and find an association of SNPs more predictive of the lutein
response, we filtered out SNPs that made no important contri-
bution (ie, those that displayed the lowest VIP value). After the
application of several thresholds of the VIP value (Table 2), we
showed that the best model obtained included 39 SNPs (see
Supplementary Table 3 under “Supplemental data” in the online
issue for the 29 SNPs not in linkage disequilibrium plus 10 SNPs
in linkage disequilibrium). The 29 SNPs were located in or near
15 genes (Table 3) and described 73% of the group variance with
a prediction index Q2 of 56% (Table 2). The robustness and stability
of the model were validated by 3 additional methods (see Supple-
mentary Methods under “Supplemental data” in the online issue).

FIGURE 1. Incremental chylomicron lutein concentrations measured after
the consumption of the meal that contained the lutein supplement. For each
subject, postprandial chylomicron lutein concentrations were baseline corrected
by using the fasting chylomicron lutein concentration. The bold curve shows
means ± SEMs of 39 subjects. The lower dotted curve shows concentrations of
lutein measured in the lowest responder (ie, the subject who had the lowest AUC
of the postprandial chylomicron lutein concentration in all subjects). The higher
dotted curve shows concentrations of lutein measured in the highest responder.

FIGURE 2. Individual postprandial chylomicron lutein responses after
the consumption of the meal that contained the lutein supplement. Subjects
were sorted by increasing postprandial chylomicron lutein response (ie, 0–8-
h AUC).
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With the use of univariate statistics, the association of the 29
SNPs with the lutein response was further evaluated by com-
paring for each SNP the lutein response of subjects who bore
different genotypes (Table 3). For 11 of 29 SNPs, subjects who
bore different genotypes exhibited a significantly different lutein
response (q < 0.05).

Genetic score to predict the lutein response of a genotyped
subject

With the knowledge of a subject’s genotype at the 29 afore-
mentioned loci, it was possible to predict the subject’s ability to
respond to lutein according to the following equation

?RP = a+
Σ29

1

ri× genotype.
(
SNPi

) (1)

with RP as the responder phenotype (ie, the lutein response),
a as a constant, ri as the regression coefficient of the ith SNP
included in the PLS regression model, and genotype (SNPi) as
a Boolean variable indicating the subject’s genotype at the ith

SNP. See Supplementary Table 4 under “supplemental data” in
the online issue for a list of regression coefficients calculated by
the SIMCA-P12 software.

DISCUSSION

The first noteworthy observation was the high interindivid-
ual variability observed in the lutein response to the 2 lutein-
containing meals (CVs of 75% and 137% after the meal with the
lutein supplement and the tomato meal, respectively). This result
is in agreement with the high interindividual variability reported

for β-carotene (44–48), lycopene (48), and lutein (48). The
higher interindividual variability observed after intake of the
tomato meal compared with the meal that contained the lutein
supplement was likely attributable to the lower amount of lutein
provided by the tomato puree (0.1 compared with 15 mg), which
likely led to a lesser accuracy in the chylomicron lutein measure.
Nevertheless, several of the following additional factors could
also have participated in this higher interindividual variability:
1) the lower number of subjects who consumed the tomato meal
compared with the lutein-supplement meal (33 compared with
39, respectively); 2) the tomato matrix in which lutein was
embedded and which contained fibers that may have impaired
lutein absorption (49); 3) a competition with other carotenoids
present in the tomato matrix (eg, lycopene and β-carotene) (34);

TABLE 2

Performances of different partial least-square regression models that

explained the postprandial chylomicron lutein response to the meal that

contained the lutein supplement1

VIP threshold R2 Q2 SNP no. P (CV-ANOVA)

No selection 0.92 －0.10 1785 1

>0.5 1.00 0.59 505 0.99

>1.0 0.95 0.61 148 0.14

>1.5 0.76 0.49 69 2.7 × 10－3

>1.6 0.74 0.50 62 2.2 × 10－3

>1.7 0.73 0.47 55 2.2 × 10－3

>1.8 0.73 0.56 39 1.9 × 10－4

>1.9 0.71 0.52 31 1.8 × 10－4

>2.0 0.69 0.52 26 1.2 × 10－4

>2.1 0.61 0.47 18 2.0 × 10－4

>2.2 0.62 0.48 17 1.2 × 10－4

>2.3 0.58 0.46 13 3.1 × 10－4

>2.4 0.58 0.46 13 3.1 × 10－4

>2.5 0.54 0.42 11 7.0 × 10－4

1 Different partial least-square regression models were built by using

increasing VIP-threshold values. The model that maximized the R2 and Q2

and was validated after using a cross-validation ANOVA plus 3 other vali-

dation methods (see Supplemental Material under “Supplemental data” in

the online issue for descriptions) was selected. This is the model with VIP

>1.8 shown in the table. CV-ANOVA, ANOVA after cross-validation; Q2,

predicted variance; R2, explained variance; SNP, single nucleotide polymor-

phism; VIP, variable importance in the projection.

TABLE 3

Genes and SNPs associated with the postprandial chylomicron lutein

response1

Gene and SNP rs no. VIP value

SNP minor-allele

frequency q2

ELOVL2-rs9468304 3.37 0.309 0.020

ABCG2-rs17731631 3.20 0.125 0.020

ELOVL2-rs3798709 3.19 0.250 0.025

ISX-rs137252 2.84 0.090 0.020

MTTP-rs17029213 2.65 0.051 0.003

ISX-rs137269 2.62 0.132 0.033

LPL-rs1441778 2.60 0.189 0.063

APOA1-rs2070665 2.50 0.180 0.020

ABCG2-rs6532059 2.41 0.047 0.026

ISX-rs5749706 2.25 0.199 0.068

MC4R-rs11873337 2.21 0.128 0.092

ISX-rs137238 2.17 0.122 0.092

PKD1L2-rs12596941 2.09 0.203 0.092

INSIG2-rs17006621 2.09 0.203 0.092

IRS1-rs2178704 2.06 0.199 0.093

LPL-rs7821631 2.05 0.204 0.092

APOB-rs2854725 2.03 0.092 0.063

LPL-rs10096561 2.02 0.146 0.102

ABCA1-rs4149316 2.01 0.117 0.020

RPE65-rs1924546 2.00 0.119 0.078

ABCA1-rs390253 1.96 0.257 0.094

LPL-rs256 1.94 0.140 0.102

LIPC-rs12591216 1.91 0.096 0.094

ABCA1-rs9919066 1.89 0.063 0.094

ABCA1-rs2020926 1.88 0.105 0.003

COBLL1-rs3769877 1.82 0.189 0.102

IRS1-rs1316328 1.81 0.142 0.033

ISX-rs5755368 1.81 0.234 0.124

LIPC-rs12593880 1.80 0.075 0.094

1 SNPs present in the selected partial least-square regression model

shown in Table 2. SNPs are ranked by decreasing VIP value. Note that 18

of 39 SNPs present in the selected model were in linkage disequilibrium.

Because these SNPs provided redundant information in the model, we ran-

domly kept one of each SNP, which are those presented in this table, in the

final selected partial least-square model. See Supplemental Table 2 under

“Supplemental data” in the online issue for SNPs in linkage disequilibrium

with some of these SNPs. See Supplemental Table 1 under “Supplemental

data” in the online issue for a complete list of gene names and symbols. rs,

reference single nucleotide polymorphism; SNP, single nucleotide polymor-

phism; VIP, variable importance in the projection.
2 Student’s t test with the Benjamini-Hochberg correction was carried

out to test differences between the postprandial chylomicron lutein response

according to genotype groups for each SNP.
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4) a higher variability in the gastric emptying rate that was at-
tributed to the 100-g tomato puree; and 5) a higher variability in
chylomicron clearance rates.

The second noteworthy observation was that lutein responses
measured after the 2 meals in the same subjects were significantly
correlated. This result suggested that, as previously observed for
β-carotene (44, 45, 48), the ability to absorb dietary lutein was
an intrinsic, likely genetic characteristic of subjects. This pos-
sibility, together with the fact that several proteins have been
associated with lutein absorption and transport within the body
(25), led us to hypothesize that polymorphisms in genes involved
in lutein metabolism might be involved in the lutein response
(18, 50). Because the lutein response is a complex phenotype
that likely involves several genes, a thorough study of the as-
sociation between this phenotype and candidate genetic variants
should simultaneously include SNPs in all genes that are assumed
to be involved in this phenotype. The results of the multivariate
analysis, the validity of which was checked by using several tests
(see Subjects and Methods; also see Supplementary Methods
under “Supplemental data” in the online issue), showed that
a significant part (73%) of the interindividual variability in the
lutein response could be assigned to 29 SNPs in or near 15 of 51
candidate genes. Seven out of these 29 SNPs (Table 3) have
recently been shown to be involved in the postprandial chylo-
micron triacylglycerol response in the same group of subjects
(31). This observation was not surprising because it was as-
sumed that most newly absorbed lutein is carried from the in-
testine to peripheral organs via chylomicron, which are mainly
constituted of triacylglycerol.

Because this study aimed to identify genes that are specifically
associated with the lutein response, we will only discuss the
potential role of the 4 genes [ie, intestine specific homebox (ISX),
ELOVL fatty acid elongase 2 (ELOVL2), ATP-binding cassette,
subfamily G, member 2 (ABCG2), and MTTP) that had not been
associated with the chylomicron triacylglycerol response (31)
and displayed a significant P value after univariate statistics
(Table 3). First, it was striking to observe that the SNPs in these
4 genes were the most important in the PLS model (ie, they had
the highest VIP value and, thus, were the main contributors in
lutein variability). ISX has been shown to act as a transcriptional
repressor of SR-BI expression in the intestine (51). Because SR-
BI is involved in lutein uptake (22), we hypothesize that SNPs in
ISX may affect its expression and activity. In turn, this outcome
would affect the SR-BI expression and, thus, lutein uptake ef-
ficiency. ABCG2 encodes for a breast cancer resistance protein
(BCRP), which is a multidrug transporter (52). As far as we know,
there is currently no study on the involvement of this protein in lutein
transport. However, we selected it as a candidate gene because
flavonoids have been shown to be inhibitors of ABCG2/BCRP
(53), and the flavonoid naringenin impairs lutein uptake in Caco-2
cells (54). Thus, the association of SNPs in ABCG2/BCRP with
the lutein response suggested that this protein participates in
lutein absorption. Additional studies are required to verify this
hypothesis. MTTP encodes for the microsomal triglyceride transfer
protein, which is involved in the packaging of triacylglycerol
within the chylomicron. Therefore, the association between an
SNP in MTTP and the lutein response is not surprising to us
because lutein is incorporated into chylomicron in the enterocyte.
ELOVL2 catalyzes the elongation of EPA to docosapentaenoic acid,
and, subsequently, DHA. This association was also observed in

a previous study in which the rs1150561 SNP near ELOVL2 was
associated with a blood lutein response to lutein supplementa-
tion (16). The mechanism of this relation is uncertain and re-
quires additional study.

The third noteworthy observation was that subjects’ fasting
plasma lutein concentrations and their lutein responses were
positively correlated. This relation has been previously reported
by Norkus et al (55) who observed that higher initial (baseline)
serum lutein concentrations predicted greater serum lutein re-
sponses after lutein supplementation. This effect suggests that
the ability to respond to dietary lutein is a key factor that gov-
erns blood and likely tissue lutein concentrations.

To conclude, results of this study show that the interindividual
variability in lutein bioavailability is at least partially genetically
controlled. They also show that the ability to absorb dietary lutein
is an important determinant of circulating fasting blood con-
centrations of lutein. Finally, our results suggest that a significant
portion of the interindividual variability in lutein bioavailability
can be explained by a combination of SNPs, most of which are
located in or near genes that have been associated with the
chylomicron triacylglycerol response. We believe that this study
will be the starting point of a series of studies aiming to ge-
netically predict lutein bioavailability in individuals or, more
probably, a group of individuals carrying key SNPs involved in
lutein bioavailability. The objective of these kinds of studies will
be to give nutritionists an accurate and validated genetic tool to
predict the lutein response for future supplementation studies.
Ultimately, this approach could be used to help optimize lutein
intake for individuals who may be at risk of developing diseases
that may benefit from lutein consumption (eg, macular degeneration
and cognitive decline).
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Is restricted fetal growth associated with later adiposity?
Observational analysis of a randomized trial1–3

Michael S Kramer, Richard M Martin, Natalia Bogdanovich, Konstantin Vilchuk, Mourad Dahhou, and Emily Oken

ABSTRACT
Background: Several recent “developmental origins” studies have
reported increased long-term risks of adiposity, especially truncal
adiposity, among children born small for gestational age (SGA).
Objective: We assessed the effects of SGA birth and weight gain in
early infancy on adiposity at age 11.5 y.
Design: From a cluster-randomized breastfeeding promotion trial in
17,046 Belarusian children, we measured height, weight, waist and
hip circumferences, triceps and subscapular skinfold thicknesses, and
bioimpedance measures of percentage body fat at age 11.5 y. Children
born SGA (birth weight <10th percentile) and those born large for
gestational age (LGA; >90th percentile for gestational age) were
compared with those born appropriate for gestational age (AGA).
Weight gain from birth to 6 mo was categorized as high (>0.67-SD
increase in weight-for-age), low (>0.67-SD decrease in weight-for-
age), or normal. Multilevel statistical models accounted for clustered
measurement and controlled for maternal and paternal height and
body mass index (BMI), maternal education, geographic region, urban
compared with rural residence, and the child’s exact age at follow-up.
Results: Children born SGA had a significantly lower BMI, per-
centage body fat, and fat mass index than did those born AGA, with
a dose-response effect across 2 subcategories of SGA (P < 0.001
for all comparisons). No difference was observed in waist-to-hip
ratio, although the subscapular-to-triceps skinfold ratio was slightly
but significantly (P < 0.001) higher in children born SGA. Differ-
ences among the study groups continued to increase since the pre-
vious follow-up at 6.5 y. SGA infants with catch-up growth in the first
3–6 mo had growth and adiposity measures intermediate between
those born SGA without catch-up and those born AGA. Opposite
effects of similar magnitude were observed in children born LGA.
Conclusion: The 11.5-y-old Belarusian children born SGA were
shorter, were thinner, and had less body fat than their non-SGA peers,
irrespective of postnatal weight gain. The Promotion of Breastfeeding
Intervention Trial was registered at www.isrctn.org as ISRCTN-
37687716. Am J Clin Nutr 2014;100:176–81.

INTRODUCTION

Restricted fetal growth, often studied by using its proxy—
small-for-gestational-age (SGA)4 at birth, has been robustly
associated with high blood pressure, type 2 diabetes, and coro-
nary artery disease in later life (1). Several recent epidemiologic
studies have reported that SGA birth is also associated with
greater adiposity (percentage body fat and fat mass), obesity,
and particularly truncal obesity, in later childhood and adulthood
(2–7), which suggests that increased adiposity may be on the

causal pathway between restricted fetal growth and long-term
adult chronic disease outcomes. These associations have also
been reported to be amplified, or even caused, by rapid catch-up
growth in early infancy (8–10).

This evidence regarding obesity contrasts with the results of
studies published in the 1970s to 1990s that involved the long-
term follow-up of infants born SGA. Those studies consistently
showed long-term reductions in height, weight, BMI, and
skinfold thicknesses, all of which suggest a reduced risk rather
than an increased risk of obesity (11–15). The reasons for these
discrepancies between older studies and more recent ones may
reflect, at least in part, the evolution of the obesity epidemic
since the 1980s. Moreover, the reported associations from recent
studies are likely to be confounded by the well-documented
socioeconomic patterning of obesity in high-income countries
(16–18). Thus, it is pertinent to examine more recent evidence in
settings where the socioeconomic pattern, and thus the potential
for confounding, is not as strong as in many Western countries
today. Such an examination would provide useful evidence
bearing on the biological link between restricted fetal growth,
later adiposity, and adult chronic disease.
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In this study, we took advantage of a large cohort of children
who participated in a randomized trial of a breastfeeding pro-
motion intervention in the Republic of Belarus to study these
relations. This nontraditional study setting of a former Soviet-
bloc country, with socioeconomic patterns in overweight and
obesity that differ from those in the West (19), provided a unique
opportunity to study relations among fetal growth, early infant
growth, and later growth and adiposity. In addition to the setting,
the study also benefits from a large sample size, high rate of
follow-up, and research-standard anthropometric and body fat
measurements at ages 6.5 and 11.5 y and the measurement of and
control for socioeconomic status and maternal and paternal
height and BMI. No previous analyses have been published from
this study bearing on associations between fetal and/or infant
growth and later childhood adiposity.

SUBJECTS AND METHODS

This study is an observational analysis of children who par-
ticipated in the Promotion of Breastfeeding Intervention Trial
(PROBIT)—a cluster-randomized trial of a breastfeeding pro-
motion intervention in the Republic of Belarus. The original
design of PROBIT (20), and the anthropometric methods and
results at 6.5 (21) and 11.5 (22) y, were previously published.
Briefly, the clusters were maternity hospitals and one affiliated
polyclinic (outpatient clinic where children receive routine
health care) per hospital. These clusters were randomized to
a control intervention (continuation of the breastfeeding prac-
tices and policies in effect at the time of randomization) or an
experimental intervention based on the Baby-Friendly Hospital
Initiative, which was developed by the WHO and UNICEF to
promote and support breastfeeding, particularly among mothers
who choose to initiate breastfeeding.

The trial recruited 17,046 infants from 31 maternity hospitals
and polyclinics; all of the infants were born in 1996–1997 and
enrolled during their postpartum stay. All infants were healthy,
singleton, term (≥37 wk gestational age), weighed ≥2500 g at
birth, were initially breastfed, had a 5-min Apgar score of ≥5,
and had no maternal or infant contraindications to breastfeeding
or conditions that would be expected to interfere with breast-
feeding. The trial conformed to the Consolidated Standards of
Reporting Trials guidelines for the design, analysis, and re-
porting of cluster-randomized trials. As previously reported, the
2 randomized groups were similar in baseline sociodemographic
and clinical variables, including maternal age, vocation, number
of other children at home, the proportion of mothers who had
breastfed a previous child for ≥3 mo, cesarean delivery, ma-
ternal smoking during pregnancy, birth weight, gestational age,
and 5-min Apgar score.

Follow-up interviews and examinations at 6.5 and 11.5 y of age
were performed by 1 or 2 pediatricians (depending on volume) at
each of the 31 polyclinics. The training and quality-assurance
procedures at both the 6.5- and 11.5-y follow-up visits were
described in detail previously (21, 22). In addition to the an-
thropometric measurements repeated at 6.5 y, the 11.5-y follow-
up also included measurement of percentage body fat, fat mass,
and fat-free (lean) mass, measured by foot-to-foot bioelectrical
impedance with the use of the Tanita TBF 300 GS body fat
analyzer. This measure of body fat has been found to correlate

extremely highly with body fat mass measured by dual-energy X-
ray absorptiometry in school-age children (23).

SGA birth was defined as a birth weight <10th percentile for
gestational age and sex, derived from a Canadian population-
based reference (24). (No such reference is available for Belarus.)
Similarly, large-for-gestational-age (LGA) birth was defined as
birth weight >90th percentile of the same reference.

To exclude implausible measurements, we eliminated all those
that were <－4 SD (n = 0–2, depending on outcome measurement)
or >4 SD (n = 3–117) from the mean. Bivariate relations were then
examined between birth weight for gestational age [by using the 3
categories of SGA, appropriate for gestational age (AGA), and
LGA] and growth and adiposity outcomes. Because infants
weighing <2500 g at birth were excluded from PROBIT, the most
severely growth-restricted infants were not included in the trial. To
examine a possible dose-response relation, however, we subdivided
the SGA group into approximately equal groups according to se-
verity based on the birth weight-for-gestational-age z score. Those
<5th percentile for gestational age and sex were considered
moderate SGA, whereas those from the 5th to <10th percentiles
were denoted as mild SGA. Statistical differences in the anthro-
pometric outcomes among the 4 groups (2 subgroups of SGA,
AGA, and LGA) were assessed by using ANOVA.

In addition, we wished to assess whether any effects of SGA or
LGA birth that may have already been manifest at age 6.5 y
remained unchanged, were amplified, or diminished between 6.5
and 11.5 y. We therefore examined differences between the 3 main
study groups with respect to the change in growth and adiposity
measures between 6.5 and 11.5 y. To minimize the effect of children
with implausible growth trajectories resulting from measurement or
recording error, we excluded a priori children whose measurements
were <－4 SD (n = 0–24) or >4 SD (n = 10–232) from the mean
at either age and those in whom the change from the 6.5- to 11.5-y
measurements was negative for height (n = 11) or weight (n = 25);
in whom the decrease exceeded 10% of the 6.5-y value for waist (n
= 42) or hip (n = 8) circumference, or in whom the decrease ex-
ceeded 20% of the 6.5-y value for triceps (n = 1168) or subscapular
(n = 698) skinfold thickness.

Multivariable statistical analyses were based on the MIXED
procedure in SAS (version 9.2; SAS Institute Inc), which ac-
counts for the clustered measurement of the outcomes and adjusts
for the potentially confounding covariates, including maternal
and paternal height and BMI, geographic region, urban compared
with rural residence, maternal education, and the child’s exact
age at follow-up. Although we previously reported no effects of
the breastfeeding promotion intervention on growth or adiposity
outcomes at 6.5 or 11.5 y of age (21, 22), we wished to assess
whether the intervention may have helped prevent overweight or
obesity in children born SGA or LGA. We therefore examined
whether breastfeeding [either as randomized, ie, in intention-to-
treat analyses, or as fed (exclusive breastfeeding for 3 mo, de-
fined as yes or no)] interacted with SGA or LGA birth with
respect to the growth and adiposity outcomes at 11.5 y of age.

Because of the ongoing debate about the relative importance of
fetal growth compared with growth in early infancy, we also
created specific combinations of fetal and early infancy growth,
with the latter based on changes in weight-for-age z score (WAZ)
between birth and 3 or 6 mo. For these analyses, we compared
the growth and adiposity outcomes in 5 study groups: 1) AGA
infants with no major change in WAZ between birth and 3 or 6
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mo, defined as a change in WAZ ≥－0.67 and ≤0.67 based on
the CDC 2000 reference (25); 2) SGA infants without major
change in WAZ based on the same criteria; 3) SGA infants with
catch-up weight gain, defined as a >0.67-unit increase in WAZ;
4) LGA without a major change in WAZ, again based on the same
criteria as groups 1 and 2 above; and 5) LGA with “catch-down”
weight gain, defined as a >0.67-unit decline in WAZ (26). We
also examined the possible interaction between child sex and
these patterns of fetal and early infant growth to assess whether
the magnitude of associations differed between boys and girls.
Finally, we compared how the 9 potential combinations of birth
weight for gestational age and weight gain trajectories contributed
to the 3 BMI categories at age 11.5 y: normal (<85th percentile),
overweight (85th to 95th percentile), and obese (>95th percen-
tile), also based on the CDC 2000 reference (25).

RESULTS

The background characteristics of SGA, AGA, and LGA
newborns who participated in the 11.5-y follow-up are compared
in Table 1. Small but statistically significant differences were
seen in place of residence and maternal education. As expected,
differences between the 3 groups in maternal and paternal height
and BMI were substantial and statistically significant.

The growth and adiposity outcomes at 11.5 y in children born
moderately SGA, mildly SGA, AGA, or LGA are shown in Table 2.
A clear dose-response relation was seen for all of these outcomes;
the SGA groups had the lowest growth and adiposity values, the
AGA group had intermediate values, and the LGA group had the
highest values. No significant difference was observed in waist-to-
hip ratio, although the subscapular:triceps skinfold ratio was
slightly higher in the 2 SGA groups. The moderate SGA subgroup
had larger deficits than the mild SGA subgroup.

The changes in growth and adiposity measures between 6.5
and 11.5 y in children born SGA, AGA, or LGA are provided in
Table 3. Significant differences in most of these changes were
observed between the 3 study groups, which strongly suggests
that the significant differences seen at 11.5 y had increased since
6.5 y. Compared with those born AGA, children born SGA had

smaller gains in adiposity, whereas those born LGA had greater
gains, from 6.5 to 11.5 y. The subscapular:triceps skinfold ratio
continued to increase in the SGA group from ages 6.5 to 11 y,
whereas it continued to decrease in the LGA group. We found
no evidence of interaction between breastfeeding and the fetal
growth categories, based either on the randomized intervention
(intent to treat) or the dichotomous characterization of exclusive
breastfeeding for 3 mo (data not shown).

The results of the combined fetal growth and early infancy
weight gain changes in WAZ in the 3 study groups are sum-
marized in Table 4. The results shown in Table 4 are based on
the analyses between 0 and 6 mo; the relations were similar, but
slightly less consistent, when the increase in WAZ was analyzed
between 0 and 3 mo. No significant interactions were observed
between these combined fetal/infant growth patterns and child
sex. SGA infants with normal WAZ trajectories (ie, no catch-up)
were shorter and less obese at 11.5 y than were those with catch-
up weight gain between 0 and 6 mo. The latter group, however,
remained shorter and thinner than infants born AGA with normal
weight gain in early infancy (the reference group). LGA infants
had the largest anthropometric measures; those with “catch-
down” weight gain showed values intermediate between the
reference (AGA) group and LGA infants without “catch-down.”

How the 9 possible combinations of birth weight for gestational-
age (SGA, AGA, or LGA) and WAZ gain from birth to 6 mo (low,
normal, or high) contributed to the normal, overweight, and obese
groups of children, based on their BMI at 11.5 y of age, is shown in
Figure 1. Children who were born AGA and showed normal or high
weight gains in early infancy contributed the majority of children in
all 3 BMI groups. SGA infants made a very small contribution to
the overweight and obese groups—even among those with high
postnatal weight gains. LGA infants made a larger contribution to
the overweight and obese groups than did the SGA infants.

DISCUSSION

The 11.5-y-old Belarusian children who were born SGA
remained shorter, remained thinner, and had less body fat (in both
proportional and absolute terms) than did their AGA peers, who

TABLE 1

Background characteristics of SGA, LGA, and AGA newborns1

Characteristic

SGA

(n = 1247)

AGA

(n = 11,560)

LGA

(n = 1072) P value2

Place of residence (%) <0.001

East/urban 33.4 31.8 33.2

East/rural 16.2 15.4 13.1

West/urban 21.2 26.5 24.3

West/rural 29.2 26.2 29.5

Maternal education (%) <0.001

Completed university 10.0 13.8 15.1

Partial university 47.5 51.2 56.5

Completed secondary school 37.4 31.4 26.7

Incomplete secondary school 5.1 3.6 1.7

Maternal height (cm) 162.4 ± 5.93 164.1 ± 5.7 165.6 ± 5.4 <0.001

Maternal BMI (kg/m2) 25.3 ± 5.2 26.5 ± 5.5 28.3 ± 5.8 <0.001

Paternal height (cm) 174.9 ± 6.8 176.0 ± 6.6 177.7 ± 6.9 <0.001

Paternal BMI (kg/m2) 25.2 ± 3.3 25.7 ± 3.2 26.2 ± 3.5 <0.001

1 AGA, appropriate for gestational age; LGA, large for gestational age; SGA, small for gestational age.
2 Based on chi-square tests for comparisons of percentages and 1-factor ANOVA for comparisons of means.
3 Mean ± SD (all such values).
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in turn were shorter, were thinner, and had less adipose tissue than
did those born LGA. Most of these differences increased further
between the ages of 6.5 and 11.5 y. Moreover, the combination of
SGA and rapid growth during infancy did not increase the risk of
adiposity, overall or truncal, relative to children born AGA with
a normal weight trajectory in the first 6 mo of life. At 11.5 y, the
children with the highest BMI, fat mass index, and percentage
body fat were those who were born LGA, not those born SGA
(with or without catch-up weight gain). Thus, our results are in
line with those of studies published in the 1970s to 1990s, which
reported that children born SGA remain smaller and thinner than
their AGA (and in particular their LGA) counterparts (11–14).
On the basis of our results, this relation persists even when
accompanied by rapid catch-up weight gain in the first several
months of life.

The strengths of our study included its large sample size,
longitudinal (birth cohort) design, high rates of follow-up, re-
search-standard anthropometric measurements at ages 6.5 and
11.5 y, measures of body fat, and extensive assessment of and
control for potentially confounding covariates. We are not aware
of previous studies that have separately examined the quantitative
contributions of fetal and infant growth to later childhood adi-
posity, nor the extent to which associations with fetal growth

amplify (increase) or remain stable during the childhood years.
This amplification might be the result of earlier programming of
the adiposity trajectory, but it is more likely to reflect the per-
sistent influences of environmental (diet and physical activity)
and/or genetic factors over the life course.

The major limitation of our study was the exclusion of
newborns weighing <2500 g (ie, those with the greatest degree
of fetal growth restriction). PROBIT children are likely too
young to exhibit any cardiometabolic complications related to
either their fetal or postnatal growth. Nonetheless, if PROBIT
children born SGA experience an increased risk of future car-
diometabolic disease, our results make it clear that such in-
creased risk is unlikely to be mediated by increased adiposity.

The contrast between our findings and those of some recent
studies of the “developmental origins” of adiposity may be at
least partly explained by several of those studies’ statistical
adjustment for height, BMI, weight, and/or Tanner stage at the
time of adiposity measurement (3–7), thus inducing (rather than
reducing) bias by “adjusting” for a variable on the causal path
between exposure and outcome (27). Other explanations for the
disparate results may reflect the different geographic and social
setting (ex-Soviet Belarus compared with Western countries),
particularly the lower prevalence of childhood obesity in Belarus

TABLE 3

Changes in growth and adiposity measures between 6.5 and 11.5 y in children born SGA, AGA, or LGA1

Outcomes

No. of

subjects

SGA

(n = 1012–1186)2
AGA

(n = 9297–10,770)2
LGA

(n = 874–996)2 P value3

Height (cm) 12,952 28.7 ± 5.8 28.9 ± 5.6 29.6 ± 5.9 <0.001

Weight (kg) 12,868 16.8 ± 6.6 18.1 ± 7.0 19.5 ± 7.4 <0.001

BMI (kg/m2) 12,733 2.4 ± 2.1 2.6 ± 2.2 2.7 ± 2.3 <0.001

Waist circumference (cm) 12,841 10.1 ± 6.0 10.4 ± 6.4 10.7 ± 6.4 0.071

Hip circumference (cm) 12,878 14.7 ± 5.7 15.1 ± 5.9 15.5 ± 6.3 0.003

Waist-to-hip ratio 12,785 －0.04 ± 0.07 －0.04 ± 0.06 －0.04 ± 0.07 0.880

Triceps SF (mm) 11,726 4.3 ± 4.7 4.9 ± 5.0 5.1 ± 5.3 <0.001

Subscapular SF (mm) 12,079 3.1 ± 3.9 3.4 ± 4.2 3.4 ± 4.3 0.036

Subscapular:triceps ratio 11,183 0.03 ± 0.23 0.01 ± 0.25 －0.02 ± 0.29 <0.001

1 All values are means ± SDs. AGA, appropriate for gestational age; LGA, large for gestational age; SF, skinfold;

SGA, small for gestational age.
2 Sample size range for study group after exclusions (see Subjects and Methods).
3 For overall differences in means, based on 1-factor ANOVA.

TABLE 2

Growth and adiposity outcomes at 11.5 y in children born moderately or mildly SGA, AGA, or LGA1

Outcomes No. of subjects

Moderately SGA

(n = 611–624)2
Mildly SGA

(n = 607–621)2
AGA

(n = 11,425–11,554)2
LGA

(n = 1056–1071)2 P value3

Height (cm) 13,870 146.7 ± 8.0 148.1 ± 7.9 149.8 ± 7.7 152.5 ± 7.5 <0.001

Weight (kg) 13,832 37.9 ± 8.7 38.6 ± 8.4 41.1 ± 9.2 43.9 ± 9.5 <0.001

BMI (kg/m2) 13,810 17.4 ± 2.8 17.5 ± 2.7 18.1 ± 2.9 18.7 ± 3.0 <0.001

Percentage body fat (%) 13,765 15.5 ± 7.7 16.0 ± 7.5 17.1 ± 7.8 18.1 ± 8.0 <0.001

Fat mass index (kg/m2) 13,699 2.9 ± 1.9 2.9 ± 1.8 3.3 ± 2.0 3.6 ± 2.1 <0.001

Waist circumference (cm) 13,836 62.8 ± 7.4 63.2 ± 6.8 64.6 ± 7.8 66.2 ± 8.1 <0.001

Hip circumference (cm) 13,845 75.4 ± 7.4 76.0 ± 7.4 77.9 ± 7.7 79.8 ± 7.9 <0.001

Waist-to-hip ratio 13,819 0.83 ± 0.06 0.83 ± 0.06 0.83 ± 0.06 0.83 ± 0.06 0.153

Triceps SF (mm) 13,845 12.6 ± 5.8 12.9 ± 6.1 13.9 ± 6.3 14.7 ± 6.6 <0.001

Subscapular SF (mm) 13,759 8.4 ± 4.9 8.2 ± 4.3 8.9 ± 5.0 9.2 ± 5.1 <0.001

Subscapular:triceps ratio 13,750 0.69 ± 0.30 0.67 ± 0.22 0.66 ± 0.22 0.65 ± 0.21 0.002

1 All values are means ± SDs. AGA, appropriate for gestational age; LGA, large for gestational age; SF, skinfold; SGA, small for gestational age.
2 Sample size range for study group after exclusions (see Subjects and Methods).
3 For overall differences in means, based on 1-factor ANOVA.
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compared with some Western countries, or selective publication
or citation of published studies. Moreover, the potential for
confounding by unmeasured (or inadequately measured) socio-
economic factors seems less likely to bias the results of our
study than those of studies from Western settings. The fact that
a recent systematic review (28) and other recent studies from
birth cohorts in the United Kingdom (29, 30), Taiwan (31),
Sweden (32), Denmark (33), and Hungary (34) have reported
results similar to ours, however, reinforces the generalizability
of our findings. We do urge caution, however, in extrapolating
our results to low-income settings in South Asia, Africa, or Latin
America, where maternal and early infant malnutrition might
affect the magnitude, and even the direction, of the associations
we have observed.

We are currently examining PROBIT participants at age 16 y,
and it is hoped that future follow-up into adulthood will shed
additional light on the relations between fetal growth, growth in
early childhood, and later obesity and cardiometabolic out-
comes.
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Childhood growth, schooling, and cognitive development:
further evidence from the Young Lives study1–3

Gu?nther Fink and Peter C Rockers

ABSTRACT
Background: A growing literature has linked early childhood
growth to later-life cognition and schooling outcomes in developing
countries. Although existing evidence suggests that children’s ability
to recover from early growth delays in later childhood is limited,
longitudinal studies on the persistence and risk of growth faltering
beyond age 5 y remain scarce.
Objective: Using longitudinal data recently collected from 4 de-
veloping countries as part of the Young Lives study, we investigated
catch-up growth in children between the ages of 8 and 15 y and the
effects of growth during this late-childhood and early-adolescence
period on schooling and developmental outcomes.
Design: We analyzed the associations between children’s physical
growth and development by using longitudinal data from 3327 children
aged 8–15 y collected in Ethiopia, India, Peru, and Vietnam as part of
the Young Lives project.
Results: The study yielded 2 main results. First, 36% of children
stunted at age 8 y managed to catch up with their peers by age 15 y,
and those who caught up had smaller deficits in cognitive scores
than did children who remained stunted. Second, physical growth
faltering was not restricted to early childhood but rather affected
a substantial share of children in the 8–15-y age range, with large
negative consequences for cognition and schooling outcomes.
Conclusion: The results from this study suggest that child devel-
opment in developing countries is a dynamic process offering con-
tinued opportunities for children to catch up during adolescence and
sustained risks for children to fall behind in their developmental
trajectories. Am J Clin Nutr 2014;100:182–8.

INTRODUCTION

Although a growing literature has highlighted that delays in
early childhood physical growth can harm children’s cognitive
development (1, 2), relatively little is known about the dynamics
of physical growth and their long-term developmental effect
during late childhood and adolescence. Recent studies suggest
that catch-up growth is possible throughout early and late stages
of childhood (3–5) and that catch-up in physical growth is often
accompanied by catch-up in other important child development
and schooling outcomes (6–10). However, most of these studies
are limited to investigations of catch-up growth during early
childhood, ie, ages ≤8 y, whereas evidence on the prevalence
and consequences of growth faltering and catch-up growth in
late childhood remains scarce.

The indicator most commonly used to measure early childhood
adversity and development in developing countries is stunting

(11, 12). Stunting affects between 25% and 50% of children in
developing countries as a result of poverty, poor access to sources
of nutrition, and a high burden of infectious diseases (11, 13), and
has consistently been shown to strongly predict subsequent poor
educational attainment (14–17) and poor cognition (18–21).

Whereas some studies have suggested that the ability to re-
cover from early-life growth delays is limited (22), Crookston
et al (6) highlight the high frequency of catch-up growth and
growth faltering in the postinfancy period (ages 12–60 mo) using
the young cohort of children surveyed in the Young Lives study
(23). In this article, we used the data on older children (ages 8–
15 y) collected as part of the same project to assess growth
trajectories and their developmental effects in late childhood.

SUBJECTS AND METHODS

Sample population

The data used in this article were collected as part of the Young
Lives project. As described by Barnett et al (23), the Young Lives
project enrolled ~1000 “older” children (initially 7 or 8 y old)
and ~2000 “younger” children (initially 6–18 mo old) each in
Ethiopia, India, Peru, and Vietnam, for a total cohort of
~12,000 children in 2002. In this article, we focus on the older
cohort of children, most of whom were born in 1994 or 1995.
Children were sampled from 20 sentinel sites in each of the 4
countries. In Ethiopia, Peru, and Vietnam, sites were selected
from a national sampling frame; in India, sentinel sites were
chosen within the state of Andhra Pradesh only. In each site, all
households with children of ages 7 or 8 y were listed, and 50
households were randomly selected for the survey. Previous
studies suggest that the sampled households overall were similar
to national averages, with slightly poorer-than-average house-
holds in Vietnam and slightly better-off households in India and
Ethiopia (23).

The first follow-up assessment was conducted in 2006–2007,
when children of the older cohort were ~12 y old. The second
follow-up assessment was conducted in 2009–2010, when the
older children were ~15 y of age. In all survey rounds, children’s
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heights and weights were collected to monitor their physical
development. In rounds 2 and 3, assessments of verbal and math
skills were conducted. The Young Lives study was reviewed and
approved by the Ethics Committee of Oxford University.

Child outcomes

We separately analyzed 3 outcomes: highest grade completed
as of 2009–2010 (round 3), performance on the Peabody Picture
Vocabulary Test (PPVT) as a measure of a child’s receptive
language skills (24, 25), and performance on a standardized
math test. The math test was developed by Young Lives in-
vestigators using items from existing published international
testing programs and included “20 items dealing with addition,
subtraction, multiplication, division and square roots, using both
whole numbers and fractions . . . [and] 10 items on mathematics
problem solving” (26). For analysis, PPVT and math test scores
were normalized to z scores, standardized within countries. The
primary independent variable of interest for this study was
children’s physical development measured as height relative to
the international growth standards defined by the WHO Multi-
centre Growth Reference Study Group (27). The raw anthro-
pometric data collected during the survey were converted into
normalized height-for-age z scores (HAZs) with use of the WHO
Anthro Plus Software package (28). A total of 96 children
(2.5%) were excluded from the analysis because of HAZ mea-
sures >6 SDs below the reference median; an additional 102
records (2.7%) were excluded from the analysis because of
missing PPVT or math test scores.

Statistics

Descriptive statistics were computed, and attrition rates were
analyzed separately by country. To assess the overall patterns in
linear growth through adolescence, movements in and out of the
stunting categories were tracked over the 3 survey rounds. To

compare the likelihood of significant moves in HAZs over time,
probabilities of 0.25-, 0.50-, and 1.0-SD increases and decreases
were computed between any 2 survey rounds. Ordinary least-
squares models were used to estimate the empirical associations
between linear growth and educational attainment, verbal scores,
and math scores, respectively. We use the terms growth and
height interchangeably when discussing our independent vari-
able of interest because in our regression framework the effect of
height at round t+1 conditional on height at round t is equivalent
to the effect of growth between round t and round t+1. All 3
dependent variables were measured at round 3. For each out-
come variable (educational attainment, verbal score, and math
score), 3 separate models were estimated by using a variety of
measures of linear growth outcomes observed across the 3 sur-
vey rounds. To minimize the risk of confounding, all models
were adjusted for child and household characteristics, including
child sex, child age, household socioeconomic status, and
caregiver educational attainment. To investigate the degree to
which the effects of early growth on cognition are mediated
through schooling, empirical models both conditional and un-
conditional on educational attainment were estimated. In our
main specification, we also controlled for sentinel site fixed
effects to reduce the risk of confounding through local charac-
teristics. Alternative models with sentinel site random effects,
separate specifications for male and female respondents, and rural
compared with urban sites robustness checks are provided else-
where (see “Supplemental data” in the online issue). To correct for
the cluster-based sampling used in the survey, SEs were clustered at
the survey-cluster level. The statistical analysis was conducted by
using the Stata statistical software package, version 12 (29).

RESULTS

A summary of key characteristics of the study sample,
stratified by country, is shown in Table 1. In all countries, the
sample was relatively evenly split between male and female

TABLE 1

Characteristics of the study sample1

Ethiopia

(n = 974)

India

(n = 976)

Peru

(n = 678)

Vietnam

(n = 976)

Independent variables

Probability child is female 49.0 ± 1.4 50.9 ± 1.7 45.9 ± 2.1 49.8 ± 1.8

Child age at round 3 (mo) 180.4 ± 0.3 179.8 ± 0.3 179.3 ± 0.2 181.1 ± 0.3

Caregiver education (y) 2.0 ± 0.4 2.4 ± 0.5 7.3 ± 0.5 6.4 ± 0.5

Probability household has electricity 35.3 ± 9.7 82.0 ± 3.4 73.5 ± 6.5 88.7 ± 3.6

Probability household has private flush toilet 1.2 ± 0.4 20.4 ± 6.7 48.9 ± 9.1 20.6 ± 7.0

Probability household drinks from protected water

source2
55.6 ± 7.4 83.0 ± 4.7 93.3 ± 2.8 35.9 ± 8.9

Child HAZ at age 8 y －1.5 ± 0.1 －1.6 ± 0.1 －1.4 ± 0.1 －1.5 ± 0.1

Child HAZ at age 12 y －1.4 ± 0.1 －1.6 ± 0.1 －1.5 ± 0.1 －1.5 ± 0.1

Child HAZ at age 15 y －1.4 ± 0.1 －1.7 ± 0.1 －1.5 ± 0.1 －1.4 ± 0.1

Dependent variables

Completed education at age 15 y 5.5 ± 0.3 8.1 ± 0.1 7.8 ± 0.1 8.4 ± 0.2

PPVT raw score3 150.4 ± 4.9 129.8 ± 3.0 96.7 ± 2.2 167.1 ± 3.6

Math test raw score4 5.9 ± 0.5 7.1 ± 0.4 13.2 ± 0.6 18.0 ± 0.8

1 All values are means ± SEs and were adjusted to account for cluster sampling. HAZ, height-for-age z score; PPVT,

Peabody Picture Vocabulary Test.
2 Includes piped water, bore hole, and covered well.
3 Out of a total possible score of 204, except for Peru (out of 125).
4 Out of a total possible score of 30.
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children. The largest differences across countries were observed
for parental education, with caregivers in Peru and Vietnam on
average significantly more educated than caregivers in Ethiopia
and India. Some differences in household assets were found
across countries, with Ethiopian households having particularly
low levels of access to electricity, private flush toilets, and
protected water sources. In all countries, average HAZs were
substantially below zero, with the lowest overall scores observed
for children in India (－1.7). By the third round of the surveys,
study children had on average completed between 5.5 (Ethiopia)
and 8.4 (Vietnam) y of schooling. Finally, there were differences
across countries with regard to average raw child verbal and
math scores. Children in Ethiopia and India had substantially
lower math test scores than did children from the other coun-
tries, but had comparable PPVT scores. On average, children
from Vietnam consistently had the highest PPVT and math test
scores; as stated above, all raw scores were normalized relative
to the country average for empirical analysis.

Attrition

Follow-up rates by country are summarized in Table 2.
Overall, follow-up rates were excellent (≥95%) over the 8-y
study period. The country with the highest attrition was Peru
with 5% of children lost over the 8-y period.

Growth faltering and catch-up

The frequency and dynamics of growth faltering (stunting) for
study children are shown in Figure 1. Similar to the patterns
observed for the younger cohort (6), there was substantial evi-
dence of children catching up and falling behind with respect to
physical growth during late childhood and early adolescence.
When first assessed in 2002 at age 8 y, 31% of children were
stunted. Of children classified as stunted at ~8 y, 63.5% were
still classified as stunted by age 15 y. On the other hand, one-
third of children classified as stunted at age 15 y had an HAZ in
the normal range at age 8 y.

The general movements in HAZs between the 3 waves for the
entire population are summarized in Table 3. The overall
movements in HAZs were rather substantial; approximately
two-thirds of surveyed children exhibiting a 0.25-SD increase or
a 0.25-SD decrease in HAZs between any 2 survey rounds and
~45% of children experienced a 0.5-SD increase or decrease
between any 2 survey rounds. Interestingly, movements of this
magnitude appear to have been equally likely for the 8–12-y
interval and the later 12–15-y interval, when pubertal or juvenile
growth spurts appear more likely. A full distribution of changes
in HAZs by survey round is shown elsewhere (see Supplemental
Figure 1 under “Supplemental data” in the online issue).

Physical growth, cognitive development, and schooling

Multivariate associations between physical growth and child
development are shown in Table 4. In columns 1–3, the de-
pendent variable was the highest grade attained by survey round
3; in columns 4–6, the dependent variable was the verbal z score;
and in columns 7–9, the dependent variable was the math z
score. A 1-SD increase in HAZ at age 8 y—conditional on
height at later ages—was associated with an additional 0.12 y of
schooling; however, HAZ at age 8 y was not strongly associated
with either the verbal score or math score measured at age 15 y.
After control for HAZ at age 8 y, HAZ at age 12 y was not
associated with schooling, but was positively associated with
verbal and math scores; the estimated increases were 0.06 and
0.09 SD, respectively. These magnitudes (0.1 SD) were com-
parable with the increases in test scores associated with one
additional year of schooling on average. Positive associations
were also found between developmental outcomes and HAZ at
age 15 y; each unit increase in HAZ is estimated to be associated
with an increase of 0.19 y of schooling, a 0.06-SD increase in
verbal score, and a 0.04-SD increase in math score. The same
results when conditional HAZ (rather than their absolute values)
were taken as independent variables, as proposed by Keijzer-
Veen et al (30) and discussed by Tu and Gilthorpe (31), are
shown elsewhere (see Supplemental Table 1 under “Supple-
mental data” in the online issue); estimates from these models
suggest a somewhat stronger relation between physical growth
and child development, with larger associations estimated for
HAZ at age 8 y compared with HAZ at later ages. Estimated
nonparametric associations between HAZ and the 3 outcome
variables are shown elsewhere (see Supplemental Figure 2 under
“Supplemental data” in the online issue); on average, the ob-
served associations between HAZ and our measures of de-
velopment appear to be somewhat stronger in the HAZ range
below －2, but positive associations were observed for the entire
HAZ range in the sample.

TABLE 2

Young Lives older cohort: sample size by survey round

Ethiopia India Peru Vietnam

Round 1 (n) 1000 1008 714 1000

Round 2 (n) 980 994 685 990

Round 3 (n) 974 976 678 976

Attrition rate (%) 2.6 3.2 5.0 2.4

FIGURE 1. Graph of incident and persistent stunting throughout child-
hood and adolescence in the 4 countries included in the Young Lives study.
Data from 3503 children were used. Average HAZ values for children
stunted at age 8 y, but not stunted at age 12 y, were －2.50 (age 8 y) and
－1.44 (age 12 y). Average HAZ values for children stunted at age 12 y, but
not stunted at age 15 y, were －2.42 (age 12 y) and －1.56 (age 15 y). HAZ,
height-for-age z score.
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Consistent with these general patterns, we found slightly larger
and statistically significant results when looking at stunting as
a measure of growth faltering. On average, children >2 SDs
below the reference median at age 8 y had attained 0.19 fewer
grades of schooling (P = 0.029), had 0.08-SD lower verbal
scores (P = 0.078), and had 0.08-SD lower math scores (P =
0.080). For schooling, the estimated magnitude was similar for
stunting at age 12 y (0.17-SD fewer grades; P = 0.022). How-
ever, being stunted at age 15 y was associated with 0.39 fewer
grades attained (P < 0.001). For verbal skills, the patterns were
similar; stunting at age 15 y was associated with the largest
verbal deficit, 0.17 SD (P < 0.001). For math skills, stunting at
ages 8, 12, and 15 y was associated with similar deficits: 0.08
SD (P = 0.080), 0.11 SD (P = 0.011), and 0.07 SD (P = 0.093),
respectively. The overall shifts in HAZs among children stunted
in one, but not another wave, appeared sizeable: the average
increase in HAZ of children stunted in round 1 but not in round
2 was 1.06; the average increase in HAZ among children stunted
in round 2 but not in round 3 was 0.86 (Figure 1).

In columns 3, 6, and 9 we directly estimated the relative effect
of single and multiple exposures to growth faltering at different
ages. On average, children classified as stunted across all 3 waves
attained 0.73 fewer years of schooling and scored 0.32-SD lower
on the verbal test and 0.26-SD lower on the math test. Children
who were stunted only at age 8 y, but who managed to get back
within the normal range by age 12 y (with an increase in the
average HAZ from －2.49 in round 1 to －1.49 in round 2)
showed less than half of the gap observed for children stunted
throughout the sample period. Alternatively, children of normal
height at age 8 y but then stunted later during adolescence had
deficits similar to those of children stunted throughout the study
period. As shown elsewhere (see Supplemental Table 2 under
“Supplemental data” in the online issue), the results change only
marginally when multilevel random-effects models instead of
models with fixed effects are used.

Country-specific results are shown in Supplemental Tables 3–6
under “Supplemental data” in the online issue, results by sex are
shown in Supplemental Tables 7 and 8 under “Supplemental

data” in the online issue, and results by urban and rural resi-
dence are shown in Supplemental Tables 9 and 10 under
“Supplemental data” in the online issue. We found that the
general relation between stunting and schooling outcomes held
within each country, although the magnitudes of the associations
varied measurably. For example, the negative relation between
stunting at age 8 y and verbal skills was considerably stronger in
Ethiopia and Vietnam than it was in India and Peru. We also
found larger magnitudes for boys than for girls.

In Table 5, we show the results for language and math skills
conditional on schooling. On average, each year of schooling
increased verbal skills by 0.09 SD and math skills by 0.10 SD. A
comparison of column 3 in Table 5 with column 6 in Table 4
suggests that control for schooling reduced the estimated asso-
ciations between stunting and verbal skills by ~25%; similar
reductions were observed with a comparison of column 6 in
Table 5 with column 9 in Table 4 for math scores. These findings
suggest that a rather large proportion of the relation between
stunting and skill development was not mediated by schooling.
Elsewhere (see Supplemental Table 11 under “Supplemental
data” in the online issue), we provide further evidence on the
relation between changes in language skills and physical growth,
which suggests consistently positive (but statistically only
marginally significant) associations between physical growth
and language skill development between ages 12 and 15 y. The
estimated associations between stunting at age 8 y only and
stunting at age 15 y only appear approximately equal in mag-
nitude (－0.13 SD), whereas stunting at age 12 y only does not
appear to be associated with changes in verbal skills.

DISCUSSION

The analysis conducted and results presented in this article
have yielded 3 principal results. First, the high levels of growth
faltering observed both at age 8 y and between age 8 and 15 y
suggest that the degree of adversity experienced by children and
adolescents in developing countries today remains high. Whereas
growth faltering in the first 2 y of life has been extensively

TABLE 3

Estimated probabilities of a 0.25-, 0.5-, and 1-SD change in height-for-age z scores between survey rounds1

Ethiopia India Peru Vietnam

Round 1 to round 2

n 946 985 681 990

0.25-SD move up 0.376 ± 0.0422 0.333 ± 0.017 0.229 ± 0.024 0.269 ± 0.018

0.25-SD move down 0.319 ± 0.038 0.318 ± 0.014 0.410 ± 0.031 0.300 ± 0.012

0.5-SD move up 0.273 ± 0.037 0.194 ± 0.013 0.135 ± 0.017 0.153 ± 0.014

0.5-SD move down 0.199 ± 0.029 0.180 ± 0.010 0.211 ± 0.023 0.134 ± 0.011

1-SD move up 0.122 ± 0.025 0.060 ± 0.009 0.046 ± 0.009 0.037 ± 0.008

1-SD move down 0.067 ± 0.012 0.054 ± 0.007 0.060 ± 0.008 0.021 ± 0.006

Round 2 to round 3

n 970 965 662 967

0.25-SD move up 0.395 ± 0.026 0.318 ± 0.019 0.390 ± 0.036 0.406 ± 0.029

0.25-SD move down 0.387 ± 0.021 0.408 ± 0.018 0.332 ± 0.035 0.311 ± 0.033

0.5-SD move up 0.294 ± 0.025 0.207 ± 0.017 0.224 ± 0.033 0.265 ± 0.022

0.5-SD move down 0.301 ± 0.023 0.301 ± 0.019 0.218 ± 0.025 0.206 ± 0.031

1-SD move up 0.122 ± 0.016 0.055 ± 0.009 0.048 ± 0.012 0.062 ± 0.010

1-SD move down 0.100 ± 0.015 0.106 ± 0.011 0.035 ± 0.007 0.071 ± 0.013

1 The average age at round 1 was 96 mo, at round 2 was 144 mo, and at round 3 was 180 mo.
2 Mean ± SE (all such values); robust SEs were adjusted to account for cluster sampling.
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documented in the literature (13, 32, 33), the results presented in
this study suggest that growth faltering is not restricted to this
period and that a remarkably large fraction of children fall behind
the international growth standards in the later childhood and early
adolescence years.

Second, consistent with many studies in the literature (7, 10,
15, 16), the results of this study suggest that child growth in both
early and late childhood is an important predictor of de-
velopmental and educational outcomes. The results presented in
this study suggest that children who are consistently below the
stunting threshold from age 8 to 15 y have already lost 0.7 grades
by the time they are 15 y, with likely larger differentials to emerge
over the coming years. Given the sizeable educational gaps, the
relatively small differences in verbal and math skills (<0.25 of an
SD) are somewhat surprising. These small differences appear to
be partially attributable to the overall weak associations between
schooling and cognitive scores: 1 y of schooling completed was
associated with an increase in math scores by 0.1 SD; in com-
parison, having a mother with primary education increased the
same score by 0.3 SD (relative to noneducated mothers),
whereas moving a child from the lowest to the second lowest
income quintile was associated with an increase in the math
score of 0.17 SD. These larger developmental differences for
wealth and caregiver education likely reflect differences in the
quality of schooling, opportunities to learn outside of school,
differences in general ability, and a range of other factors.
Physical growth in the 8–15 y age range is likely the result of
a variety of environmental factors, including the exposure to
disease and net nutritional intake, both of which may directly
hamper children’s ability to learn. In addition, direct causal
effects of growth on learning seem plausible, because smaller
children—especially boys—may struggle to keep up physically
with their peers and become less engaged in social learning
activities.

Last, and more positively, the results of this study highlight
that the detrimental effect of childhood adversity is at least
partially reversible. Whereas a full recovery to levels of cognition
and educational attainment equal to nonstunted peers may not be
possible for all stunted children, catching up appears feasible
during adolescence, with potentially high private and social
returns. The results presented in this article suggest that children
who succeed in catching up with respect to their physical growth
after age 8 y have cognitive testing scores very similar to those of
children never stunted despite the fact that they are on average
~0.3 y behind in their educational attainment. Further research
will be needed to better understand both the socioeconomic and
environmental factors that allow children to catch up and the key
risk factors for growth faltering in this age group.

The analysis presented in this article has several important
limitations. First, despite the longitudinal nature of the data
analyzed, residual confounding in our empirical analysis appears
possible. Whereas all empirical models estimated include
community (cluster) fixed effects and a range of child and pa-
rental characteristics to reduce the risk of omitted variable or
confounding biases, changes in children’s physical growth—
conditional on parental characteristics—could be affected by
unobserved family or environmental characteristics. If these
characteristics are correlated with the outcomes analyzed, the
estimated associations between physical growth and child de-
velopment could over- or underestimate the true causal effect of
linear growth.

Second, the study is limited to children first enrolled in the
study at age 8 y, and data on early childhood growth for these
children are unavailable. Even though the findings in this article
are consistent with a recent analysis of data from the younger
cohort enrolled in the Young Lives study (6), our data does not
allow us to directly link later childhood to early childhood growth
experiences.

TABLE 5

Associations between growth and cognition conditional on schooling1

Verbal skills (PPVT z score) Math skills (z score)

1 2 3 4 5 6

Highest grade completed 0.090# ± 0.0512 0.091# ± 0.052 0.091# ± 0.052 0.099# ± 0.055 0.100# ± 0.056 0.100# ± 0.056

HAZ at age 8 y 0.004 ± 0.025 －0.034 ± 0.024

HAZ at age 12 y 0.056* ± 0.027 0.091** ± 0.027

HAZ at age 15 y 0.041 ± 0.027 0.018 ± 0.028

Never stunted Reference group Reference group Reference group Reference group

Stunted at age 8 y －0.058 ± 0.040 －0.061 ± 0.043

Stunted at age 12 y －0.040 ± 0.045 －0.090* ± 0.041

Stunted at age 15 y －0.137** ± 0.038 －0.032 ± 0.049

Stunted at age 8 y only －0.087 ± 0.068 －0.059 ± 0.066

Stunted at age 12 y only －0.016 ± 0.071 －0.058 ± 0.070

Stunted at age 15 y only －0.134* ± 0.059 0.007 ± 0.078

Stunted at ages 8 and 12 y only －0.060 ± 0.059 －0.124* ± 0.055

Stunted at ages 8 and 15 y only －0.074 ± 0.081 －0.062 ± 0.084

Stunted at ages 12 and 15 y only －0.155# ± 0.093 －0.138# ± 0.078

Stunted at ages 8, 12, and 15 y －0.256** ± 0.060 －0.190** ± 0.064

Observations 3325 3325 3325 3325 3325 3325

R2 0.37 0.37 0.37 0.30 0.30 0.30

1 Results are from multivariate linear regression models. All models include cluster fixed effects and controlled for sex, household wealth, age, caregiver

education, testing language, and language spoken by the child. #Significance at the 10% level. *Significance at the 5% level. **Significance at the 1% level.

HAZ, height-for-age z score; PPVT, Peabody Picture Vocabulary Test.
2 Mean ± SE (all such values); SEs were adjusted for cluster sampling.

ADOLESCENT GROWTH AND COGNITIVE DEVELOPMENT 187



Third, to the extent that the differentials across children will
increase over time as children start to drop out of school, the
estimated differentials in schooling and school test scores
reported here are likely a lower bound of the true differentials that
would be observed in the long run. Finally, we do not have in-
formation on onset of puberty in study children, and this limits
our ability to delineate natural variation in the onset of puberty-
related growth from variation resulting from environmental
factors—the latter being more relevant to the cognitive de-
velopment considerations we are interested in.

Overall, the results presented in this article suggest that
children’s ability to catch up with respect to both their physical
and cognitive development, and the risk to fall behind their peers
in later childhood and adolescence, is substantial. Continued
monitoring of child health and physical growth throughout
childhood and early adolescence appears crucial to allow children
in developing countries to fully reach their development potential.
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Effect of weight loss, exercise, or both on cognition and quality of life
in obese older adults1–4

Nicola Napoli, Krupa Shah, Debra L Waters, David R Sinacore, Clifford Qualls, and Dennis T Villareal

ABSTRACT
Background: Obesity impairs cognition and health-related quality
of life (HRQOL) in older adults; however, the appropriate treatment
of obese older adults remains controversial.
Objective: The objective was to determine the independent and
combined effects of weight loss and exercise on cognition, mood,
and HRQOL in obese older adults.
Design: One hundred seven frail, obese older adults were ran-
domly assigned to a control, weight-management (diet), exercise,
or weight-management-plus-exercise (diet-exercise) group for 1 y.
In this secondary analysis, main outcomes were Modified Mini-
Mental State Examination (3MS) and total Impact of Weight on
Quality of Life-Lite (IWQOL) scores. Other outcomes included
Word Fluency Test, Trail Making Test Parts A and B, and Geriatric
Depression Scale (GDS) scores.
Results: Scores on the 3MS improved more in the diet (mean ± SE:
1.7 ± 0.4), exercise (2.8 ± 0.4), and diet-exercise (2.9 ± 0.4)
groups than in the control group (0.1 ± 0.4) (between-group P =
0.0001–0.04); scores in the diet-exercise group improved more than
in the diet group but not more than in the exercise group. Scores on
the Word Fluency Test improved more in the exercise (4.1 ± 0.8)
and diet-exercise (4.2 ± 0.7) groups than in the control group (－0.8
± 0.8; both P = 0.001). For the Trail Making Test Part A, scores in
the diet-exercise group (－11.8 ± 1.9) improved more than in the
control group (－0.8 ± 1.9) (P = 0.001); a similar finding was
observed for the Trail Making Test Part B. Scores on the IWQOL
improved more in the diet (7.6 ± 1.6), exercise (10.1 ± 1.6), and
diet-exercise (14.0 ± 1.4) groups than in the control group (0.3 ±
1.6) (P = 0.0001–0.03); scores in the diet-exercise group improved
more than in the diet group but not more than in the exercise group.
In the diet-exercise group, peak oxygen consumption and strength
changes were independent predictors of 3MS changes; weight and
strength changes were independent predictors of IWQOL changes.
GDS scores did not change.
Conclusions: Weight loss and exercise each improve cognition and
HRQOL, but their combination may provide benefits similar to
exercise alone. These findings could inform practice guidelines with
regard to optimal treatment strategies for obese older adults. This
trial was registered at clinicaltrials.gov as NCT00146107. Am J
Clin Nutr 2014;100:189–98.

INTRODUCTION

Obesity in the older population is an urgent public health
problem, with more than one-third of adults aged ≥65 y in the
United States now classified as obese (1). This increasing pop-

ulation is at risk of adverse outcomes because obesity in older
adults is associated with physical and metabolic complications that
impair health-related quality of life (HRQOL)5 (2). Moreover,
obese older adults may be at increased risk of dementia, given
convergent metabolic mechanisms such as insulin resistance and
chronic inflammation (3). Indeed, midlife obesity has been con-
sistently associated with dementia risk (4–6); however, obesity in
older adults has been associated with both increased (7, 8) and
decreased (9, 10) dementia risk. Possible explanations for the
paradoxical findings include confounding because of birth cohort
effects (11) and weight loss preceding dementia diagnosis (12).
Conversely, limited data from small, mostly short-term clinical
trials suggest that weight loss and/or exercise may improve cog-
nition, although other studies showed no effects (13–17). Im-
portantly, most previous intervention studies included participants
with wide ranges in age and BMI and thus did not focus on the
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vulnerable population of obese older adults (2, 16, 17). Further-
more, the potential mediators of the effects of weight loss and/or
exercise on cognition and HRQOL still need to be elucidated (16, 18).

Lifestyle intervention (weight loss and exercise) is recom-
mended as the cornerstone of obesity treatment at all ages (19, 20).
However, this recommendation remains controversial in obese
older adults because of the reduction in relative health risks with
increasing BMI in this group and the concerns around the difficulty
of behavioral change with advancing age, exacerbation of age-
related lean tissue losses, and feasibility of long-term weight loss
and other related health consequences (1). Thus, although weight
loss and exercise are recommended as standard care for obese
patients in general, this recommendation is not universally ac-
cepted by geriatricians for older adults. It is the common per-
ception that extra weight may be protective against health risks in
older adults (21, 22). Nevertheless, we recently reported that the
combination of weight loss and exercise provides greater im-
provement in physical function and cardiometabolic health than
either intervention alone (23, 24). Accordingly, we now report the
results of the effects of weight loss alone, exercise alone, or
combined weight loss and exercise on cognition, mood, and
HRQOL in this population of frail, obese older adults.

SUBJECTS AND METHODS

The parent randomized controlled trial (RCT) evaluated the
independent and combined effects of weight loss and exercise on
physical function in obese older adults. The principal results
showed that a combination of weight loss and exercise provides
greater improvement in physical function than either intervention
alone (23). The present study reports secondary analyses of the
RCT examining changes in cognition, mood, and HRQOL as
prespecified in the protocol.

Study population

This study was conducted at Washington University School of
Medicine (WUSM) and approved by the university’s institutional
review board. Study oversight was provided by a data and safety
monitoring board. Volunteers were recruited through advertise-
ments, and informed consent was obtained from each partici-
pant. Details of the inclusion and exclusion criteria have been
described (23). Briefly, eligible participants had to be older
(aged ≥65 y), obese [BMI (in kg/m2) ≥30], sedentary (regular
exercise <1 h/wk), and with stable body weight (±2 kg in the
preceding year) and on stable medications (≥6 mo) before en-
rollment. Participants were required to meet 2 of the following 3
operational criteria for mild-moderate frailty: physical perfor-
mance test score of 18–32, peak oxygen consumption (VO2peak)
of 11–18 mL · kg－1 · min－1, and difficulty in 2 instrumental
activities of daily living or 1 basic activity of daily living (23,
25). Exclusion criteria included severe cardiopulmonary disease,
musculoskeletal or neuromuscular impairments that precluded
exercise training (ET), known diagnosis of dementia or positive
screening with the Mini-Mental State Examination (score <24)
(26), history of malignant neoplasm, and current smoking.

Study design

In this 52-wk RCT, participants were randomly assigned to 1 of
the following 4 groups stratified by sex: 1) control group, 2)

group who participated in a weight-management program (diet
group), 3) group who received ET (exercise group), and 4) group
who received both weight-management and ET (diet-exercise
group). The randomization algorithm was generated by the
WUSM Biostatistics Division and maintained by a research
team member who did not interact with the participants.

As previously described (23), participants in the control group
received general information about a healthy diet at regular visits
with the staff and were prohibited from participating in any
weight-loss or exercise program.

Participants in the diet group were prescribed a diet that
provided an energy deficit of 500–750 kcal/d from daily re-
quirements (2). Groups met with dietitians for food diary review,
caloric intake adjustments, and behavioral therapy. They were
instructed to set weekly behavioral goals and to attend weekly
weigh-in sessions. The goal was to achieve ~10% weight loss
for 6 mo and to maintain this weight for the remaining 6 mo of
the study. Participants in the exercise group were counseled on
maintaining a weight-stable diet. They participated in a super-
vised progressive multicomponent ET program. Exercise ses-
sions were ~90 min (~15 min flexibility, 30 min aerobic, 30 min
resistance training, and 15 min balance exercises) 3 times
weekly at a WUSM exercise facility. The participants exercised
so that their heart rate was ~65% of their peak heart rate and
gradually increased the intensity of exercise so that their heart
rate was between 70% and 85% of their peak heart rate. The
progressive resistance training included 9 upper-extremity and
lower-extremity exercises with the use of weight-lifting ma-
chines. Participants performed 1–2 sets at a resistance of ~65%
of their one-repetition maximum (1-RM), with 8–12 repetitions
of each exercise; they gradually increased the intensity to 2–3
sets at a resistance of ~80% of their 1-RM, with 6–8 repetitions
of each exercise (23). Participants who were randomly assigned
to the diet-exercise group participated in both weight-manage-
ment and ET programs described above, conducted separately
from the other groups.

Outcome assessments

Main outcomes for this report were changes in the Modified
Mini-Mental State Examination (3MS) and the total Impact of
Weight on Quality of Life–Lite (IWQOL) at 12 mo. Other
outcomes included the Word List Fluency Test, Trail Making
Tests Parts A and B, and Geriatric Depression Scale (GDS)–
Short Form. Outcomes were assessed at baseline, 6 mo, and 12 mo.
Trained personnel who were blinded to group assignments con-
ducted the assessments.

Cognitive measures

The 3MS is a test of global cognition with components for
orientation, registration, attention, language, praxis, and imme-
diate and delayed memory (27). Scores range from 0 to 100, with
higher scores indicating better performance. The 3MS is more
sensitive for mild cognitive impairment than the traditional 30-
point Mini-Mental State Examination (27).

The Word List Fluency Test measures verbal production,
semantic memory, and language. Participants were asked to name
as many animals as possible in a 1-min period (28). Higher scores
indicate better performance.
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The Trail Making Test Parts A and B (Trails A and B) provides
information on visuospatial scanning, speed of processing,
mental flexibility, and executive function (29, 30). The tasks
involve connecting 25 consecutively numbered circles (Trail A,
greater focus on attention) or an alternating sequence of
numbered and lettered circles (Trail B, greater focus on ex-
ecutive function). Shorter times to completion indicate better
performance.

Mood

The GDS is a 15-item version of the 30-item form that assesses
depressive symptoms during the past week (31). The scores range
from 0 to 15, with higher scores indicating greater depression.

IWQOL

The IWQOL is a validated 31-item self-report measure of
obesity-specific quality of life (32, 33). In addition to a total
score, there are scores on 5 domains: physical function, self-
esteem, sexual life, public distress, and work. Scores are trans-
formed to a 0–100 scale, with 100 representing the best HRQOL.

Potential mediators or confounders of weight loss and
exercise on outcomes grouped in blocks

Body weight and visceral fat

Body weight was measured in the morning after a 12-h fast.
Visceral abdominal tissue volume was measured by MRI (Sie-
mens), as previously described (34, 35). Briefly, 10 serial 10-mm
axial images were acquired, beginning at L1 (identified by the
origin of the psoas muscle) and moving downward (35). Baseline
and 1-y images were batch-analyzed with the use of Hippo
software (36).

Insulin sensitivity, inflammation, and insulin-like growth
factor I

A standard 75-g oral-glucose-tolerance test was performed
after an overnight fast and the insulin sensitivity index (ISI) was
calculated by using the formula ISI = 10,000/square root of
[(fasting glucose × fasting insulin) × (mean glucose × mean
insulin)], as previously described (24, 37). As a marker of
chronic inflammation, high-sensitivity C-reactive protein (hs-
CRP) was measured by immunoturbidimetric assay (Hitachi
917; Roche). Insulin-like growth factor I (IGF-I) was measured
by radioimmunoassay (Diagnostic Products).

Muscle strength and VO2peak

The 1-RM (maximal weight a person can lift at one repetition)
for biceps curl, bench press, and seated row was summed to
calculate upper extremity 1-RM strength; the 1-RM for knee
extension, knee flexion, and leg press was summed to calculate
lower extremity (LE) 1-RM strength (23, 38). VO2peak was as-
sessed during graded treadmill walking by indirect calorimetry
(True Max 2400; ParvoMedics), as previously described (25,
39). Briefly, the incremental test started at a speed determined
during a warm-period to elicit ~70% of age-predicted maxi-
mum heart rate and remained constant throughout the test, and
grade was increased by 2% every 2 min. The test continued until
the subject could no longer exercise because of exhaustion or

until other conditions, such as electrocardiogram changes or
development of symptoms, made it unsafe to continue (25, 39).

Statistical analyses

The same statistical methodologies used in the parent RCT
were applied (23). Briefly, intention-to-treat analyses were per-
formed by including all available observations (3 visits) in the
analysis. Baseline characteristics were compared by using
ANOVAs or Fisher’s exact test. Longitudinal changes between
groups were tested by using mixed-model repeated-measures
ANOVA. Change from baseline was used as the dependent
variable with group, visit, and group × visit as independent
effects and baseline values and education (for cognition) as
covariates. The primary focus of the analyses for the main
outcomes (3MS and total IWQOL) was the contrast emphasiz-
ing the 12-mo change in outcome in the 4 groups. In the mixed
model, when the group × visit P value was <0.05, prespecified
contrast statements were used to test the following 4 hypotheses:
changes in the diet group were different from those in the
control group, changes in the exercise group were different from
those in the control group, changes in the diet-exercise group
were different from those in the control group, and changes in
the diet-exercise group were different from those in the diet
group and exercise group. Analyses for within-group changes
were performed by using mixed-model repeated-measures
ANOVA. Pearson’s correlation was used to examine relations
among changes in variables, and 3MS and total IWQOL fol-
lowed by stepwise multiple linear regression were used to
identify which variables were independent contributors to the
changes in the 3MS and total IWQOL in each intervention
group. Baseline characteristics are presented as means ±SDs
and changes in outcome variables are presented as least-squares
adjusted means ± SEs unless otherwise indicated. Statistical
tests were 2-tailed, and P < 0.05 was considered significant.
Data analysis was generated by using SAS version 9.3 (SAS
Institute).

RESULTS

The CONSORT (Consolidated Standards of Reporting Trials)
diagram summarizing recruitment, randomization, and follow-up
has been reported (23). Briefly, 107 participants were randomly
assigned and 93 (87%) completed the study. Fourteen participants
(4 in the control, 3 in the diet, 4 in the exercise, and 3 in the diet-
exercise group) discontinued the intervention but were included
in the intention-to-treat analyses. Baseline characteristics were
not different between the groups (Table 1). Diet compliance was
83% (IQR: 79–89%) in the diet group and 82% (IQR: 76–89%)
in the diet-exercise group. Exercise compliance was 88% (IQR:
85–92%) in the exercise group and 83% (IQR: 80–88%) in the
diet-exercise group.

Scores on the 3MS improved more in the diet group (1.7 ± 0.4),
exercise group (2.8 ± 0.4), and diet-exercise group (2.9 ± 0.4)
than in the control group (0.1 ± 0.4). Scores improved more in
the diet-exercise group than in the diet group but not more than in
the exercise group (Table 2). Scores on the Word Fluency Test
improved more in the exercise group (4.1 ± 0.8) and diet-exercise
group (4.2 ± 0.7) than in the control group (－0.8 ± 0.8). The
Word Fluency Test score tended to improve more in the
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diet-exercise group than in the diet group. In both the Trails A and
B tests, the scores in the diet-exercise group (－11.8 ± 1.9 and
－21.8 ± 5.1, respectively) but not the diet group or exercise group
improved more than in the control group (－0.8 ± 1.9 and －1.8 ±
4.9, respectively). GDS scores did not change in any group.

The total IWQOL scores improved more in the diet group (7.6
± 1.6), exercise group (10.1 ± 1.6), and diet-exercise group
(14.0 ± 1.4) than in the control group (0.3 ± 1.6). Scores in the
diet-exercise group improved more than in the diet group but not
more than in the exercise group (Table 3). All domains of the
IWQOL (physical function, self-esteem, sexual life, public
distress, work) followed the same pattern of improvement as the
total IWQOL score, with the most consistent improvement oc-
curring in physical function across the intervention groups.

As reported (23), body weight decreased similarly in the diet-
exercise and diet groups (－8.6 ± 3.8 and －9.7 ± 5.4 kg, re-
spectively), whereas weight was constant in the exercise and
control groups. Visceral fat decreased similarly in the diet-
exercise and diet group (－787 ± 896 and －561 ± 454 cm3,
respectively), whereas it decreased modestly (－115 ± 244 cm3)
in the exercise group (24). The ISI increased more in the diet-
exercise group (2.4 ± 2.3) than in the diet group (1.2 ± 1.6) but
not more than in the exercise or control group (24). hs-CRP
concentrations decreased similarly in the diet-exercise group
and diet group (－1.8 ± 3.4 and 1.1 ± 1.4 mg/L) but not in the
exercise or control group (24). IGF-I concentrations did not
significantly change in any group (40). Upper extremity 1-RM
strength increased similarly in the diet-exercise and exercise
groups (18.5 ± 23.5 and 22.9 ± 25.4 kg) but not in the diet or
control group (－5.6 ± 24.5 and －0.5 ± 13.1 kg) (between-
group P = 0.0001). Likewise, LE 1-RM strength increased
similarly in the diet-exercise and exercise groups (55.7 ± 37.3
and 64.0 ± 54.2 kg) but not in the diet or control group (6.1 ±
25.0 and －1.4 ± 41.5 kg) (between-group P = 0.0001). VO2peak

improved similarly in the diet-exercise group and exercise group
(0.15 ± 0.12 and 0.14 ± 0.15 L/min) and did not change in the
diet or control group (24).

Bivariate analyses showed that changes in several variables
correlated with changes in 3MS and total IWQOL (Supplemental
Table 1 under “Supplemental data” in the online issue). In ad-
dition, stepwise multiple regression showed that the following
variables were independent predictors of changes in the 3MS: 1)
diet group: changes in ISI and hs-CRP (explaining 25% of the
variance in changes in the 3MS); 2) exercise group: changes in
VO2peak and LE 1-RM (explaining 24% of the variance in
changes in the 3MS); and 3) diet-exercise group: changes in LE
1-RM and VO2peak (explaining 19% of the variance in changes in
the 3MS) (Table 4). Moreover, stepwise multiple regression
showed that the following variables were independent predictors
of changes in the total IWQOL: 1) diet group: changes in body
weight (explaining 15% of the variance in changes in the
IWQOL); 2) exercise group: changes in LE 1-RM (explaining
17% of the variance in changes in the IWQOL); and 3) diet-
exercise group: changes in body weight and LE 1-RM (explaining
32% of the variance in changes in the IWQOL) (Table 4).

Supplementary analyses that evaluated the independent and
interaction effects of weight-loss and exercise factors showed
a significant interaction effect on our 2 main outcomes of 3MS
and total IWQOL (Supplemental Table 2 under “Supplemental
data” in the online issue), consistent with the main results.

DISCUSSION

In this 1-y RCT in frail, obese older adults, weight loss plus
exercise and exercise alone equally improved scores in the global
3MS test and to a greater extent than weight loss alone. Similar
positive results were observed on the Word Fluency and Trails A
and B tests that assess cognitive domains such as language and

TABLE 1

Baseline characteristics of participants1

Group

Control (n = 27) Diet (n = 26) Exercise (n = 26) Diet-exercise (n = 28) P2

Age (y) 69 ± 43 70 ± 4 70 ± 4 70 ± 4 0.85

Female [n (%)] 18 (67) 17 (65) 16 (61) 16 (57) 0.89

White [n (%)] 22 (81) 23 (88) 21 (81) 25 (89) 0.78

Height (cm) 165.8 ± 9.7 169.2 ± 9.5 168.1 ± 10.1 165.4 ± 8.7 0.38

Weight (kg) 101.0 ± 16.3 104.1 ± 15.3 99.2 ± 17.4 99.1 ± 16.8 0.66

BMI (kg/m2) 37.3 ± 4.7 37.2 ± 4.5 36.9 ± 5.4 37.2 ± 5.4 0.93

Visceral fat (cm3) 2591 ± 1539 2175 ± 1082 2231 ± 1183 2086 ± 1337 0.58

Years of education 16.9 ± 3.0 15.3 ± 3.7 16.7 ± 4.2 16.3 ± 3.8 0.53

Physical performance test score 26.8 ± 4.5 28.6 ± 1.9 27.1 ± 3.1 28.0 ± 2.9 0.17

VO2peak (L/min) 1.69 ± 0.49 1.84 ± 0.41 1.76 ± 0.51 1.73 ± 0.38 0.66

UE 1-RM strength (kg) 83.8 ± 34.4 106.5 ± 45.3 90.5 ± 45.5 90.1 ± 41.7 0.24

LE 1-RM strength (kg) 145.5 ± 42.9 169.5 ± 54.7 144.6 ± 45.6 154.6 ± 61.7 0.30

History of cardiovascular disease [n (%)] 8 (30) 8 (31) 7 (27) 9 (31) 0.98

Previous cigarette use [n (%)] 9 (33) 7 (26) 9 (34) 1 (39) 0.82

Use of CNS-affecting drugs [n (%)]

Antidepressant 3 (1) 2 1) 2 (1) 3 (1) 0.95

Anticholinergic 0 (0) 2 (1) 1 (0) 1 (0) 0.54

Sedative-hypnotic 1 (0) 1 (0) 1 (0) 1 (0) 1.00

1 CNS, central nervous system; LE, lower extremity; UE, upper extremity; VO2peak, peak oxygen consumption; 1-RM, 1-repetition maximum.
2 P values were calculated with the use of ANOVA for quantitative data and Fisher’s exact test for counts.
3 Mean ± SD (all such values).
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TABLE 2

Effects of diet, exercise, or a combination of both on cognition and mood in obese older adults1

Baseline2 Change at 6 mo3 Change at 12 mo3

Difference in change

from baseline to

12 mo (95% CI) P4

Main outcome

3MS

Control group 96.3 ± 0.8 0.1 ± 0.4 0.1 ± 0.4 — —

Diet group 96.0 ± 0.6 1.1 ± 0.45 1.7 ± 0.45 — —

Exercise group 94.9 ± 0.9 1.9 ± 0.45 2.8 ± 0.45 — —

Diet-exercise group 95.6 ± 0.8 1.8 ± 0.45 2.9 ± 0.45 — —

Intergroup comparisons

Diet vs control — — — 1.5 (0.1, 3.0) 0.04

Exercise vs control — — — 3.0 (1.5, 4.5) 0.0001

Diet-exercise vs control — — — 3.0 (1.5, 4.4) 0.0001

Diet-exercise vs diet — — — 1.4 (0.0, 2.8) 0.04

Diet-exercise vs exercise — — — 0.0 (－1.5, 1.4) 0.99

Other outcomes

Word List Fluency

Control group 17.9 ± 1.1 －0.4 ± 0.7 －0.8 ± 0.8 — —

Diet group 17.3 ± 0.7 1.3 ± 0.7 1.4 ± 0.7 — —

Exercise group 17.9 ± 0.8 2.3 ± 0.75 4.1 ± 0.85 — —

Diet-exercise group 19.5 ± 0.8 2.2 ± 0.75 4.2 ± 0.75 — —

Intergroup comparisons

Diet vs control — — — 2.3 (－0.5, 5.0) 0.11

Exercise vs control — — — 4.9 (2.1, 7.7) 0.001

Diet-exercise vs control — — — 4.5 (1.8, 7.2) 0.001

Diet-exercise vs diet — — — 2.3 (－0.3, 4.9) 0.08

Diet-exercise vs exercise — — — －0.3 (－3.0, 2.3) 0.80

Trail A

Control group 42.9 ± 3.0 －1.6 ± 2.0 －0.8 ± 1.9 — —

Diet group 41.8 ± 2.4 －6.1 ± 2.05 －7.1 ± 2.05 — —

Exercise group 40.3 ± 2.3 －5.1 ± 2.0 －8.4 ± 2.15 — —

Diet-exercise group 47.7 ± 5.6 －7.4 ± 1.95 －11.8 ± 1.95 — —

Intergroup comparisons

Diet vs control — — — －5.8 (－13.2, 1.5) 0.12

Exercise vs control — — — －6.6 (－14.1, 0.8) 0.08

Diet-exercise vs control — — — －12.9 (－20.1, －5.8) 0.001

Diet-exercise vs diet — — — －7.1 (－14.3, 0.2) 0.06

Diet-exercise vs exercise — — — －6.3 (－13.6, 1.1) 0.09

Trail B

Control group 106.9 ± 7.8 －0.9 ± 4.8 －1.8 ± 4.9 — —

Diet group 106.9 ± 9.3 －15.4 ± 5.05 －20.7 ± 5.25 — —

Exercise group 102.5 ± 7.3 －8.9 ± 5.15 －16.1 ± 5.55 — —

Diet-exercise group 102.2 ± 8.3 －14.7 ± 4.85 －21.8 ± 5.15 — —

Intergroup comparisons

Diet vs control — — — －17.9 (－35.8, 0.3) 0.05

Exercise vs control — — — －12.6 (－31.2, 5.9) 0.18

Diet-exercise vs control — — — －18.1 (－36.1, 0.1) 0.049

Diet-exercise vs diet — — — －0.4 (－18.6, 18.3) 0.98

Diet-exercise vs exercise — — — －5.5 (－24.2, 13.3) 0.56

GDS

Control group 1.9 ± 0.6 －0.7 ± 0.3 －0.1 ± 0.4 — —

Diet group 1.4 ± 0.5 －0.6 ± 0.3 －0.2 ± 0.3 — —

Exercise group 1.5 ± 0.4 －0.3 ± 0.3 －0.3 ± 0.3 — —

Diet-exercise group 1.0 ± 0.2 0.1 ± 0.2 －0.4 ± 0.3 — —

Intergroup comparisons

Diet vs control — — — 0.2 (－1.0, 1.3) 0.78

Exercise vs control — — — －0.1 (－1.2, 1.1) 0.92

Diet-exercise vs control — — — 0.1 (－1.1, 1.2) 0.89

(Continued)
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attention/executive function. Moreover, weight loss plus exercise
and exercise alone equally improved scores in the IWQOL and to
a greater extent than weight loss alone.

To our knowledge, the current study is the first RCT to directly
compare the independent and combined effects of weight loss and
exercise on cognition in obese older adults. Although weight loss is
the primary treatment of obesity, whether weight-loss therapy is net
beneficial or harmful in older adults is unclear (1). For example, in
contrast to the consistent association between midlife obesity and
dementia risk (4–6), observational studies have shown a paradox-
ical relation between BMI and cognition in older adults (9, 41,
42). A few interventional studies examined the effect of weight
loss on cognition and reported positive and negative results, but
these lacked a rigorous RCT design and focused on middle-aged,
not older, adults (16). The current RCT, therefore, clearly shows
for the first time that weight loss improves cognition in frail, obese
older adults. However, we also found that the positive effects of
weight loss on cognition were not additive to ET.

Our results, which showed positive effects of ET on cognition
in obese older adults, are in general agreement with most pre-
vious RCTs of exercise training in nonobese middle-aged and
older adults (17, 18). However, an important addition is the use of
combined aerobic and resistance ET in obese older adults,
whereas most previous studies in other populations used aerobic
training alone. Although aerobic training studies usually showed
positive effects on cognition (17), the few resistance training
studies yielded equivocal results (43–45). Characteristics of
studies showing cognitive benefits from resistance training were
of longer duration using high-intensity protocols (46, 47). In the
current 1-y RCT, we used moderate- to high-intensity aerobic
and resistance training to improve VO2peak and 1-RM strength in
obese older adults. Therefore, the current RCT provides novel
data on the effects of combined aerobic and resistance training
on cognition in this high-risk older population.

The stepwise multiple regression supported our findings that
weight loss and exercise had independent effects on cognition. In
final models, changes in ISI and hs-CRP predicted changes in the
3MS in the diet group, whereas changes in VO2peak and LE 1-RM
strength predicted changes in the 3MS in the exercise group.
Thus, the positive effects of weight loss on cognition may be
mediated through weight-loss–induced improvement in insulin

sensitivity and decreased inflammation (14). Our findings are
consistent with animal models that suggest that improved insulin
signaling and reduced inflammation induce higher brain synaptic
plasticity and stimulation of neurofacilatory pathways in the
brain, resulting in improved cognition (48, 49). In addition, the
positive effects of exercise may be mediated through training-
induced improvement in aerobic fitness and muscle strength (18).
Our findings are also consistent with animal models that suggest
that ET results in neurogenesis and angiogenesis, which are linked
to improved memory and learning (50, 51). IGF-I has been shown
to be an upregulated neurotrophic factor in both aerobic and re-
sistance exercise (18). We found that IGF-I concentrations did
not change in response to ET, possibly because of diminished
growth hormone/IGF-I axis response with aging (52). Interestingly,
changes in VO2peak and LE 1-RM were the independent predictors
of change in the 3MS in both the exercise group and diet-exercise
group. These findings are consistent with a ceiling effect of ET on
cognition vis-à-vis weight loss, such that we observed no further
effect of diet when added to exercise in the diet-exercise group.

HRQOL reflects an individual’s subjective evaluation of and
reaction to health. Indeed, obesity impairs important aspects of
HRQOL (19) and by using an obesity-specific quality of life
instrument, IWQOL (32), we found that weight loss improved
HRQOL specifically in obese older adults. This finding was
further supported in our stepwise multiple regression, where
change in body weight was the lone predictor of change in total
IWQOL in the diet group. Interestingly, although exercise
was not associated with weight loss, exercise also improved
HRQOL as assessed by the IWQOL. In fact, change in LE 1-RM
was the lone predictor of change in IWQOL score in the ex-
ercise group, suggesting the importance of better physical
function in improving a sense of well-being (53). Accordingly,
among the 5 IWQOL domains, physical function showed the
most consistent improvement across all groups. Importantly,
change in body weight and change in LE 1-RM were both in-
dependent predictors of change in total IWQOL in the diet-
exercise group, suggesting that weight loss and exercise might
have additive effects on HRQOL. Indeed, the score in the total
IWQOL increased more in the diet-exercise group than in the
diet group, although it did not increase more than in the exer-
cise group.

TABLE 2 (Continued )

Baseline2 Change at 6 mo3 Change at 12 mo3

Difference in change

from baseline to

12 mo (95% CI) P4

Diet-exercise vs diet — — — －0.1 (－1.0, 0.9) 0.87

Diet-exercise vs exercise — — — 0.1 (－0.9, 1.2) 0.77

1 The samples for analysis were n = 27 for the control group, n = 26 for the diet group, n = 26 for the exercise group, and n = 28 for the diet-exercise

group. GDS, Geriatric Depression Scale; 3MS, Modified Mini-Mental State Examination; —, not applicable.
2 Values are observed means ± SEs.
3 Values are least-squares adjusted means ± SEs from the repeated-measures analysis.
4 P values for comparisons between groups for changes from baseline to 12 mo were calculated with the use of mixed-model repeated-measures ANOVA

contrasts (with baseline values and education as covariates in analyses of cognitive tests and with baseline values as covariates in analyses of mood). The

P value for the group × visit interaction for the main outcome of 3MS was 0.001. P values for the group × visit interaction for the other outcomes were 0.01

for Word Fluency, 0.04 for Trail A, 0.38 for Trail B, and 0.36 for the GDS.
5 P < 0.05 for the comparison of the value at the follow-up time with the within-group baseline value, as calculated with the use of mixed-model

repeated-measures ANOVA.
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TABLE 3

Effects of diet, exercise, or a combination of both on the IWQOL in obese older adults1

Baseline2 Change at 6 mo3 Change at 12 mo3

Difference in change

from baseline to

12 mo (95% CI) P4

Main outcome

Total IWQOL

Control group 75.4 ± 3.7 －2.4 ± 1.4 0.3 ± 1.6 — —

Diet group 82.8 ± 1.8 8.5 ± 1.55 7.6 ± 1.65 — —

Exercise group 77.2 ± 3.5 7.1 ± 1.65 10.1 ± 1.65 — —

Diet-exercise group 76.5 ± 3.0 10.2 ± 1.45 14.0 ± 1.45 — —

Intergroup comparisons

Diet vs control — — — 6.1 (0.6, 11.7) 0.03

Exercise vs control — — — 9.5 (3.9, 15.1) 0.001

Diet-exercise vs control — — — 13.6 (8.2, 18.9) 0.0001

Diet-exercise vs diet — — — 7.4 (2.1, 12.8) 0.007

Diet-exercise vs exercise — — — 4.1 (－1.4, 9.5) 0.15

Other outcomes

Physical function

Control group 62.5 ± 4.1 －0.6 ± 1.9 －0.3 ± 2.1 — —

Diet group 73.4 ± 2.1 11.5 ± 1.95 9.9 ± 2.05 — —

Exercise group 67.4 ± 4.2 8.7 ± 2.05 10.4 ± 2.15 — —

Diet-exercise group 67.7 ± 4.0 15.7 ± 1.85 16.3 ± 1.95 — —

Intergroup comparisons

Diet vs control — — — 8.3 (0.9, 15.7) 0.03

Exercise vs control — — — 9.8 (2.3, 17.3) 0.001

Diet-exercise vs control — — — 15.7 (8.4, 23.0) 0.0001

Diet-exercise vs diet — — — 7.4 (0.2, 14.6) 0.007

Diet-exercise vs exercise — — — 5.9 (－1.4, 13.2) 0.14

Self-esteem

Control group 71.3 ± 4.3 －3.5 ± 2.5 2.2 ± 2.8 — —

Diet group 74.7 ± 3.6 14.7 ± 2.65 9.7 ± 2.65 — —

Exercise group 71.7 ± 4.8 5.0 ± 2.7 10.3 ± 2.85 — —

Diet-exercise group 71.7 ± 4.1 9.7 ± 2.55 14.7 ± 2.65 — —

Intergroup comparisons

Diet vs. control — — — 6.7 (－3.3, 16.7) 0.19

Exercise vs. control — — — 8.0 (－2.2, 18.1) 0.12

Diet-exercise vs control — — — 12.5 (2.6, 22.3) 0.01

Diet-exercise vs diet — — — 5.7 (－4.0, 15.4) 0.24

Diet-exercise vs exercise — — — 4.5 (－5.4, 14.4) 0.37

Sexual life

Control group 77.0 ± 7.1 －3.3 ± 3.0 1.6 ± 3.3 — —

Diet group 86.2 ± 3.8 1.0 ± 3.2 4.0 ± 3.4 — —

Exercise group 74.4 ± 5.3 9.1 ± 3.45 14.4 ± 3.35 — —

Diet-exercise group 74.7 ± 5.0 13.4 ± 3.05 17.3 ± 3.05 — —

Intergroup comparisons

Diet vs control — — — 0.2 (－12.3, 12.7) 0.97

Exercise vs control — — — 13.4 (1.2, 25.7) 0.03

Diet-exercise vs control — — — 16.3 (4.6, 28.0) 0.007

Diet-exercise vs diet — — — 16.1 (4.0, 28.2) 0.009

Diet-exercise vs exercise — — — 2.9 (－8.9, 14.7) 0.63

Public distress

Control group 83.9 ± 3.9 －1.3 ± 1.7 －3.9 ± 1.9 — —

Diet group 91.0 ± 2.4 5.5 ± 1.85 5.0.2 ± 1.95 — —

Exercise group 89.2 ± 3.4 3.9 ± 1.95 4.1 ± 2.05 — —

Diet-exercise group 86.1 ± 3.6 5.2 ± 1.75 9.2 ± 1.75 — —

Intergroup comparisons

Diet vs control — — — 7.5 (0.4, 14.7) 0.04

Exercise vs control — — — 6.9 (－0.4, 14.1) 0.06

Diet-exercise vs control — — — 12.6 (5.8, 19.5) 0.0004

Diet-exercise vs diet — — — 5.1 (－1.8, 12.0) 0.15

Diet-exercise vs exercise — — — 5.8 (－1.2, 12.8) 0.11

(Continued)
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The strengths of our study include the RCT design, com-
prehensive lifestyle programs, and the degree of adherence to the
1-y intervention, which allowed for assessment of the distinct

effects of weight loss, exercise, or a combination of both on
cognition and HRQOL. A limitation is that we were unable to
include neuroimaging studies to examine brain structure and

TABLE 3 (Continued )

Baseline2 Change at 6 mo3 Change at 12 mo3

Difference in change

from baseline to

12 mo (95% CI) P4

Work

Control group 85.0 ± 3.3 －5.0 ± 2.2 －4.0 ± 2.4 — —

Diet group 89.0 ± 2.1 4.1 ± 2.25 3.3 ± 2.35 — —

Exercise group 84.0 ± 4.1 5.1 ± 2.5 8.0 ± 2.65 — —

Diet-exercise group 85.5 ± 3.2 5.9 ± 2.25 9.3 ± 2.25 — —

Intergroup comparisons

Diet vs control — — — 6.5 (－2.0, 15.0) 0.13

Exercise vs control — — — 12.2 (3.4, 20.9) 0.006

Diet-exercise vs control — — — 13.2 (4.9, 21.4) 0.002

Diet-exercise vs diet — — — 6.7 (－1.6, 14.9) 0.11

Diet-exercise vs exercise — — — 1.0 (－7.5, 9.5) 0.82

1 The samples for analysis were n = 27 for the control group, n = 26 for the diet group, n = 26 for the exercise group, and n = 28 for the diet-exercise

group. IWQOL, Impact of Weight on Quality of Life–Lite; —, not applicable.
2 Values are observed means ± SEs.
3 Values are least-squares adjusted means ± SEs from the repeated-measures analysis.
4 P values for comparison between groups for changes from baseline to 12 mo were calculated with the use of mixed-model repeated-measures ANOVA

contrasts (with baseline values as covariates). The P value for the group × visit interaction for the main outcome of total IWQOL was 0.0001. The P value for

the group × visit interaction for the other outcomes were 0.0001 for physical function, 0.001 for self-esteem, 0.04 for public distress, 0.01 for sexual life, 0.02

for work, and 0.04 for public distress.
5 P < 0.05 for the comparison of the value at the follow-up time with the within-group baseline value, as calculated with the use of mixed-model

repeated-measures ANOVA.

TABLE 4

Final models in the stepwise multiple regression analyses identifying predictors of changes in the 3MS and total IWQOL

among the intervention groups1

β P

Final model of variables affecting change in 3MS

Diet group (multiple R = 0.503, P = 0.0003)

Change in ISI 0.468 ± 0.119 0.0001

Change in hs-CRP －0.309 ± 0.119 0.01

Exercise group (multiple R = 0.489, P = 0.001)

Change in VO2peak 0.319 ± 0.121 0.01

Change in LE 1-RM strength 0.314 ± 0.131 0.01

Diet-exercise group (multiple R = 0.436, P = 0.002)

Change in LE 1-RM strength 0.272 ± 0.136 0.03

Change in VO2peak 0.257 ± 0.124 0.04

Final model of variables affecting change in total IWQOL

Diet group (R = 0.383, P = 0.002)

Change in body weight －0.383 ± 0.123 0.002

Exercise group strength (R = 0.406, P = 0.002)

Change in LE 1-RM 0.406 ± 0.149 0.002

Diet-exercise group (multiple R = 0.564, P = 0.0001)

Change in body weight －0.365 ± 0.128 0.004

Change in LE 1-RM strength 0.293 ± 0.116 0.01

1 Values are βs ± SEs. The samples for analysis were n = 23 for the control group, n = 23 for the diet group, n = 22 for

the exercise group, and n = 25 for the diet-exercise group. Stepwise multiple linear regression analysis was used to identify

which variables were independent contributors to the changes in the 3MS and total IWQOL in each intervention group.

Variables entered into the model were as follows: change in body weight, change in visceral fat, change in ISI, change in hs-

CRP, change in insulin-like growth factor I, change in VO2peak, change in upper extremity 1-RM strength, change in LE

1-RM strength, and years of education (for 3MS only). hs-CRP, high-sensitivity C-reactive protein; ISI, insulin sensitivity

index; IWQOL, Impact of Weight on Quality of Life–Lite; LE, lower extremity; VO2peak, peak oxygen consumption; 1-RM,

one-repetition maximum; 3MS, Modified Mini-Mental State Examination.
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function because of the participant burden from the other tests as
part of the parent RCT (23). We were unable to detect an effect of
our interventions on mood, probably because of the low baseline
GDS scores. Participants who volunteered may be different from
the general population so our results may not necessarily gen-
eralize to the obese older population. Another potential limitation
is that many statistical tests were performed without rigorous
correction for the multiplicity of tests. Our approach to minimize
type 1 error for our main outcomes (3MS and total IWQOL)
included the following: 1) the use of prespecified contrast
statements to test 4 specific hypothesis and 2) performing these
focused tests only after achieving a significant overall F test (P
< 0.05).

Obesity in older adults challenges our health care professionals
and health delivery systems (54–56). We previously showed that
weight loss and exercise each ameliorate frailty and decrease
cardiometabolic risk factors, but the combination of both pro-
vides the greatest benefits. Optimal treatment strategies in obese
older adults should consider the relative positive effects and
risks of weight loss, exercise, or both in improving multiple
health outcomes in this growing segment of the older population
(1, 2, 23, 24).

The authors’ responsibilities were as follows—DTV: had full access to all

of the data in the study and takes responsibility for the integrity of the data

and the accuracy of the data analysis; DRS and DTV: conceived of and

designed the study and obtained funding; NN, KS, DRS, and DTV: acquired

the data; NN, KS, DLW, DRS, CQ, and DTV: analyzed and interpreted the

data, drafted the manuscript, and critically revised the manuscript for im-

portant intellectual content; CQ: performed statistical analysis; and NN, KS,

and DTV: supervised the study. The sponsors of the study had no role in the

study design, data collection, data analysis, data interpretation, or writing of

the report. The authors did not declare any conflicts of interest.

REFERENCES
1. Waters DL, Ward AL, Villareal DT. Weight loss in obese adults 65

years and older: a review of the controversy. Exp Gerontol 2013;48:
1054–61.

2. Villareal DT, Apovian CM, Kushner RF, Klein S. Obesity in older
adults: technical review and position statement of the American So-
ciety for Nutrition and NAASO, The Obesity Society. Am J Clin Nutr
2005;82:923–34.

3. Luchsinger JA, Gustafson DR. Adiposity, type 2 diabetes, and Alz-
heimer’s disease. J Alzheimers Dis 2009;16:693–704.

4. Kivipelto M, Ngandu T, Fratiglioni L, Viitanen M, Kareholt I, Winblad
B, Helkala E, Tuomelehto J, Soininen H, Nissinen A. Obesity and
vascular risk factors at midlife and the risk of dementia and Alzheimer
disease. Arch Neurol 2005;62:1556–60.

5. Whitmer RA, Gunderson EP, Barrett-Connor E, Quesenberry CP Jr,
Yaffe K. Obesity in middle age and future risk of dementia: a 27 year
longitudinal population based study. BMJ 2005;330:1360.

6. Whitmer RA, Gustafson DR, Barrett-Connor E, Haan MN, Gunderson
EP, Yaffe K. Central obesity and increased risk of dementia more than
three decades later. Neurology 2008;71:1057–64.

7. Gustafson D, Rothenberg E, Blennow K, Steen B, Skoog I. An 18-year
follow-up of overweight and risk of Alzheimer disease. Arch Intern
Med 2003;163:1524–8.

8. Kanaya AM, Lindquist K, Harris TB, Launer L, Rosano C, Satterfield
S, Yaffe K. Total and regional adiposity and cognitive change in older
adults: the Health, Aging and Body Composition (ABC) Study. Arch
Neurol 2009;66:329–35.

9. Atti AR, Palmer K, Volpato S, Winblad B, De RD, Fratiglioni L. Late-
life body mass index and dementia incidence: nine-year follow-up data
from the Kungsholmen Project. J Am Geriatr Soc 2008;56:111–6.

10. Hughes TF, Borenstein AR, Schofield E, Wu Y, Larson EB. Associa-
tion between late-life body mass index and dementia: the Kame Pro-
ject. Neurology 2009;72:1741–6.

11. Gustafson D. A life course of adiposity and dementia. Eur J Pharmacol
2008;585:163–75.

12. Knopman DS, Edland SD, Cha RH, Petersen RC, Rocca WA. Incident
dementia in women is preceded by weight loss by at least a decade.
Neurology 2007;69:739–46.

13. Siervo M, Nasti G, Stephan BC, Papa A, Muscariello E, Wells JC,
Prado CM, Colantuoni A. Effects of intentional weight loss on physical
and cognitive function in middle-aged and older obese participants:
a pilot study. J Am Coll Nutr 2012;31:79–86.

14. Witte AV, Fobker M, Gellner R, Knecht S, Floel A. Caloric restriction
improves memory in elderly humans. Proc Natl Acad Sci USA 2009;
106:1255–60.

15. Lautenschlager NT, Cox KL, Flicker L, Foster JK, van Bockxmeer FM,
Xiao J, Greenop KR, Almeida OP. Effect of physical activity on cog-
nitive function in older adults at risk for Alzheimer disease: a ran-
domized trial. JAMA 2008;300:1027–37.

16. Siervo M, Arnold R, Wells JC, Tagliabue A, Colantuoni A, Albanese E,
Brayne C, Stephan BC. Intentional weight loss in overweight and obese
individuals and cognitive function: a systematic review and meta-
analysis. Obes Rev 2011;12:968–83.

17. Angevaren M, Aufdemkampe G, Verhaar HJ, Aleman A, Vanhees L.
Physical activity and enhanced fitness to improve cognitive function in
older people without known cognitive impairment. Cochrane Database
Syst Rev 2008;3:CD005381.

18. Voss MW, Nagamatsu LS, Liu-Ambrose T, Kramer AF. Exercise, brain,
and cognition across the life span. J Appl Physiol (1985) 2011;111:
1505–13.

19. NIH. Clinical guidelines on the identification, evaluation, and treat-
ment of overweight and obesity in adults–the evidence report. Obes
Res 1998;6(suppl 2):51S–209S.

20. Jakicic JM, Clark K, Coleman E, Donnelly JE, Foreyt J, Melanson E,
Volek J, Volpe SL. American College of Sports Medicine position
stand. Appropriate intervention strategies for weight loss and pre-
vention of weight regain for adults. Med Sci Sports Exerc 2001;33:
2145–56.

21. Miller SL, Wolfe RR. The danger of weight loss in the elderly. J Nutr
Health Aging 2008;12:487–91.

22. Rolland Y, Kim MJ, Gammack JK, Wilson MM, Thomas DR, Morley
JE. Office management of weight loss in older persons. Am J Med
2006;119:1019–26.

23. Villareal DT, Chode S, Parimi N, Sinacore DR, Hilton T, Armamento-
Villareal R, Napoli N, Qualls C, Shah K. Weight loss, exercise, or both
and physical function in obese older adults. N Engl J Med 2011;364:
1218–29.

24. Bouchonville M, Armamento-Villareal R, Shah K, Napoli N, Sinacore
DR, Qualls C, Villareal DT. Weight loss, exercise, or both and car-
diometabolic risk factors in obese older adults: results of a randomized
controlled trial. Int J Obes (Lond) 2014;38:423–31.

25. Villareal DT, Banks M, Siener C, Sinacore DR, Klein S. Physical
frailty and body composition in obese elderly men and women. Obes
Res 2004;12:913–20.

26. Folstein MF, Folstein SE, McHugh PR. “Mini-Mental State”: a practi-
cal method for grading the cognitive state of patients for the clinician.
J Psychiatr Res 1975;12:189–98.

27. Teng EL, Chui HC. The Modified Mini-Mental State (3MS) exami-
nation. J Clin Psychiatry 1987;48:314–8.

28. Isaacs B, Kennie AT. The Set test as an aid to the detection of dementia
in old people. Br J Psychiatry 1973;123:467–70.

29. Corrigan JD, Hinkeldey NS. Relationships between parts A and B of
the Trail Making Test. J Clin Psychol 1987;43:402–9.

30. Lezak MD, Howeieson DB, Loring DW. Neuropsychological assess-
ment. New York, NY: Oxford University Press, 2004.

31. Jl S, Yesavage JA. Geriatric Depression Scale (GDS): recent evidence
of a shorter version. Clin Gerontol 1986;5:165–73.

32. Kolotkin RL, Crosby RD, Kosloski KD, Williams GR. Development of
a brief measure to assess quality of life in obesity. Obes Res 2001;9:
102–11.

33. Kolotkin RL, Crosby RD, Williams GR, Hartley GG, Nicol S. The
relationship between health-related quality of life and weight loss.
Obes Res 2001;9:564–71.

34. Arif H, Racette SB, Villareal DT, Holloszy JO, Weiss EP. Comparison
of methods for assessing abdominal adipose tissue from magnetic
resonance images. Obesity (Silver Spring) 2007;15:2240–4.

LIFESTYLE THERAPY AND COGNITION IN OBESE ELDERLY 197



35. Racette SB, Weiss EP, Villareal DT, Arif H, Steger-May K, Schechtman
KB, Fontana L, Klein S, Holloszy JO. One year of caloric restriction in
humans: feasibility and effects on body composition and abdominal
adipose tissue. J Gerontol A Biol Sci Med Sci 2006;61:943–50.

36. Lancaster JL, Ghiatas AA, Alyassin A, Kilcoyne RF, Bonora E,
DeFronzo RA. Measurement of abdominal fat with T1-weighted MR
images. J Magn Reson Imaging 1991;1:363–9.

37. Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from
oral glucose tolerance testing: comparison with the euglycemic insulin
clamp. Diabetes Care 1999;22:1462–70.

38. Villareal DT, Holloszy JO. DHEA enhances effects of weight training
on muscle mass and strength in elderly women and men. Am J Physiol
Endocrinol Metab 2006;291:E1003–8.

39. Weiss EP, Racette SB, Villareal DT, Fontana L, Steger-May K,
Schechtman KB, Klein S, Ehsani AA, Holloszy JO. Lower extremity
muscle size and strength and aerobic capacity decrease with caloric
restriction but not with exercise-induced weight loss. J Appl Physiol
2007;102:634–40.

40. Shah K, Armamento-Villareal R, Parimi N, Chode S, Sinacore DR,
Hilton TN, Napoli N, Qualls C, Villareal DT. Exercise training in obese
older adults prevents increase in bone turnover and attenuates decrease
in hip bone mineral density induced by weight loss despite decline in
bone-active hormones. J Bone Miner Res 2011;26:2851–9.

41. Fitzpatrick AL, Kuller LH, Lopez OL, Diehr P, O’Meara ES, Longstreth
WT Jr, Luchsinger JA. Midlife and late-life obesity and the risk of de-
mentia: cardiovascular health study. Arch Neurol 2009;66:336–42.
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Rice consumption is not associated with risk of cardiovascular
disease morbidity or mortality in Japanese men and women:
a large population-based, prospective cohort study1–3

Ehab S Eshak, Hiroyasu Iso, Kazumasa Yamagishi, Yoshihiro Kokubo, Isao Saito, Hiroshi Yatsuya,
Norie Sawada, Manami Inoue, and Shoichiro Tsugane

ABSTRACT
Background: Rice consumption has been associated with risk of type 2
diabetes, but its relation with cardiovascular disease (CVD) is limited.
Objective: We examined the association between rice consumption
and risk of CVD incidence and mortality in a Japanese population.
Design: This was a prospective study in 91,223 Japanese men and
women aged 40–69 y in whom rice consumption was determined
and updated from 3 self-administered food-frequency question-
naires, each 5 y apart. Follow-up for incidence was from 1990 to
2009 in cohort I and 1993 to 2007 in cohort II and for mortality was
from 1990 to 2009 in cohort I and 1993 to 2009 in cohort II. HRs
and 95% CIs of CVD incidence and mortality were calculated ac-
cording to quintiles of cumulative average rice consumption.
Results: In 15–18 y of follow-up, we ascertained 4395 incident
cases of stroke, 1088 incident cases of ischemic heart disease
(IHD), and 2705 deaths from CVD. Rice consumption was not
associated with risk of incident stroke or IHD; the multivariable
HR (95% CI) in the highest compared with lowest rice consumption
quintiles was 1.01 (0.90, 1.14) for total stroke and 1.08 (0.84, 1.38)
for IHD. Similarly, there was no association between rice consump-
tion and risk of mortality from CVD; the HR (95% CI) for mortality
from total CVD was 0.97 (0.84, 1.13). There were no interactions
with sex or effect modifications by body mass index for any endpoint.
Conclusion: Rice consumption is not associated with risk of CVD
morbidity or mortality. Am J Clin Nutr 2014;100:199–207.

INTRODUCTION

White rice is a major staple food of the Japanese people and
central to the Japanese diet. Although rice consumption in Japan
has decreased over the past several decades, nearly 29% of total
caloric intake for Japanese is still derived from rice (1). Rice
consumed by the Japanese is primarily refined white rice and not
brown rice. Compared with brown rice, white rice contains less
dietary fiber and fewer vitamins and minerals (2), which may be
positively associated with greater risk of type 2 diabetes and
cardiovascular disease (CVD)4. However, white rice is free of
cholesterol and has a very low sodium content (3), which was
the basis for its use in the traditional Kempner rice diet where it
was used as an aid to treat hypertension (4). Therefore white rice
consumption might also be considered to be inversely associated
with risk of CVD. A meta-analysis showed that white rice
consumption was associated with elevated risk of type 2 diabetes

(5). In addition, rice consumption was positively associated with
risk of type 2 diabetes in women but not in men in the Japan
Public Health Centre-based (JPHC) study (6). However, a recent
cohort study in Spain showed an inverse association between
rice consumption and risk of type 2 diabetes (7). In some (8–13)
but not all (14–19) studies, foods rich in refined carbohydrates,
such as white rice, have been associated with increased risk of
CVD, especially in women. However, few studies have been
conducted in Asian populations, who are known to consume
large quantities of rice (12, 13, 18, 19). To our knowledge, as-
sociations between rice consumption with risk of incident stroke
and ischemic heart disease (IHD) have not been previously in-
vestigated. A Japanese study suggested a positive association
with mortality from stroke in young women with low BMI (12),
whereas another Japanese study showed an inverse association
with mortality from IHD in elderly men with high BMI (18).

With the use of data from a large-scale, population-based
cohort study in Japan, we aimed to examine the prospective
association between white rice consumption and risk of stroke
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and IHD incidence and mortality in Japanese men and women
both combined and sex specifically. Also, a stratified analysis by
BMI (kg/m2) was conducted because overweight and obesity
might represent intermediate endpoints or pathways rather than
confounders for rice. In addition, this analysis provided the
ability to examine previous studies that yielded different results
(12, 18) and evaluate the issue of whether overweight and obese
subjects may have changed their rice consumption to lose
weight because rice is a major source of caloric intake. Because
rice was positively associated with risk of type 2 diabetes in our
cohort study (6), it was hypothesized that rice consumption may
be associated with higher risk of CVD.

SUBJECTS AND METHODS

Study population

The JPHC study, which is a large, Japanese, nationwide,
prospective cohort study, was launched in 5 public health centers
(PHCs) for cohort I and 6 PHCs for cohort II. The study pop-
ulation was defined as all inhabitants in study areas aged 40–59 y
in cohort I and 40–69 y in cohort II. The study design has been
described in detail previously (20) and was approved by the
Institutional Review Board of the National Cancer Centre,
Tokyo, Japan.

Baseline survey

The baseline was in 1990 for cohort I and 1993 for cohort II;
with the use of a self-administered questionnaire, study subjects
were asked to provide information regarding personal and fa-
milial medical histories, lifestyles, and other health-related in-
formation. The dietary habits of subjects were assessed by using
a food-frequency questionnaire (FFQ) of 44 items for cohort I
(21) and 52 items for cohort II. The response rate for the baseline
questionnaire was 77% in men and 83% in women.

Five- and 10-y follow-up surveys

We conducted 5-y follow-up, self-administered questionnaire
surveys in 1995 for cohort I and 1998 for cohort II and 10-y
surveys in 2000 for cohort I and 2003 for cohort II. FFQs used in
5- and 10-y follow-up surveys were developed to estimate dietary
intake from 138 food items and was validated for estimations of
various nutrients and food groups (22). Data on demographics,
lifestyles, personal and familial medical histories, and other
health-related information were also obtained. The response rate
for the 5-y questionnaire was 72% in men and 79% in women
and, for the 10-y questionnaire, was 70% in men and 78% in
women.

Dietary assessment

Frequencies of consumption were reported for the previous
month in baseline FFQs. We used the following 4 response
choices in the cohort I FFQ: almost never, 1–2 and 3–4 d/wk, and
almost daily. Responses of cohort II’s baseline FFQ were se-
lected from the following 5 choices: never; <1, 1–2, and 3–4 d/wk;
and almost daily. Portion sizes for food items were determined
on the basis of 14- to 28-d diet-record data. Data on the daily
consumption of standard rice bowls (a standard bowl was equal

to 140 g), with possible answers as “not even one per day” or
“approximately XX bowls per day” in cohort I and “almost not”
or “approximately XX bowls per day” in cohort II, were also
calculated (21, 23).

In 5- and 10-y follow-up surveys, a standard unit and relative
portion sizes for each food item were included and were identical
for both cohorts. Frequency-response choices were as follows:
never; 1–3 times/mo; 1–2, 3–4, and 5–6 times/wk; or 1, 2–3,
4–6, and ≥7 times/d. Relative portion sizes were as follows:
small (50% smaller), medium (same as the standard), and large
(50% larger). Participants were asked to determine their con-
sumption of rice on the basis of their usual rice bowl sizes [small
(110 g), standard (140 g), and large (170 g)] and the number of
bowls consumed daily from 9 options that ranged from <1 to
≥10 bowls/d (23). Daily food intakes were computed by mul-
tiplying the frequency by relative portions for each food item in
FFQs. Daily intakes of nutrients were calculated by using the
food-composition table developed for each FFQ on the basis of
the fifth revised edition of the Standard Tables of Food Composi-
tion in Japan (24). Caloric-adjusted nutrient consumptions were
calculated by using the residual method (25). The validity of rice
consumption estimated by the 5-y FFQ was assessed in subsamples
by using both 14- and 28-d dietary records. Spearman’s correlation
coefficients between intake values for rice derived from the
FFQ and those derived from dietary records were 0.67 in men
and 0.55 in women. For reproducibility of estimations between
2 FFQs administered 1 y apart, respective Spearman’s corre-
lation coefficients were 0.79 in men and 0.71 in women. The
rice consumption from the FFQ (mean ± SD: 439 ± 200 g/d in
men and 334 ± 146 g/d in women) did not differ from that for
dietary records (480 ± 159 g/d in men and 315 ± 101 g/d in
women) (26).

Inclusion and exclusion criteria

Participants who resided in 2 PHCs were excluded because of
differences in recruitment criteria. Of the remaining 116, 672
subjects, responses were obtained from 95,405 participants
[43,149 subjects in cohort I and 52,256 subjects in cohort II
(overall response rate 82%; 80% in cohort I and 84% in cohort II)]
and were included in the current study. At baseline, participants
who did not respond to rice-intake items (n = 528; 98 subjects
in cohort I and 430 subjects in cohort II) and participants
with implausible energy intakes [outside of the mean ± 3 SD:
n = 744 subjects; 334 subjects in cohort I and 410 subjects in
cohort II) were excluded. Participants who reported a history of
stroke, IHD, or cancer (n = 2910; 1216 subjects in cohort I and
1694 subjects in cohort II) at baseline were also excluded, which
left a total of 91,223 participants (41,501 subjects in cohort I and
49,722 subjects in cohort II) and were ultimately included in our
analysis.

Endpoint assessment

Morbidity

A total of 78 major hospitals with the capability of treating
patients with IHD and stroke were registered within the ad-
ministrative districts of JPHC cohorts. Physicians, who were
unaware of the patients’ lifestyle data, reviewed medical records
at each hospital. Incidences of fatal and nonfatal stroke were

200 ESHAK ET AL



determined if the criteria of the National Survey of Stroke (27)
were met, specifically, the presence of focal neurologic deficits
of sudden or rapid onset that lasted ≥24 h or until death. For
each subtype of stroke (ie, hemorrhagic and ischemic strokes),
a diagnosis was established on the basis of data collected from
computed tomography scans, magnetic resonance images, or
autopsy.

Fatal IHD events and nonfatal myocardial infarction were
confirmed through medical records according to the criteria of the
Monitoring Trends and Determinants of Cardiovascular Disease
project (28), which requires evidence from electrocardiograms,
cardiac enzymes, or autopsy.

To confirm and verify nonfatal stroke and myocardial in-
farction, for subjects who reported the occurrence of coronary or
stroke events in the 10-y follow-up questionnaire but who were
not registered in the stroke or IHD registry, contact attempts were
made by letter or telephone to obtain permission to review rel-
evant medical records. Of 653 subjects who reported an un-
registered stroke, 582 subjects (89%) were successfully
contacted, and 245 subjects provided information that was
consistent with suspected strokes. Of these 245 subjects, 213
participants (87%) provided written informed consent for their
records to be reviewed by physicians. In these subjects, a di-
agnosis of stroke was verified for 165 subjects, and these cases
were, therefore, included in the registry. Of 288 subjects who
reported an unregistered myocardial infarction, 252 subjects
(88%) were contacted, and 119 subjects provided information
that was consistent with suspected myocardial infarctions. Of
these 119 subjects, 102 participants (86%) provided written in-
formed consent for their medical records to be reviewed by
physicians. In these subjects, myocardial infarction was con-
firmed for 51 individuals and subsequently included in the
registry. Similarly, cases identified by the 5-y follow-up ques-
tionnaire and confirmed by hospital records were also included in
the registry. As a result, an additional 225 strokes and 93 myocardial
infarction cases were identified and reported. Of these cases, 172
additionally identified stroke and 71 additionally identified myo-
cardial infarction subjects were included in the current analyses. A
systematic search for additional fatal stroke and IHD subjects was
also conducted by reviewing death certificates. Deaths that were
a result from stroke (International Classification of Diseases, 10th
Revision codes I60–I69), IHD, or acute heart failure (codes I21–
23, I46, and I50) that were listed on the death certificate but had
not been registered were reviewed.

Mortality

The underlying cause of death was defined according to the
International Classification of Diseases, 10th Revision. All death
certificates were forwarded centrally to the Ministry of Health,
Welfare and Labor and coded for the National Vital Statistics.
Registration of death is required by the Family Registration Law;
therefore, accurate reporting was assumed for the purposes of this
study.

Statistical analysis

Participants were classified into quintiles of rice consumption.
Age-adjusted mean values and proportions of updated cardio-
vascular risk factors and population characteristics were pre-
sented according to quintiles of rice consumption. CVD

incidence and mortality were analyzed separately. For the
analysis of CVD incidence, person-years of follow-up were
calculated from the date of the starting point 1 January 1990 in
cohort I and 1 January 1993 in cohort II until the obtainment 1 of
4 possible endpoints as follows: 1) incidence of a first stroke or
first IHD event, 2) relocation from the study area, 3) the end of
the study on 31 December 2009 for cohort I and 31 December
2007 for cohort II, 4) or death. For the analysis of CVD mor-
tality, person-years of follow-up were censored at the date of
death, emigration from Japan, or end of the study (31 December
2009 in both cohort I and cohort II), whichever came first. For
persons who were lost to follow-up, the last confirmed date of
their presence in the study area was used as the date of cen-
soring.

Because there were no interactions by sex for any endpoint
(P-interaction > 0.05), analyses were done for both men and
women combined; however, we also investigated associations
separately for men and women by using Cox proportional haz-
ard modeling to assess the association between quintiles of rice
consumption with risk of CVD. For the multivariate analysis, we
adjusted for age (continuous), sex, PHC, history of hypertension,
and diabetes or the use of a lipid-lowering drug (yes or no); BMI
(quintiles); smoking status (never, ex-smoker, and current
smoker of 1–19, 20–29, or ≥30 cigarettes/d); ethanol intake
(nondrinkers, former drinkers, and weekly ethanol intake <150,
150 to <300, 300 to <450, or ≥450 g/wk); leisure-time sports
activity (≤3 d/mo, 1–2 d/wk, and ≥3 d/wk); job status (white-
collar job, blue-collar job, and unemployed); and quintiles of en-
ergy-adjusted dietary intakes of selected foods and nutrients
(seafood, meat, fruit, vegetables, soy, SFAs, and sodium); and
total caloric intake. For women, we also adjusted for meno-
pausal status and postmenopausal hormone use. We conducted
tests for trends across quintiles of rice consumption by assigning
median values for each quintile and testing the significance of
this variable.

We updated rice consumption and confounding variables by
using the baseline and 5- and 10-y follow-up questionnaire
surveys except for age, sex, and PHC. Data on nondietary var-
iables were updated from each questionnaire. To reduce within-
subject variation and best represent a long-term diet, cumulative
averages of quintiles of total calories and energy-adjusted rice
and other dietary variables from the 3 questionnaires were ranked
on the basis of the sum of these quintile averages. Cumulative
averages of continuous dietary variables themselves were not
used because of a large drift in mean amounts of caloric and
nutrient intakes between baseline and follow-up questionnaires.
We made the last observation carried forward to impute missing
values. For example, data from the baseline questionnaire was
used to replace missing values in the 5-y follow-up questionnaire,
and values in the 5-y follow-up questionnaire were used to re-
place missing values in the 10-y follow-up questionnaire.

With the use of the cumulative average method, the incidence
of and mortality from CVD between each 5-y questionnaire cycle
were related to the cumulative average of rice consumptions
calculated from all preceding dietary measures. Sensitivity
analyses were conducted twice as follows: 1) by reanalyzing with
the use of baseline data only and 2) by relating CVD events to
most-recent dietary data. Furthermore, associations between
total dietary carbohydrate intakes and risk of CVD were also
investigated.
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A stratified analysis by BMI (<25 or ≥25) was also con-
ducted, and an interaction term generated by multiplying the
median of each quintile of rice consumption by BMI was used to
test an effect modification by BMI. Multiple sensitivity analyses
were also conducted by excluding participants with a past his-
tory of diabetes at baseline, ceasing updating rice consumption
and other dietary variables if participants reported disease his-
tory in follow-up questionnaires (type 2 diabetes, hypertension,
cancer, or liver or kidney disease), and restricting the age of
participants to a middle-aged group (40–59 y).The analysis was
conducted with SAS version 9.3 software (SAS Institute Inc).
All P values were 2-sided, and P < 0.05 was regarded as sta-
tistically significant.

RESULTS

During 1,401,401 person-years of follow-up of 92,223 men
and women, 4395 incident cases of stroke (1777 hemorrhagic and
2590 ischemic strokes) and 1088 incident cases of IHD were
diagnosed, and during 1,428,544 person-years of follow-up, 2705
deaths that were a result of CVD (1153 stroke, 605 IHD, and 947
other CVD) were reported. Characteristics of study participants
according to quintiles of rice consumption are shown in Table 1.
Compared with participants who consumed less rice, partici-
pants with a high consumption of rice tended to be older, less
likely to practice sports daily, and more likely to have a blue-
collar job. An increased consumption of rice was associated with
a lower consumption of alcohol, seafood, vegetables, fruit, meat,
soy, SFAs, and sodium.

HRs and 95% CIs for risk of incident stroke and IHD asso-
ciated with rice consumption are shown in Table 2. In both age-
and multivariable-adjusted models, rice consumption was not
associated with risk of stroke, either hemorrhagic or ischemic
stroke, or risk of IHD. Multivariable HRs (95% CIs) in the
quintile with the highest rice consumption compared with the
quintile with the lowest rice consumption were 1.01 (0.90, 1.14;
P-trend = 0.72) for risk of incident stroke and 1.08 (0.84, 1.38;
P-trend = 0.56) for risk of incident IHD. Similarly, rice con-
sumption was not associated with risk of mortality from CVD
(stroke, IHD, other CVD, or total CVD). The multivariable HR
(95% CI) for mortality from total CVD in the quintile with the
highest rice consumption compared with quintile with the lowest
consumption was 97 (0.84, 1.13; P-trend = 0.33) (Table 3).
Results did not change materially after several sensitivity anal-
yses (data not shown in tables) including the relation of risk of
CVD to the baseline rice consumption, relation of risk of CVD
to the most recent rice consumption, exclusion of participants
with a past history of diabetes at baseline, ceased updating of
rice consumption and other dietary variables if participants re-
ported a disease history in follow-up questionnaires, or re-
striction of the age of the participants to a middle-aged group
(40–59 y). Moreover, a sex-specific analysis revealed similar
results; multivariable HRs (95% CIs) in men were 0.88 (0.67–
1.11; P-trend = 0.26) for risk of incident stroke, 0.94 (0.71–1.24;
P-trend = 0.65) for risk of incident IHD, and 0.89 (0.65–1.15;
P-trend = 0.47) for mortality from total CVD, and those in women
were 1.26 (0.91–1.66; P- trend = 0.91), 1.38 (0.84–2.28; P-trend =
0.58), and 1.26 (0.87–1.64; P-trend = 0.83), respectively.

TABLE 1

Age-adjusted means and proportions of updated lifestyle, health, and dietary characteristics in Japanese men and women according to quintiles of rice

consumption

Quintiles of rice consumption

1 (low) 2 3 4 5 (high) P-trend1

Participants at risk (n) 16,882 16,911 18,090 23,543 15,797 —

Median rice consumption (g/d) 251 ± 832 326 ± 89 377 ± 88 430 ± 89 542 ± 127 —

Men (%) 49 47 46 43 55 —

Age at baseline (y) 50.8 ± 7.7 51.6 ± 7.9 52.1 ± 7.9 52.5 ± 8.0 52.4 ± 7.9 —

BMI (kg/m2) 23.5 ± 3.2 23.7 ± 3.3 23.7 ± 3.2 23.6 ± 3.2 23.4 ± 3.1 0.97

History of hypertension (%) 20 21 23 24 20 0.03

History of diabetes (%) 7 7 8 7 6 0.05

Ethanol intake (g/wk) 407 ± 396 298 ± 305 266 ± 306 261 ± 284 240 ± 264 <0.0001

Current smokers (%) 23 20 19 18 23 0.06

Practicing sports daily (%) 14 13 13 11 9 <0.0001

Blue-collar workers (%) 16 15 20 30 24 <0.0001

Use of lipid-lowering drugs (%) 6 5 5 6 4 0.02

Energy consumption (kcal/d) 2062 ± 1157 2018 ± 1064 2002 ± 921 1901 ± 778 2015 ± 807 <0.0001

Seafood consumption (g/d) 84 ± 104 82 ± 78 85 ± 67 79 ± 67 69 ± 59 0.001

Vegetable consumption (g/d) 509 ± 429 534 ± 455 536 ± 436 532 ± 391 450 ± 354 0.02

Fruit consumption (g/d) 222 ± 242 217 ± 229 216 ± 208 205 ± 184 166 ± 184 <0.0001

Meat consumption (g/d) 70 ± 88 70 ± 86 66 ± 73 64 ± 62 50 ± 52 <0.0001

Soy consumption (g/d) 96 ± 166 94 ± 148 97 ± 168 91 ± 150 71 ± 122 0.0003

Carbohydrate consumption (g/d) 234 ± 73 252 ± 63 264 ± 57 275 ± 48 301 ± 50 <0.0001

Total dietary fiber consumption (g/d) 15.3 ± 12.8 13.6 ± 8.4 14.4 ± 9.2 12.6 ± 6.7 11.9 ± 7.1 <0.0001

Saturated fatty acid consumption (g/d) 19 ± 10 18 ± 9 17 ± 8 16 ± 7 13 ± 6 <0.0001

Protein consumption (g/d) 75 ± 25 74 ± 21 74 ± 22 73 ± 17 66 ± 16 0.0004

Sodium consumption (mg/d) 4552 ± 2153 4671 ± 2065 4704 ± 1971 4731 ± 1807 4274 ± 1800 0.03

1 Chi-square test was used for categorical variables; ANOVA was used for continuous variables.
2 Mean ± SD (all such values).
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Furthermore, associations between dietary intake of total
carbohydrate and risk of CVD were examined. In a multivariable
model adjusted for age, sex, PHC, history of hypertension, history

of diabetes, use of cholesterol-lowering drugs, BMI, smoking
status, alcohol intake, leisure-time sports activity, occupation,
and intakes of SFAs, total protein, and sodium, and total caloric

TABLE 2

Multivariable HRs (95% CIs) of incident cardiovascular disease according to quintiles of rice consumption

Quintiles of daily rice consumption

1 (low) 2 3 4 5 (high) P-trend1

Participants at risk (n) 16,882 16,911 18,090 23,543 15,797 —

Person-years 250,899 253,985 279,828 371,990 244,699 —

Total stroke

Cases (n) 789 985 777 1033 838 —

HR (95% CI)2 1.00 (reference) 1.15 (0.98, 1.27) 0.82 (0.75, 1.01) 0.81 (0.74, 1.09) 0.95 (0.86, 1.14) 0.36

HR (95% CI)3 1.00 (reference) 1.07 (0.93, 1.17) 0.94 (0.85, 1.08) 0.93 (0.84, 1.13) 1.01 (0.90, 1.14) 0.72

Hemorrhagic stroke

Cases (n) 336 388 318 426 309 —

HR (95% CI)2 1.00 (reference) 1.11 (0.96, 1.29) 0.81 (0.70, 1.05) 0.81 (0.70, 1.03) 0.90 (0.84, 1.11) 0.43

HR (95% CI)3 1.00 (reference) 1.05 (0.90, 1.22) 0.95 (0.81, 1.12) 0.95 (0.81, 1.11) 0.96 (0.79, 1.15) 0.51

Ischemic stroke

Cases (n) 450 563 452 604 512 —

HR (95% CI)2 1.00 (reference) 1.08 (0.94, 1.26) 0.93 (0.79, 1.04) 0.92 (0.79, 1.12) 0.98 (0.88, 1.13) 0.27

HR (95% CI)3 1.00 (reference) 1.07 (0.92, 1.23) 0.99 (0.81, 1.07) 0.99 (0.81, 1.16) 1.05 (0.90, 1.22) 0.34

Ischemic heart disease

Cases (n) 185 210 208 258 227 —

HR (95% CI)2 1.00 (reference) 1.09 (0.90, 1.33) 0.96 (0.78, 1.17) 0.90 (0.74, 1.09) 1.06 (0.87, 1.29) 0.61

HR (95% CI)3 1.00 (reference) 0.93 (0.76, 1.14) 0.99 (0.80, 1.22) 0.95 (0.77, 1.19) 1.08 (0.84, 1.38) 0.56

1 Median values of the cumulative averages of rice consumption in each quintile were used to test for a linear trend across quintiles. P values for

interaction terms generated by multiplying the median value of each quintile of rice consumption by sex were >0.05 for all endpoints.
2 Estimated by using Cox’s proportional hazard model adjusted for age and sex.
3 Estimated by using Cox’s proportional hazard model adjusted for age; sex; public health center area; history of hypertension; history of diabetes; use of

lipid-lowering drugs; BMI; smoking status; ethanol intake; leisure-time sports activity; occupation; intakes of seafood, meat, fruit, vegetables, soy, SFAs, and

sodium; total energy intake; and, for women, menopausal status and hormone use.

TABLE 3

Multivariable HRs (95% CIs) of mortality from cardiovascular disease according to quintiles of rice consumption

Quintiles of daily rice consumption

1 (low) 2 3 4 5 (high) P-trend1

Participants at risk (n) 16,838 16,802 18,168 23,675 15,740 —

Person-years 255,254 258,247 285,966 379,863 249,212 —

Total stroke

Cases (n) 202 237 221 276 217 —

HR (95% CI)2 1.00 (reference) 1.09 (0.91, 1.32) 0.89 (0.73, 1.07) 0.91 (0.68, 1.07) 0.93 (0.77, 1.13) 0.64

HR (95% CI)3 1.00 (reference) 1.07 (0.88, 1.30) 1.07 (0.88, 1.32) 1.00 (0.82, 1.23) 1.03 (0.82, 1.30) 0.71

Ischemic heart disease

Cases (n) 113 108 112 147 125 —

HR (95% CI)2 1.00 (reference) 0.89 (0.69, 1.16) 0.80 (0.62, 1.04) 0.78 (0.61, 1.09) 0.94 (0.73, 1.22) 0.55

HR (95% CI)3 1.00 (reference) 0.81 (0.61, 1.06) 0.93 (0.70, 1.23) 0.85 (0.64, 1.12) 0.93 (0.68, 1.27) 0.42

Other cardiovascular disease

Cases (n) 172 187 182 218 188 —

HR (95% CI)2 1.00 (reference) 1.01 (0.82, 1.24) 0.85 (0.69, 1.12) 0.83 (0.64, 1.09) 0.94 (0.76, 1.15) 0.33

HR (95% CI)3 1.00 (reference) 0.93 (0.75, 1.16) 0.96 (0.77, 1.20) 0.85 (0.67, 1.14) 0.91 (0.71, 1.17) 0.71

Total cardiovascular disease

Cases (n) 487 532 515 641 530 —

HR (95% CI)2 1.00 (reference) 1.02 (0.90, 1.15) 0.86 (0.76, 1.07) 0.78 (0.69, 1.06) 0.94 (0.83, 1.10) 0.19

HR (95% CI)3 1.00 (reference) 0.96 (0.85, 1.09) 1.00 (0.88, 1.15) 0.81 (0.80, 1.11) 0.97 (0.84, 1.13) 0.33

1 Median values of the cumulative averages of rice consumption in each quintile were used to test for a linear trend across quintiles. P values for

interaction terms generated by multiplying the median value of each quintile of rice consumption by sex were >0.05 for all endpoints.
2 Estimated by using Cox’s proportional hazard model adjusted for age and sex.
3 Estimated by using Cox’s proportional hazard model adjusted for age; sex; public health center area; history of hypertension; history of diabetes; use of

lipid-lowering drugs; BMI; smoking status; ethanol intake; leisure-time sports activity; occupation; intakes of seafood, meat, fruit, vegetables, soy, SFAs, and

sodium; total energy intake; and, for women, menopausal status and hormone use.
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intake, HR (95% CIs) in the quintile with the highest carbohy-
drate consumption compared with the quintile with the lowest
consumption were 0.89 (0.78, 1.12; P-trend = 0.33) for risk of
incident stroke, 1.30 (0.88, 1.87; P-trend = 0.19) for risk of
incident IHD, and 0.88 (0.69, 1.12; P-trend = 0.26) for mortality
from total CVD (data not shown in tables).

Associations of rice consumption with risk of incident stroke
and IHD and mortality from stroke, IHD, and other CVD after
BMI (<25 or ≥25) stratification was investigated (Table 4).
There was no interaction with BMI for any endpoint, and results
did not change materially in both BMI strata regarding the in-
cidence of and mortality from CVD.

DISCUSSION

In this large Japanese cohort, no significant lower or higher risk
of CVD incidence or mortality with higher rice consumption was
observed. In addition, there was no clear evidence of differences
in risk of CVD incidence or mortality between lean and over-
weight men or women.

There has been a great deal of speculation about the associ-
ation of white rice with risk of type 2 diabetes, stroke, and IHD
(5–7, 12, 17–19, 29, 30). Similar to the current study, 2 previous
Japanese-cohort studies did not associate rice consumption with
mortality from total or ischemic stroke in men or women (12,
18). However, in an age-only adjusted model, a positive trend
was seen for hemorrhagic stroke in Japanese women in the study
of Oba et al (12), with an HR (95% CI) in the quartile with the
highest rice consumption of 2.36 (0.92, 6.03; P-trend = 0.03).
However, in that study, the follow-up period was short (only
6 y), the sample size in rice-consumption quartile groups was
limited (6 cases in the reference group), and the model did not
address possible confounding factors, which may have contrib-
uted to an inaccurate measure of real risk.

In the current study, no association between rice consumption
and risk of IHD incidence or mortality was shown, which was
consistent with findings that were based on studies in Italian men
and women (17). In contrast, rice was inversely associated with
risk of mortality from IHD in men in another Japanese study [the
Japan Collaborative Cohort (JACC) study (18)], whereas in
a recent Chinese study; a combination of refined rice and wheat
products were positively associated with the incidence of IHD
(13). Differences between current study findings and those of the
JACC or Chinese study may have been attributed to the lack of
multiple measurements of dietary variables. Dietary and non-
dietary variables were measured once at baseline in the JACC and
Chinese studies, whereas in this current study, data were updated
through the use of 3 questionnaires, each 5 y apart. The use of
data at only one point of time may tend to underestimate or
overestimate associations, particularly when follow-up years are
extensive. Moreover, the mean rice consumption (389 g/d) in the
current study differed from that (511 g/d) in the JACC study. An
additional factor to be considered was that rice in the current
study provided 42% of total carbohydrate intake and 25% of total
caloric intake, whereas 70% of carbohydrate and 60–70% of all
caloric intakes in the Chinese study came from rice (13).

Rice consumption in the JPHC study was positively associated
with risk of type 2 diabetes in women (6). However, on the basis
of a recent Spanish cohort study, an inverse association between
rice consumption and a 6-y incidence of type 2 diabetes was also

shown (7). Because diabetic patients are often advised to reduce
carbohydrate intake, they might change their rice consumption
habits. However, in a sensitivity analysis that excluded partici-
pants in the current cohort who reported a history of diabetes at
baseline (n = 2046), we showed no evidence of an association
between rice consumption and risk of CVD. Multivariable HRs
(95% CIs) for risk of incident stroke and IHD were 1.09 (0.84,
1.16; P-trend = 0.47) and 0.99 (0.79, 1.44; P-trend = 0.66),
respectively.

Previously, Japanese men and women of different ages and
BMIs showed different associations between rice consumption
and mortality from CVD (12, 18). Overweight and obese in-
dividuals and those who developed some diseases may have
changed their dietary habits as a result of diagnoses and treat-
ments. However, results of the current study did not change
materially when we restricted participants’ ages to a middle-age
group (40–59 y) or stratified groups by BMI. In a sensitivity
analysis that ceased updating rice consumption and other dietary
variables if participants reported a disease history in the 5- or
10-y follow-up questionnaire (type 2 diabetes, hypertension,
cancer, or liver or kidney diseases), rice consumption was still
not associated with risk of CVD incidence or mortality. In the
current study, there were no interactions with sex for any end-
point, and results did not change materially when men and
women were analyzed separately. However, trends tended to be
inverse in men, whereas the same trends tended to be positive in
women. Lipoprotein changes in response to low-fat and high-
carbohydrate diets differ according to sex, with greater increases
in triglycerides and VLDL-cholesterol concentrations and
greater decreases in HDL-cholesterol concentrations in women
than in men (31). However, we should interpret these trends
carefully because of the lack of clear explanations on the basis
of biology or plausible mechanisms for previously observed sex
differences in associations between rice consumption and risk of
type 2 diabetes or CVD.

Possible reasons to explain why white rice consumption might
not be associated with risk of CVD despite its positive association
with risk of type 2 diabetes may be because, during the refining
process, white rice loses much of its content of insoluble fiber,
magnesium, vitamins, lignans, phytoestrogens, and phytic acid
(2, 5), and deficiencies of these nutrients are more related to
diabetes risk (32). In addition, because white rice is free of
cholesterol (3) and low in sodium, its consumption, contrary to
providing risk of CVD, was actually used as an aid to treat
hypertension (4). In a Chinese follow-up study, there were no
associations between rice consumption and plasma triglycerides
concentrations or risk of metabolic syndrome. There was a 42%
decrease in risk of hypertension with high rice consumption (19).
These effects on lipid profiles and blood pressure are expected not
to increase CVD risk in the Japanese population (33).

Although epidemiologic evidence has shown positive asso-
ciations between glycemic load (GL) and glycemic index (GI)
with risk of CVD (9–13) and type 2 diabetes (34), overall car-
bohydrate intake is less strongly related to these diseases, with
studies that showed no association (9, 12, 17, 34), a positive
association (10, 11, 13), and an inverse association (35, 36).
Furthermore, adverse metabolic effects of high carbohydrate
intake or dietary GL have been greatly exaggerated in the
presence of an underlying insulin resistance (9). Greater BMI
has strongly been associated with insulin resistance (37).
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Japanese populations have a relatively lower BMI than that of
Chinese or Western populations, which may explain the null
association between total carbohydrate intake and risk of CVD
in our cohort. The use of GI and GL were considered better
indicators for the relation of the quantity and quality of carbo-
hydrates to risk of chronic disease (9). Regrettably, data on GI
and GL were not yet available for the current study.

To the best of our knowledge, this is the first prospective cohort
study of white rice consumption and incident risk of CVD. Some
strengths of the current study were its population-based pro-
spective design involving a large sample size as well as the use of
a validated FFQ. Analyses contained in the current study were
based on caloric-adjusted measures of rice consumption.
Changes in rice consumption over time were considered, and
enhanced data from follow-up surveys were able to capture
consumed amounts more accurately. Furthermore, dietary data of
the Japanese population allowed an assessment of any potential
associations at relatively high amounts of rice consumption.
Several sensitivity analyses were conducted that yielded similar
results.

Limitations to this study included a potential misclassification
that arose from gathering self-reported data. However, self-
reported data such as height, weight, and blood pressure may
have been reasonably accurate because nationwide annual health
screenings conducted since 1992 in Japan produced similar re-
sults (38). We included 1405 subjects with missing information
on rice consumption on follow-up surveys in our analysis after the
imputation of their rice consumption from the preceding ques-
tionnaire which may have raised a source of selection bias.
However, in addition to the small number (1.1% of the total
sample), there were no significant differences in CVD risk
profiles between subjects with or without missing data. Last,
because FFQs did not contain data on the consumption of whole
grain or brown rice, an isocaloric analysis describing results when
total caloric intake is fixed could not be conducted. However,
because brown rice or other whole grains are not commonly used
in Japan, whether risk would be lower if the white rice was
replaced by these foods would not have easily been determined.

In conclusion, contrary to various expectations that an inverse
or a positive association between rice consumption with risk of
CVD may exist, our large Japanese cohort showed that rice
consumption is not associated with risk of CVD incidence or
mortality in Japanese men and women. Despite the growing
evidence for a positive association between white rice con-
sumption and risk of type 2 diabetes, rice consumption adds no
additional risk of CVD in Japanese men and women.
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Metabolomics in nutritional epidemiology: identifying metabolites
associated with diet and quantifying their potential to uncover
diet-disease relations in populations1–3

Kristin A Guertin, Steven C Moore, Joshua N Sampson, Wen-Yi Huang, Qian Xiao, Rachael Z Stolzenberg-Solomon,
Rashmi Sinha, and Amanda J Cross

ABSTRACT
Background: Metabolomics is an emerging field with the potential
to advance nutritional epidemiology; however, it has not yet been
applied to large cohort studies.
Objectives: Our first aim was to identify metabolites that are bio-
markers of usual dietary intake. Second, among serum metabolites
correlated with diet, we evaluated metabolite reproducibility and
required sample sizes to determine the potential for metabolomics
in epidemiologic studies.
Design: Baseline serum from 502 participants in the Prostate, Lung,
Colorectal, and Ovarian (PLCO) Cancer Screening Trial was ana-
lyzed by using ultra-high-performance liquid-phase chromatography
with tandem mass spectrometry and gas chromatography–mass spec-
trometry. Usual intakes of 36 dietary groups were estimated by using
a food-frequency questionnaire. Dietary biomarkers were identified
by using partial Pearson’s correlations with Bonferroni correction for
multiple comparisons. Intraclass correlation coefficients (ICCs) be-
tween samples collected 1 y apart in a subset of 30 individuals were
calculated to evaluate intraindividual metabolite variability.
Results: We detected 412 known metabolites. Citrus, green vegetables,
red meat, shellfish, fish, peanuts, rice, butter, coffee, beer, liquor, total
alcohol, and multivitamins were each correlated with at least one me-
tabolite (P < 1.093 × 10－6; r = －0.312 to 0.398); in total, 39 dietary
biomarkers were identified. Some correlations (citrus intake with sta-
chydrine) replicated previous studies; others, such as peanuts and tryp-
tophan betaine, were novel findings. Other strong associations included
coffee (with trigonelline-N-methylnicotinate and quinate) and alcohol
(with ethyl glucuronide). Intraindividual variability in metabolite levels
(1-y ICCs) ranged from 0.27 to 0.89. Large, but attainable, sample sizes
are required to detect associations between metabolites and disease in
epidemiologic studies, further emphasizing the usefulness of metabo-
lomics in nutritional epidemiology.
Conclusions: We identified dietary biomarkers by using metab-
olomics in an epidemiologic data set. Given the strength of the
associations observed, we expect that some of these metabolites
will be validated in future studies and later used as biomarkers in
large cohorts to study diet-disease associations. The PLCO trial
was registered at clinicaltrials.gov as NCT00002540. Am J
Clin Nutr 2014;100:208–17.

INTRODUCTION

Diet is a modifiable risk factor for chronic disease; however,
epidemiologic studies do not consistently support associations

between specific foods or nutrients and disease endpoints. Most
epidemiologic studies rely on self-reported dietary assessment
methods that are subject to recall bias and measurement error (1–
3). There is a pressing need for dietary biomarkers to better
capture exposure; however, few have been identified to date (4).

Metabolomics, the measurement of small molecules in
biofluids, may more precisely define dietary exposures and
thus provide better estimates of disease risk in epidemiologic
studies. Metabolomics accounts for variability in metabolism,
because of lifestyle or genetics for example, by measuring
downstream components or metabolic products of foods;
therefore, metabolites may better reflect “true exposure.”
Metabolites may also capture exposure to nonnutritive sub-
stances, such as pesticides and compounds generated by
cooking (5), which may play important roles in disease etiology.

Untargeted metabolomics in small dietary intervention and
cohort studies has identified some novel potential dietary bio-
markers (6). Although recent studies have shown that metab-
olomics can be successfully applied to dietary research (7), most
studies (8–10) were small dietary interventions. Traditionally,
dietary biomarkers have been identified and validated in feeding
studies, but markers thus identified may not perform well as
proxies for usual food intake—the exposure considered to be
most etiologically relevant—in a population study. If the bio-
marker has a short half-life or if the food of interest is consumed
only infrequently levels detected at the time of actual bio-
specimen collection may not proxy usual intake. A recent citrus
feeding study, for example, identified >600 ions associated with
acute citrus consumption; however, only 12 ions were associated
with usual dietary citrus consumption in a free-living population
(10). A recent metabolomics study determined that groups of
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serum metabolites are associated with patterns of dietary intake,
although the authors only investigated 127 metabolites which
were limited to acylcarnitines and choline-containing phospho-
lipids (11). An agnostic approach that measures hundreds of
metabolites has the benefit of identifying novel findings that may
not have been previously considered.

With the use of biospecimens and data collected from partic-
ipants in the Prostate, Lung, Colorectal, and Ovarian (PLCO)4

Cancer Screening Trial, our objectives were as follows: 1) to
identify serum metabolites that are correlated with self-reported
dietary intake and 2) to determine whether metabolomics is
a promising and feasible tool to identify associations in nutritional
epidemiology by determining metabolite reproducibility and re-
quired sample sizes for epidemiologic studies.

SUBJECTS AND METHODS

Study population

The PLCO Cancer Screening Trial is a multicenter randomized
screening trial that randomly assigned >150,000 US men and
women between 1993 and 2001 to a screening or control arm
(12). Eligibility requirements included age 55–74 y at baseline
and no previous history of prostate, lung, colorectal, or ovarian
cancer. Demographic and lifestyle characteristics were assessed
at baseline by a self-administered questionnaire.

We used metabolomics data from a nested case-control study
within PLCO, the details of which are briefly presented here.
Within the screening arm of the trial, individuals with the following
characteristics were excluded: self-reported history of cancer at
baseline (except for basal cell skin cancer) (n = 4924); <6 mo of
follow-up (n = 168 additional individuals); rare cancer during
follow-up (n = additional 1074 individuals); self-reported Crohn
disease, ulcerative colitis, familial polyposis, Gardner syndrome,
or colorectal polyps (n = additional 6429 individuals); or no
baseline serum sample (n = additional 2866 individuals). Among
remaining participants, those who completed baseline dietary and
risk factor questionnaires and consented for biospecimen use (n =
52,705) were eligible for metabolomics assays; of these, 255 in-
cident colorectal cancer cases (diagnosed at least 6 mo after
baseline) and 254 matched controls were incidence-density
sampled and matched according to age, sex, race, randomization
year, and season of blood draw. Controls were alive and cancer-
free at time of cancer diagnosis for the matched cases. Seven
participants were excluded from analyses because of incomplete
(≥8 missing responses; n = 5) and/or inaccurate (extreme caloric
consumption; n = 3) dietary data from a food-frequency ques-
tionnaire (FFQ), resulting in a final sample size of 502 in-
dividuals. The PLCO trial was approved by the institutional
review boards of the US National Cancer Institute and the 10
screening centers, and all participants provided informed consent.
All participants (n = 502) contributed baseline serum samples; in
addition, serum collected 1 y after baseline was also measured in
30 controls to calculate within-individual variability.

Dietary assessment

In the screening arm of the trial, usual dietary intake was
assessed at baseline by using the National Cancer Institute’s self-
administered and validated 137-item FFQ (http://www3.cancer.
gov/prevention/plco), which captured information on typical fre-
quency of intake during the past year (13). Food items of un-
specified content (eg, lasagna) were excluded from analyses,
because correlations for unknown foods were considered un-
informative for these purposes. Data on single-nutrient dietary
supplements were excluded given that we were primarily interested
in food sources of metabolites; however, we considered multivita-
min use (yes or no) in our analyses. Thus, in total, 111 items of
interest comprising food, beverage, and multivitamin/supplement
intakes were considered in this study; analyses focused on 36 di-
etary groups constructed by combining food items with similar
properties. These 36 categories were based primarily on the
USDA’s MyPlate classification, but categories were further divided
according to biological components of foods (14). Dietary intake
from the FFQ was converted to grams per day by multiplying self-
reported frequency of intake by portion size; portion sizes were
assigned a gram amount on the basis of national dietary data from
the USDA (1994–1996 Continuing Survey of Food Intakes by
Individuals) for each sex (15). For items for which serving size was
not queried on the FFQ (eg, fruits and vegetables), an average
(“medium”) portion size was assigned. Hereafter, dietary intake
refers to grams per day unless otherwise specified.

Diet quality was assessed by using the Healthy Eating Index
(HEI) 2010 (16), which contains 12 components that capture an
individual’s compliance to the key 2010 Dietary Guidelines for
Americans (17); 9 HEI components focus on the adequacy of the
diet (eg, higher intakes of fruit, vegetables, greens, whole grains,
dairy, total protein, seafood and plant protein, and fatty acids) and
3 focus on moderation (eg, lower consumption of refined grains,
sodium, and empty calories) (16). We calculated HEI scores for
each individual on the basis of his or her self-reported diet and
according to established methods (16); possible scores range from
0 to 100, with higher scores indicating higher diet quality.

Metabolite assessment

Serum metabolites (~<1000 Da) were assayed from baseline
serum samples by Metabolon Inc, whose platform and pro-
cedures have been previously described (18, 19). Briefly, ultra-
high-performance liquid chromatography–mass spectrometry and
tandem mass spectrometry, in addition to gas chromatography
coupled with mass spectrometry, were used to identify peaks.
Mass spectral peaks, retention times, and m/z were determined by
using a chemical reference library generated from 2500 standards,
and these values were used to determine the identity of individual
metabolites as well as their relative quantities.

One batch of 30 samples was analyzed each day, and batch and
position within a batch were randomly assigned. Matched cases
and controls were arranged as consecutive samples within a batch
and the order of case compared with control was counterbalanced
within each batch. Replicate aliquots from a separate source of
pooled serum were randomly inserted into each batch at a level
of 10% and served as blinded quality-control samples. In ad-
dition, a standard sample was inserted by Metabolon every sixth
sample.

4Abbreviations used: FDR, false discovery rate; FFQ, food-frequency ques-

tionnaire; HEI, Healthy Eating Index; ICC, intraclass correlation coefficient;

PLCO, Prostate, Lung, Colorectal, and Ovarian.
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Although our case-control pairs were randomly assigned to
their batch, metabolite values were batch normalized by di-
viding each individual metabolite value by the batch mean (of
nonmissing values) to account for small day-to-day drifts in
chromatogram performance. Metabolites were log-transformed
(natural log), values below the detection threshold were set to
the minimum observed value, and the distribution was cen-
tered; hereafter, metabolite level refers to these transformed
values. Metabolites whose levels were below the detectable
limit for >95% of study participants were excluded from analyses.

Statistical analysis

Demographic characteristics and dietary intakes for cases and
controls were compared by using 2-sided statistical tests (chi-
square test for categorical variables, Wilcoxon rank-sum test for
continuous variables). Correlations between diet and metabo-
lites were investigated through partial Pearson’s correlations
adjusted for age, sex, smoking status (current smokers com-
pared with former/never smokers), and total energy intake
(kcal/d). HEI correlations were additionally adjusted for recent
(now or within the past 2 y) supplement use (multivitamin or
single-nutrient supplement). To account for multiple compar-
isons, we used Bonferroni correction of the P values by the
number of metabolites measured. Metabolite correlations with
dietary groups were adjusted at 0.05/(number of known me-
tabolites investigated × number of food items), and correla-
tions with HEI score were adjusted at 0.05/number of known
metabolites. Moreover, we estimated the total number of me-
tabolites associated with each dietary group at given false
discovery rates (FDRs) (20), given that Bonferroni correction
could be overly conservative (21). Finally, we estimated the
correlation between each food item and an optimized linear
combination of metabolite levels. The coefficients for the
linear combination were chosen by applying Lasso (22) re-
gression to cross-validation training sets (penalty chosen by
10-fold cross-validation within the training set), and the cor-
relation was based on comparing the resulting predicted
values to the observed values in the cross-validation test sets.
The final estimates, an average of the estimated correlations
across all test sets, are therefore unbiased. The SE of the es-
timated correlation was calculated by using the “approxi-
mating ρ” method developed by Nadeau and Bengio (23).

We investigated the influence of self-reported frequency of
intake and portion size on metabolite levels by creating box plots.
Congruence between metabolite levels and dietary intake was
assessed by Spearman rank correlations and κ statistics.

We conducted stratified analyses by sex, age, geographic
location of study center, disease status, stage of colorectal
cancer, and length of follow-up at time of colorectal cancer
diagnosis. We used serum samples collected 1 y after baseline
from 30 individuals to calculate intraclass correlation coef-
ficients (ICCs), a measure of within-individual variability. The
pooled quality-control serum samples were used to calculate
intraassay CVs, which were averaged over all individuals to
determine technical reproducibility by the laboratory. Analyses
used SAS software, version 9.1.3 (SAS Institute), with the
exception of the FDR plots, which used R (R Project, version
2.15.2) (24).

Variance components

We decomposed the total variance, σ2
T , of each metabolite in-

to 3 different components: the between-subject variance, σ2
B,

which was also considered the variance of the “usual” level in
a population; the within-subject variance, σ2

W , which reflected
the 1-y variability around the “usual” level within an individu-
al; the technical variance or laboratory reproducibility, σ2

E ,
which was the expected variance from 2 identical samples:
σ2
T = σ2

B + σ2
W + σ2

E . We defined the ICC as follows:

ICC = (σ2
B + σ2

W )÷σ2
T = 1－ (σ2

E÷σ2
T ) (1)

For each metabolite, variance components and corresponding
ICCs were estimated from a mixed model.

Estimating sample size needed in future studies

Our second objective was to estimate the number of in-
dividuals needed for a 1:1 case:control study to have a power of
0.8 to detect an association between each metabolite and a dis-
ease, accounting for σ2

W and σ2
E and the testing of multiple

metabolites. We focused on the metabolites that are most sig-
nificantly associated with each dietary group. We defined the
effect size for a given metabolite to be the RR of disease for an
individual in the top quartile of the usual metabolite levels, as
compared with the bottom quartile. We assumed that studies will
use a t test, with the appropriate Bonferroni-corrected signifi-
cance threshold, to test for an association between the disease
and each metabolite. We then estimated the total number of
individuals needed to detect a metabolite with a power of 0.8,
given the within-individual variability and assumed effect size.
Further details can be found elsewhere (25) and in the Supple-
mental Appendix under “Supplemental data” in the online issue.

RESULTS

Baseline demographic characteristics of the 502 participants
are shown in Table 1. Mean age was 64 y, and the sample was
largely white. The sample included primarily former (48%) or
never (44%) smokers. Demographic characteristics were similar
for cases and controls (Supplemental Table 1 under “Supple-
mental data” in the online issue). There were no differences in
most characteristics; although there was a significant difference in
BMI (P = 0.018), the magnitude of difference in mean (±SD)
BMI (in kg/m2; 28 ± 5 compared with 27 ± 4) was modest. Self-
reported usual dietary intake, estimated from the FFQ, is shown in
Table 2. There was no difference in self-reported dietary intake
between cases and controls (Supplemental Table 2 under “Sup-
plemental data” in the online issue). Given these similarities and
because disease was not a primary interest of this study, we
combined cases and controls in all subsequent analyses.

Identification of biomarkers of diet

We detected 412 metabolites of known identity and 231
metabolites of unknown identity (26–28). An additional 14
known metabolites were excluded from analyses because of
nondetectable levels in >95% of individuals. Among the 643
metabolites analyzed, the median percentage of individuals with
nondetectable levels was 4%. Correlations between all 36 di-
etary groups and known metabolites are shown in Table 3; all
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significant correlations are shown, as well as the strongest, albeit
nonsignificant, correlations for dietary groups with no signifi-
cant findings. We identified 39 correlations between dietary
groups and known metabolites that were significant at the
Bonferroni-corrected level of P < 1.093 × 10－6 [P = 0.05/(111
foods × 412 identified metabolites)]; these correlations repre-
sented 13 dietary groups including citrus, green vegetables, red
meat, fish, shellfish, butter, peanuts, rice, coffee, beer, liquor, total
alcohol, and multivitamins (Table 3). Most of the findings were
for exogenous metabolites derived from their food sources.

Our strongest findings—those with a P < 1 × 10－10— were
for multivitamins, citrus, fish, peanuts, coffee, and alcohol (Table
3). Multivitamins were correlated with serum vitamin E (positive
correlation with α-tocopherol and a corresponding negative cor-
relation with γ-tocopherol) and 2 vitamin B metabolites (pyr-
idoxate and pantothenate). Citrus fruit were correlated with
stachydrine (r = 0.398), chiro-inositol (r = 0.301), scyllo-inositol
(r = 0.298), and N-methyl proline (r = 0.298). Fish was
positively correlated with 3-carboxy-4-methyl-5-propyl-2-
furanpropanoic acid (r = 0.322) and moderately correlated with
DHA (r = 0.260) and EPA (r = 0.244), 2 omega-3 fatty acids
present in fish oils. In addition to correlations with fish, DHA
was also correlated with rice consumption (r = 0.270) and
3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid was corre-
lated with green vegetable (r = 0.222) and shellfish (r = 0.238)
consumption. Even food groups typically consumed in low

quantities had significant associations with metabolites: for ex-
ample, peanuts were associated with 2 metabolites, tryptophan
betaine (r = 0.352) and 4-vinylphenol sulfate (r = 0.279). For
those metabolites associated with particular food groups, the
median metabolite levels increased as the self-reported frequency
of intake and serving size increased (Supplemental Figure 1 under
“Supplemental data” in the online issue). There was reasonable
congruence between quartile of metabolite levels and quartile of

TABLE 1

Demographic characteristics of participants in a metabolomics study

nested within the PLCO Cancer Screening Trial1

Characteristic Value

Sex [n (%)]

Men 281 (56)

Women 221 (44)

Age (y) 64 ± 52

Race [n (%)]

White 474 (94)

Smoking status [n (%)]

Current 42 (8)

Former 240 (48)

Never 220 (44)

Education3 [n (%)]

High school or less 167 (33)

Post–high school/some college 159 (32)

College/postgraduate 175 (35)

Total energy intake (kcal/d) 2068 ± 819

BMI4 (kg/m2) 27 ± 5

HEI 20105

Total 52.81 (29.75–87.49)6

Quintile

1 43.96 (29.75–47.55)

2 49.63 (47.58–51.11)

3 52.81 (51.13–54.87)

4 57.30 (54.94–63.74)

5 72.00 (63.82–87.49)

1 n = 502. HEI, Healthy Eating Index; PLCO, Prostate, Lung, Colorec-

tal, and Ovarian.
2 Mean ± SD (all such values).
3 One participant was missing data on education.
4 Four participants were missing data on BMI.
5 Possible total HEI score: range of 0–110.
6 Median; range in parentheses (all such values).

TABLE 2

Self-reported usual dietary consumption in a nested study within the PLCO

Cancer Screening Trial1

Category and dietary group Value

Fruit (g/d)

Citrus: oranges, orange juice, grapefruit 109 (35–218)2

Berries: strawberries 3 (1–4)

Apples, pears 29 (14–60)

Melon: watermelon, cantaloupe 3 (1–7)

Bananas 31 (9–78)

Other: plums, apricots, peaches, prunes,

raisins, grapes, pineapples

38 (19–62)

Vegetables (g/d)

Cruciferous: broccoli, cabbage, Brussels sprouts,

cauliflower, turnip greens, mustard greens, collards,

kale, swiss chard

28 (15–51)

Greens: lettuce, spinach, green peppers 32 (18–55)

Yellow/orange vegetables: carrots, tomatoes,

sweet potatoes, beets

72 (47–110)

Starchy vegetables: white potatoes, corn, peas 74 (42–113)

Alliums (garlic, onions) 9 (4–15)

Other: celery, green beans, squash, cucumbers 49 (27–74)

Meat/fish (g/d)

Red meat (includes processed) 61 (32–105)

Poultry: chicken 21 (12–43)

Fish (excluding shellfish) 17 (9–32)

Shellfish 1 (0–2)

Processed meat: cold cuts, hot dogs, bacon, sausage 7 (3–19)

Snack foods (g/d)

Baked sweets 20 (10–38)

Chocolate 1 (0–4)

Candy (nonchocolate) 1 (0–3)

Chips 2 (1–8)

Other foods (g/d)

Tofu 0 (0–1)

Beans 19 (11–33)

Eggs 7 (3–19)

Added fats: butter, salad dressing, vegetable oil

spreads, margarine

9 (4–17)

Butter 0 (0–2)

Peanuts 3 (1–9)

Rice (white) 11 (2–20)

Beverages (g/d)

Dairy: milk 277 (158–473)

Coffee 843 (205–899)

Sugar-sweetened beverages: soda, fruit punch 9 (3–145)

Beer 7 (0–69)

Wine 1 (0–12)

Liquor 1 (0–4)

Total alcohol 2 (0–15)

Reported multivitamin use [n (%)]3 241 (48)

1 n = 502. PLCO, Prostate, Lung, Colorectal, and Ovarian.
2 Median; 25th–75th percentile range in parentheses (all such values).
3 Seven participants were missing report of multivitamin use.
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TABLE 3

Top metabolites associated with dietary groups in a nested case-control study within the PLCO Cancer Screening Trial1

Category and dietary group Metabolite Correlation (r) P

Fruit

Citrus: oranges, orange juice, grapefruit Stachydrine 0.398 2.23 × 10－20*

Chiro-inositol 0.301 7.28 × 10－12*

Scyllo-inositol 0.298 1.13 × 10－11*

N-methyl proline 0.298 1.15 × 10－11*

Berries: strawberries 1-Palmitoylglycero-phospho-inositol －0.132 3.00 × 10－3

Apples, pears 13-HODE + 9-HODE －0.141 2.00 × 10－3

Melon: watermelon, cantaloupe Pregnenolone sulfate －0.156 4.82 × 10－4

Bananas γ-Tocopherol －0.200 6.93 × 10－6

Other: plums, apricots, peaches, prunes, raisins, grapes,

pineapple

Pyridoxate 0.205 3.98 × 10－6

Vegetables

Cruciferous: broccoli, cabbage, Brussels sprouts,

cauliflower, turnip greens, mustard greens, collards,

kale, swiss chard

α-CEHC glucuronide 0.149 8.32 × 10－4

Greens: lettuce, spinach, green peppers CMPF 0.222 5.52 × 10－7*

Yellow/orange vegetables: carrots, tomatoes, sweet

potatoes, beets

Creatinine 0.123 6.00 × 10－3

Starchy vegetables: white potatoes, corn, peas Cyclo (-Leu-Pro) －0.143 1.34 × 10－3

Alliums (garlic, onions) CMPF 0.182 4.23 × 10－5

Other: celery, green beans, squash, cucumbers DHA 0.161 3.22 × 10－4

Meat/fish

Red meat Indolepropionate －0.221 6.14 × 10－7*

Poultry: chicken Pyroglutamine －0.176 7.77 × 10－5

Fish (excluding shellfish) CMPF 0.322 1.80 × 10－13*

DHA 0.260 3.87 × 10－9*

EPA 0.244 3.44 × 10－8*

1-Docosahexaenoylglycero-phosphocholine 0.237 8.27 × 10－8*

Shellfish CMPF 0.238 7.69 × 10－8*

Processed meat: cold cuts, hot dogs, bacon, sausage Lathosterol 0.180 5.39 × 10－5

Snack foods

Baked sweets Glutamine 0.182 4.40 × 10－5

Chocolate Theobromine 0.164 2.28 × 10－4

Candy (nonchocolate) Leucylleucine 0.161 3.00 × 10－4

Chips DHA －0.133 2.90 × 10－3

Other

Tofu 4-Ethylphenylsulfate 0.188 2.43 × 10－5

Beans S-Methylcysteine 0.168 1.72 × 10－4

Eggs Indolepropionate －0.161 3.11 × 10－4

Added fats: butter, salad dressing, vegetable oil spreads,

margarine

δ-Tocopherol 0.192 1.55 × 10－5

Butter2 Methyl palmitate (15 or 2) 0.262 2.97 × 10－9*

Pentadecanoate (15:0) 0.248 2.06 × 10－8*

10-Undecenoate (11:1n–1) 0.230 2.05 × 10－7*

Peanuts Tryptophan betaine 0.352 6.21 × 10－16*

4-Vinylphenol sulfate 0.279 2.39 × 10－10*

Rice (white) DHA 0.270 9.51 × 10－10*

Beverages

Dairy: milk Homostachydrine 0.173 1.00 × 10－4

Coffee Trigonelline (N＇-methylnicotinate) 0.424 3.36 × 10－23*

Quinate 0.372 8.00 × 10－18*

1-Methylxanthine 0.299 9.04 × 10－12*

Paraxanthine 0.270 8.87 × 10－10*

N-2-furoyl-glycine 0.264 2.30 × 10－9*

Catechol sulfate 0.232 1.58 × 10－7*

Sugar-sweetened beverages: soda, fruit punch Quinate －0.177 7.21 × 10－5

Beer 16-Hydroxypalmitate 0.221 6.30 × 10－7*

Wine Scyllo-inositol 0.200 7.19 × 10－6

Liquor Ethyl glucuronide 0.295 1.85 × 10－11*

Total alcohol3 Ethyl glucuronide 0.360 1.04 × 10－16*

4-Androsten-3β,17β-diol disulfate 1 0.289 5.31 × 10－11*

(Continued)
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dietary intake for the main associations we observed (Supple-
mental Table 3 under “Supplemental data” in the online issue).

Many beverages, including coffee, beer, liquor, and total al-
cohol, each had at least one significant metabolite biomarker,
with much stronger correlations among liquor and total alcohol
compared with beer (Table 3). Interestingly, although the me-
tabolites associated with beer and liquor (16-hydroxypalmitate
and ethyl glucuronide, respectively) were also associated with
total alcohol intake, total alcohol (combining beer, wine, and
liquor) had many significant correlations, some of which are
involved in lipid pathways, which were not significant for the
individual components. Coffee had very strong correlations with
trigonelline N＇-methylnicotinate (r = 0.424), quinate (r = 0.372),
1-methylxanthine (r = 0.299), and paraxanthine (r = 0.270), with
an additional 2 moderate correlations with N-2-furoyl-glycine
(r = 0.264) and catechol sulfate (r = 0.232).

We attempted to create better predictors of the questionnaire-
based measures by combining information across multiple me-
tabolites. For most food items, the correlation between the food
item and the multimetabolite prediction score was of similar
magnitude to the correlation between that food item and the most
strongly associated metabolite (Supplemental Table 4 under
“Supplemental data” in the online issue). However, there was
a noted improvement when using the predictive score for butter
[r = 0.34 for the multimetabolite score; max(r) = 0.26 for
a single metabolite], beer (0.31 compared with 0.22), and red
meat (0.37 compared with 0.22).

We also analyzed the metabolites that we were unable to name.
Twenty-four unidentified metabolites were significantly corre-
lated with dietary groups (Supplemental Table 5 under “Sup-
plemental data” in the online issue; with correlations ranging
from －0.23 to 0.39); all food groups correlated with unknown
metabolites were also significantly correlated with identified
metabolites. In more detailed analyses, we also examined cor-
relations between metabolites and the 111 individual food items

that formed the dietary groups in the main analyses; results did
not appreciably differ from the results for food groups (data
not shown). In stratified analyses, the diet-metabolite cor-
relations were consistent across sex (Supplemental Table 6
under “Supplemental data” in the online issue), age (Sup-
plemental Table 6 under “Supplemental data” in the online
issue), and geographical location of the study center (Sup-
plemental Table 7 under “Supplemental data” in the online
issue).

In sensitivity analyses in colorectal cancer cases and controls
separately, the main correlations we observed between me-
tabolites and dietary groups did not differ by disease status
(Supplemental Table 8 under “Supplemental data” in the online
issue). Overall, the direction and magnitude of diet-metabolite
correlations did not differ appreciably by stage of colorectal
cancer (Supplemental Table 9 under “Supplemental data” in
the online issue) or length of follow-up time at colorectal
cancer diagnosis (Supplemental Table 9 under “Supplemental
data” in the online issue). In particular, associations between
metabolites and citrus, coffee, and alcohol were robust in all
sensitivity analyses.

Investigating dietary exposures by an overall index, we
found that the median total HEI score was 53 (range: 30–87,
out of possible 100 with a higher score indicating better diet
quality) (Table 1). There were 5 significant metabolite cor-
relations at the Bonferroni-corrected level of P < 1.214 ×
10－4 (P = 0.05/412 identified metabolites) (Table 4), including
a negative correlation with γ-tocopherol. Overall, correlations
unadjusted for supplement use were similar to adjusted results
but generally stronger, and 15 of the top 20 metabolite corre-
lations remained among the strongest correlations regardless of
adjustment (data not shown). Many of the correlations associ-
ated with HEI score represented vitamins, including vitamin E
and constituents or metabolites of vitamins B (pantothenate,
pyridoxate) and C (threonate).

TABLE 3 (Continued )

Category and dietary group Metabolite Correlation (r) P

5-α-Androstan-3β,17β-diol disulfate 0.254 9.21 × 10－9*

Cyclo (-Leu-Pro) 0.249 1.84 × 10－8*

Bilirubin (E,Z or Z,E) 0.243 3.75 × 10－8*

16-Hydroxypalmitate 0.239 6.57 × 10－8*

Dihomo-linoleate (20:2n–6) 0.230 2.12 × 10－7*

Palmitoleate (16:1n–7) 0.230 2.15 × 10－7*

Vitamins/supplements

Multivitamins Pantothenate 0.541 3.36 × 10－39*

Pyridoxate 0.433 3.67 × 10－24*

α-Tocopherol 0.368 2.04 × 10－17*

γ-Tocopherol －0.312 1.02 × 10－12*

Threonate 0.268 1.16 × 10－9*

β-Tocopherol －0.233 1.42 × 10－7*

1 n = 502. The untargeted approach investigated all identified metabolites and dietary groups captured by food-frequency questionnaire; all significant

correlations are indicated with an asterisk. For dietary groups with no significant associations, only the strongest association is shown. Partial Pearson

correlations adjusted for age, sex, smoking status (current smokers, former/never smokers), and total energy intake (kcal/d). Significance was defined as the

Bonferroni-corrected level of P < 1.093 × 10－6 (111 food items × 412 identified metabolites, at the 0.05 level). CMPF, 3-carboxy-4-methyl-5-propyl-2-

furanpropanoic acid; PLCO, Prostate, Lung, Colorectal, and Ovarian; 9-HODE, 9-hydroxy-10,12-octadecadienoic acid; 13-HODE, 13-hydroxy-9,11-octade-

cadienoic acid; α-CEHC, 2,5,7,8-tetramethyl-2(2＇-carboxyethyl)-6-hydroxychroman.
2 Butter was also included in the added fats/oils group.
3 Total alcohol is the combination of beer, wine, and liquor (in g/d); beer, wine, and liquor are also presented as separate groups.
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Implications for future study design

Although only 39 metabolites were conclusively determined to
be associated with diet, there was clear evidence that a much
larger percentage was correlated with usual dietary intake. The
total number of metabolites associated with each food group at
various FDR thresholds is shown in Figure 1. Approximately
130 metabolites associated with total alcohol consumption met
the FDR threshold of 0.20, and ~85 of these met the 0.05
threshold (Figure 1). Beer also had a large number of metabolite
correlations, and liquor and coffee were correlated with >20
metabolites at the FDR threshold of 0.05.

The use of multiple samples from 30 individuals collected 1 y
apart provided important information about the within-individual
variability of metabolites (Table 5); the 1-y ICCs were variable
but reasonable, with a range of 0.27–0.89. The median intra-
assay CV, calculated by using replicate samples from a separate
source of pooled serum, was 0.10 (IQR: 0.04–0.21).

To inform future study design, we used our data to determine
the sample size that would be necessary to detect an association
between metabolites and disease, which was measured as an RR.
Considering dietary groups that had significant correlations with
metabolites (Table 3), we then determined the sample size needed
to have 80% power to detect an association in a 1:1 case-control
study. For a large effect (RR = 3.0), sample sizes of ~200–400

would be sufficient for most metabolites, whereas smaller ef-
fects (RR = 1.5) can only be detected in larger samples of
~1100–3000 (Table 5). As expected, the number of individuals
needed is smaller for metabolites with lower within-subject
variability, and when possible, we should collect multiple bi-
ological specimens per subject to obtain a better estimate of
usual metabolite levels. For example, to determine an associa-
tion between the main citrus metabolite, stachydrine, and
a health outcome and assuming an RR of 1.5, one would need
a sample size of 2813 individuals; with a second specimen, the
required sample size is reduced to 1898. Higher RRs can be
detected with smaller samples; for stachydrine and an RR of 3.0,
398 individuals would be required with one specimen compared
with 269 individuals with 2 specimens.

DISCUSSION

With the use of strict correction for multiple comparisons, the
application of metabolomics to an epidemiologic data set detected
39 metabolites of known identity that were correlated with a total
of 13 dietary groups. Metabolite levels were reproducible and
stable over a year, indicating that metabolomics can be informative
for nutritional epidemiologic studies. Moreover, the sample sizes
needed to design an adequately powered study of metabolites and
disease risk are realistically attainable.

Identification of biomarkers of diet

Our data replicated and validated findings from previous
targeted biomarker studies, which supports the specificity and
validity of our study. For example, previous studies also found
correlations between citrus and stachydrine (29), which has been

TABLE 4

Top 20 metabolites associated with the HEI 2010 in a nested study within

the PLCO Cancer Screening Trial1

Metabolite Correlation (r) P

γ-Tocopherol －0.275 4.72 × 10－10*

Methyl palmitate (15 or 2) －0.187 2.82 × 10－5*

Threonate 0.173 1.06 × 10－4*

Pyridoxate 0.173 1.07 × 10－4*

1-Arachidonoylglycero-

phosphoethanolamine

－0.173 1.08 × 10－4*

Pantothenate 0.170 1.42 × 10－4

N-acetylalanine －0.160 3.34 × 10－4

17-Methylstearate －0.155 5.14 × 10－4

α-Tocopherol 0.153 6.46 × 10－4

Hexanoylcarnitine －0.152 6.80 × 10－4

α-CEHC glucuronide 0.147 1.00 × 10－3

1,7-Dimethylurate －0.146 1.00 × 10－3

Stearoyl sphingomyelin －0.144 1.00 × 10－3

1-Linoleoylglycero-

phosphoethanolamine

－0.142 1.00 × 10－3

1-Docosahexaenoylglycero-

phosphocholine

0.142 2.00 × 10－3

2-Arachidonoylglycero-

phosphoethanolamine

－0.140 2.00 × 10－3

cis-Vaccenate (18:1n–7) －0.140 2.00 × 10－3

3-Methoxytyrosine －0.140 2.00 × 10－3

Theobromine －0.138 2.00 × 10－3

Androsteroid monosulfate 1 －0.138 2.00 × 10－3

1 HEI was treated as a continuous variable. The strongest associations

were selected by the smallest P value. Partial Pearson correlations adjusted

for age, sex, smoking status (current smokers, former/never smokers), total

energy intake (kcal/d), and multivitamin/supplement use (yes or no).

The significance threshold was set at the Bonferroni-corrected level of

P < 1.214 × 10－4 (0.05/412 known metabolites). Significant associations are

indicated with an asterisk. HEI, Healthy Eating Index; PLCO, Prostate, Lung,

Colorectal, and Ovarian; α-CEHC, 2,5,7,8-tetramethyl-2(2＇-carboxyethyl)-

6-hydroxychroman.

FIGURE 1. Many more metabolites are statistically associated with food
groups by using the less conservative FDR method, as opposed to the Bon-
ferroni method, for multiple testing correction. Only food groups with sig-
nificant Bonferroni-corrected correlations are included. Each food group
shown has at least one significant metabolite at an FDR of 0.01, and many
more metabolites are found as the stringency of the FDR threshold is re-
laxed. FDR, false discovery rate.
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identified as a biomarker of citrus in feeding studies (30) and
urine metabolomics studies (10, 31). Scyllo- and chiro-inositol,
also correlated with citrus intake in our study, have been pre-
viously associated with orange and citrus juice consumption (32).
With regard to alcohol intake, several of the correlations we ob-
served were lipid metabolites, which have previously been shown
to contribute to an overall metabolomic profile of alcohol con-
sumers (33). Some of the strongest associations we observed were
for coffee components or downstream metabolites of these com-
ponents (34, 35). Interestingly, we detected some correlations
that may reflect co-consumption of other food items: for example,
the association between DHA and rice, which may actually reflect
co-consumption of rice with fish; DHA is an omega-3 fatty acid
in fish oil and the correlations are of comparable strength.

In addition to identifying associations that have previously
been reported in targeted biomarker studies, we identified many
novel serum metabolite and diet correlations. The serum me-
tabolites 4-vinylphenol sulfate and tryptophan betaine both
reflected peanut consumption. The association of 4-vinylphenol
sulfate, a xenobiotic involved in benzoate metabolism, with
peanut consumption is plausible because it has previously been
identified as a component in roasted peanuts (36). Tryptophan
betaine, also known as hypaphorine, is an indole alkaloid that has
been previously detected in legumes (37–39). A small study in
breastfeeding mothers reported its presence in breast milk and
also an association with peanut consumption (40). Moreover,
many unnamed metabolites identified herein were also corre-

lated with diet and therefore may be novel biomarkers; however,
all food groups that were significantly correlated with unnamed
metabolites were also correlated with identified metabolites.

Scoring higher on the HEI was negatively correlated with
γ-tocopherol levels, which is consistent with the fact that γ-
tocopherol is a major component of fried foods. Furthermore,
a higher HEI score was positively associated with α-tocopherol,
which is mainly found in healthier foods such as nuts, seeds,
vegetable oils, and leafy greens. Even after adjustment for
multivitamin/supplement use, most of the correlations with HEI
were for vitamins or their constituents or metabolites, suggest-
ing that these correlations are biologically plausible.

Our agnostic approach allowed the identification of novel as-
sociations and overcame the main challenges of traditional bio-
marker development, which typically necessitates the determination
of biomarker kinetics, laboratory variability in measurement, and the
capability of the biomarker signal to surpass laboratory error. By
design, we identified biomarkers whose signals surpass this
threshold. Further studies are needed to confirm the robust nature of
our study design and the correlations we identified.

Implications for future studies

Our study used the Bonferroni method to correct for multiple
comparisons, which reduces the probability of falsely identifying
significant findings. Despite using this strict correction method,

TABLE 5

Sample size required to detect disease-metabolite associations for a case-control study1

Dietary group Top metabolite2 One-year ICC3 No. of specimens

RR4

1.5 2.0 3.0

Citrus Stachydrine 0.35 1 2813 999 398

2 1898 674 269

Red meat Indolepropionate5 0.81 1 1589 564 225

2 1286 457 182

Fish CMPF 0.33 1 2852 1012 404

2 1917 681 272

Butter Methyl palmitate (15 or 2) 0.62 1 1678 566 226

2 1332 446 181

Peanuts Tryptophan betaine 0.74 1 1345 478 191

2 1163 413 165

Coffee Trigonelline (N＇-methylnicotinate) 0.74 1 1326 471 188

2 1154 410 163

Beer 16-Hydroxypalmitate 0.42 1 1967 698 279

2 1475 524 209

Liquor Ethyl glucuronide 0.27 1 3528 1253 500

2 2255 801 319

Multivitamin Pantothenate 0.89 1 1245 442 176

2 1114 395 158

1 Total sample size, assuming 1:1 matching on case-control status. The metabolite with the strongest significant correlation was selected for each dietary

group. Exceptions are for greens, shellfish, rice, and total alcohol because of the strongest metabolite correlation being shared in common (greens and shellfish

both had CMPF as the most strongly correlated metabolite, which is already shown for fish; the most strongly correlated metabolite for total alcohol is ethyl

glucuronide, which is already shown for liquor) and correlations that may reflect other foods (rice and DHA). Correlations were positive unless otherwise

indicated; 80% power, P = 0.05. CMPF, 3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF is also the top metabolite for green vegetables and

shellfish); ICC, intraclass correlation coefficient.
2 Top metabolite for partial Pearson correlation between dietary groups and metabolites; the lowest P value is the top metabolite.
3 One-year ICC is a measure of the similarity between 2 specimens from the same individual with dates of blood collection separated by 1 y; n = 30

participants.
4 RR compares risk for the fourth compared with the first quartile; true RR is measurement error corrected.
5 Negative correlation between dietary group and metabolite.
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multiple significant associations between serum metabolites and
dietary variables were detected in our study. If we are willing to
accept a higher error rate (FDR = 0.05), we would detect 1396
associations between metabolites and self-reported dietary var-
iables (data not shown). Therefore, it is likely that there are many
more true associations, but we lack the study power to detect
them. The number of correlations by FDR cutoff, which are
shown in Figure 1, provides a glimpse into the number of as-
sociations to be found with each food group.

We explored the variability in selected metabolites and the
effect this may have on statistical power for planning future
epidemiologic studies. The collection of multiple specimens per
person would provide more precise measurements of the usual
metabolite profile. In considering the use of metabolites in studies
of disease, it is noted that large sample sizes are required, even
among the metabolites most highly correlated with diet. Samples
of this size, however, are attainable in epidemiologic cohorts. The
reproducibility and relative stability of biomarker peak inten-
sities, as assessed by the strong ICCs we observed, support the
feasibility of applying metabolomics to epidemiologic data sets.

This study has many strengths, including the large sample size,
richness of the dietary data, and large number of metabolites
detected. Metabolomics analyses are an efficient use of biological
samples, compared with candidate metabolite assays, when bio-
specimens are limited in large prospective studies. Biomarkers with
correlations that cross our strict statistical significance threshold are,
by their very nature, robust given that the signal is strong enough to
be detected.

The main limitation of our study is that we compared a single
serum sample with self-reported diet, and dietary questionnaires
are known to result in substantial measurement error. However,
measurement error in dietary intake would be expected to bias
results toward the null, and we detected many significant cor-
relations. Although the FFQ was extensive, we are limited in our
ability to distinguish certain subtypes of foods that may be
differentially associated with metabolites. Furthermore, we ac-
knowledge that there are many ways to categorize dietary data.
The categorization we used was primarily based on the USDA’s
MyPlate classification (14); we also considered subgroups based
on proposed biological components of foods. The similarity in
metabolites associated with dietary groups and their individual
food components (data not shown) suggests that our conclusions
are not dependent on the food group classification.

Our findings may not be generalizable because participants
were largely white, and thus we may have missed correlations
with foods specific to certain ethnic groups. The results we did
observe, however, are highly generalizable, specific, and show
strong associations. Any metabolomics study is inherently lim-
ited by the set of metabolites detected by a specific platform. We
lacked information on absolute levels of serum metabolites be-
cause they were measured as peak intensities rather than as
actual concentrations, which is a limitation. Last, variability in
serum metabolites could be greatly influenced by the gut
microbiota; for example, differences in metabolite levels may
be attributable to differences in the gut microbiota rather than
differences in dietary intake. The gut microbiota does change
with age (41); however, it is thought to be relatively stable after
early childhood (42). Although we were unable to assess the gut
microbiome directly within this sample, there were no differ-
ences in the main findings by age.

In conclusion, the large number of correlations between self-
reported diet and serum metabolites confirms that metabolomics
can be applied to epidemiologic studies for identification of novel
dietary biomarkers. There is a need for specific, reliable bio-
markers that accurately reflect dietary intake and that can be
applied to many populations. We emphasize, however, that al-
though we appear to have uncovered objective biomarkers of diet,
it should not yet be assumed that these biomarkers outperform
self-report as a measure of usual dietary intake. Ultimately,
whether a biomarker is a good measure of usual diet depends on
the frequency of consumption of the food or nutrient, as well as
the half-life of the metabolite. In addition, the identification of
serologic metabolites not only reflects dietary intake but also
metabolic processes, including the effects of genetic variation
and the gut microbiota. Nevertheless, our metabolomic approach
for identifying potential dietary biomarkers showed viable bio-
markers for further investigation in feeding studies.
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2. Ocké MC, Kaaks RJ. Biochemical markers as additional measurements
in dietary validity studies: application of the method of triads with
examples from the European Prospective Investigation into Cancer and
Nutrition. Am J Clin Nutr 1997;65(suppl):1240S–5S.

3. Freedman LS, Schatzkin A, Wax Y. The impact of dietary measure-
ment error on planning sample size required in a cohort study. Am J
Epidemiol 1990;132:1185–95.

4. Jenab M, Slimani N, Bictash M, Ferrari P, Bingham SA. Biomarkers in
nutritional epidemiology: applications, needs and new horizons. Hum
Genet 2009;125:507–25.

5. Jones DP, Park Y, Ziegler TR. Nutritional metabolomics: progress in
addressing complexity in diet and health. Annu Rev Nutr 2012;32:183–
202.

6. Wild CP, Scalbert A, Herceg Z. Measuring the exposome: a powerful
basis for evaluating environmental exposures and cancer risk. Environ
Mol Mutagen 2013;54:480–99.

7. Beckmann M, Lloyd AJ, Haldar S, Favé G, Seal CJ, Brandt K, Mathers
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Altmaier E, Deloukas P, Erdmann J, Grundberg E, et al. Human met-
abolic individuality in biomedical and pharmaceutical research. Nature
2011;477:54–60.

20. Benjamini Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc 1995;57:289–300.

21. Broadhurst DI, Kell DB. Statistical strategies for avoiding false dis-
coveries in metabolomics. Metabolomics 2006;2:171–96.

22. Tibshirani R. Regression shrinkage and selection via the Lasso. J R Stat
Soc Ser B 1996;58:267–88.

23. Nadeau C, Bengio Y. Inference for the generalization error. Mach
Learn 2003;52:239–81.

24. R Core Team. A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing, 2012.

25. Sampson JN, Boca SM, Shu XO, Stolzenberg-Solomon RZ, Matthews
CE, Hsing AW, Tan YT, Ji BT, Chow WH, Cai Q, et al. Metabolomics
in epidemiology: sources of variability in metabolite measurements
and implications. Cancer Epidemiol Biomarkers Prev 2013;22:631–40.

26. Wishart DS, Jewison T, Guo AC, Wilson M, Knox C, Liu Y, Djoumbou
Y, Mandal R, Aziat F, Dong E, et al. HMDB 3.0: the Human Metab-
olome Database in 2013. Nucleic Acids Res 2013;41:D801–7.

27. Wishart DS, Knox C, Guo AC, Eisner R, Young N, Gautam B, Hau
DD, Psychogios N, Dong E, Bouatra S, et al. HMDB: a knowledgebase
for the human metabolome. Nucleic Acids Res 2009;37:D603–10.

28. Wishart DS, Tzur D, Knox C, Eisner R, Guo AC, Young N, Cheng D,
Jewell K, Arndt D, Sawhney S, et al. HMDB: the Human Metabolome
Database. Nucleic Acids Res 2007;35:D521–6.

29. Chambers ST, Kunin CM. Isolation of glycine betaine and proline
betaine from human urine: assessment of their role as osmopro-
tective agents for bacteria and the kidney. J Clin Invest 1987;79:
731–7.

30. Atkinson W, Downer P, Lever M, Chambers ST, George PM. Effects of
orange juice and proline betaine on glycine betaine and homocysteine
in healthy male subjects. Eur J Nutr 2007;46:446–52.
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Glycemic index, glycemic load, and risk of type 2 diabetes: results
from 3 large US cohorts and an updated meta-analysis1–3

Shilpa N Bhupathiraju, Deirdre K Tobias, Vasanti S Malik, An Pan, Adela Hruby, JoAnn E Manson,
Walter C Willett, and Frank B Hu

ABSTRACT
Background: Epidemiologic evidence for the relation between car-
bohydrate quality and risk of type 2 diabetes (T2D) has been mixed.
Objective: We prospectively examined the association of dietary
glycemic index (GI) and glycemic load (GL) with T2D risk.
Design: We prospectively followed 74,248 women from the Nurses’
Health Study (1984–2008), 90,411 women from the Nurses’ Health Study
II (1991–2009), and 40,498 men from the Health Professionals Follow-
Up Study (1986–2008) who were free of diabetes, cardiovascular dis-
ease, and cancer at baseline. Diet was assessed by using a validated
questionnaire and updated every 4 y. We also conducted an updated
meta-analysis, including results from our 3 cohorts and other studies.
Results: During 3,800,618 person-years of follow-up, we docu-
mented 15,027 cases of incident T2D. In pooled multivariable anal-
yses, those in the highest quintile of energy-adjusted GI had a 33%
higher risk (95% CI: 26%, 41%) of T2D than those in the lowest
quintile. Participants in the highest quintile of energy-adjusted GL
had a 10% higher risk (95% CI: 2%, 18%) of T2D. Participants who
consumed a combination diet that was high in GI or GL and low in
cereal fiber had an ~50% higher risk of T2D. In the updated meta-
analysis, the summary RRs (95% CIs) comparing the highest with
the lowest categories of GI and GL were 1.19 (1.14, 1.24) and 1.13
(1.08, 1.17), respectively.
Conclusion: The updated analyses from our 3 cohorts and meta-
analyses provide further evidence that higher dietary GI and GL
are associated with increased risk of T2D. Am J Clin Nutr
2014;100:218–32.

INTRODUCTION

Type 2 diabetes (T2D)4 has remained a significant public
health problem for several decades. The number of adults with
diabetes worldwide increased from 153 million in the year 1980
to 347 million in 2008 (1). The WHO projects diabetes to be the
seventh leading cause of death in 2030 (2). Furthermore, the
total costs of diagnosed diabetes have increased by 41% from
$174 billion in 2007 to $245 billion in 2012 in the United States
(3). Well-designed randomized controlled trials such as the Di-
abetes Prevention Program (4, 5) have shown that following
a healthy dietary pattern along with lifestyle modifications are as
effective as or even better than pharmacologic interventions in
preventing T2D. Carbohydrates are the dietary components that
have the greatest effect on blood glucose concentrations. Because
carbohydrates differ in their ability to increase blood glucose, the

concept of glycemic index (GI) was introduced in the early 1980s.
The GI is a ranking of carbohydrates according to their effect on
postprandial glycemia (6). Although the GI can effectively rank
foods on the basis of their blood glucose response, it does not
account for the amount of carbohydrate in a typical serving. The
glycemic load (GL) was therefore developed as the product of the
GI and the amount of carbohydrate in a serving.

Despite the existence of these 2 indexes for many years, the
role of GI and GL in preventing T2D remains controversial.
Although 3 meta-analyses (7–9) of prospective cohort studies
found a higher risk of T2D with higher GI and GL, a more re-
cent meta-analysis of 8 European countries found no association
with T2D (10). Furthermore, the most recent American Diabetes
Association’s nutrition recommendations for management of
adults with T2D indicated that, to date, supportive evidence for
a role of GI and GL in glycemic control has only been from poorly
controlled or uncontrolled studies or observational studies with a
high potential for bias (11).

Given the inconsistencies in the literature, the aims of the
current study were as follows: 1) to update our previous analyses
of GI and GL and T2D risk using much longer follow-up in the 3
Harvard cohorts [Nurses’ Health Study (NHS), NHS II, and the
Health Professionals Follow-Up Study (HPFS)] and 2) to conduct
an updated meta-analysis of the previous literature including re-
sults from our 3 cohorts.
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METHODS

Study population

The NHS began in the early 1970s as a long-term prospec-
tive investigation of the health effects of various contraceptive
methods of 121,701 married female nurses, aged 30–55 y, from
11 US states. The NHS II is a prospective cohort study in 116,
671 younger female nurses, aged 25–42 y, that began in 1989.
The HPFS began in 1986 as a prospective cohort study to
evaluate the association of nutritional factors and the incidence
of several chronic diseases in a group of 51, 529 male health
professionals. In all 3 cohorts, participants are followed biennially
through validated questionnaires that obtain updated information
on their medical history, lifestyle factors, and occurrence of
chronic diseases. For the current study, we used baseline as 1984
in NHS, 1986 in HPFS, and 1991 in NHS II when detailed in-
formation on diet was first collected. We excluded participants
with a baseline history of diabetes (including type 1 diabetes and
T2D), cardiovascular disease, or cancer because these diagnoses
may result in changes in diet (12). We also excluded women who
left ≥10 items blank on the food-frequency questionnaire (FFQ)
or who had implausible energy intakes (<800 or >4200 kcal/d for
men and <500 or >3500 kcal/d for women). Men who left ≥70
items blank on the FFQ were also excluded. The final analytic
sample included 74,248 women from the NHS, 90,411 women
from the NHS II, and 40,498 men from the HPFS with complete
information. The study was approved by the Human Research
Committee of Brigham and Women’s Hospital and the Harvard
School of Public Health in Boston.

Ascertainment of exposure

With the use of a 126-item semiquantitative FFQ, diet was first
assessed in 1984 in NHS and in 1986 in HPFS. By using a 133-
item semiquantitative FFQ, diet was first assessed in NHS II in
1991. In all 3 cohorts, subsequent FFQs were administered every
4 y to update dietary information. In all FFQs, participants were
asked how often, on average (never to ≥6 times/d), during the
previous year they had consumed a commonly used unit or
portion size of foods and beverages. The FFQs were reviewed
every 4 y with the use of extensive pilot studies and analyses of
open-ended sections to determine whether changes were needed.
Nutrient intakes were computed by multiplying the frequency of
consumption of each food or beverage by the nutrient content of
the specified portion and summing the contributions from all
items. Nutrient intakes were obtained by using the USDA food-
composition database supplemented with information from
manufacturers and information from our own analyses of foods.
The GI values for single food items on the FFQ were derived
from available databases and publications (6, 13, 14). Certain
foods not represented in the database were sent to the University
of Sydney for GI analysis. These foods included breakfast ce-
reals, cakes, cookies, muffin mixes, pancake mixes, and candy
bars. For the remaining foods not represented in the database,
we imputed their GI values from similar foods in the database.
For each participant, we calculated the average dietary GI by
summing the products of the carbohydrate content per serving
for each food item times the average number of servings of that
food per day, times its GI, and divided by the total daily car-
bohydrate content (15). Because the amount of carbohydrate in

an overall diet can vary, we derived a global dietary GL score by
multiplying the amount of carbohydrates in the diet by the av-
erage GI. GL is an indicator of insulin demand or glucose re-
sponse induced by total carbohydrate intake (15). GI, GL, and
intakes of all nutrients were energy-adjusted by using the residual
method (16).

The validity and reliability of the FFQs have been described
elsewhere (17–22). In a validation study conducted in a subsample
of 173 NHS participants, FFQ assessments of total carbohydrate
and dietary fiber were highly correlated with diet record assess-
ments (total carbohydrate, r = 0.64; fiber, r = 0.56) (17, 22). Similar
correlation coefficients were seen in a validation study in a sub-
sample of 40- to 74-y-old HPFS participants (total carbohydrate,
r = 0.73; fiber, r = 0.68) (19).

Ascertainment of diabetes

The primary endpoint for this study was incident T2D. Par-
ticipants who reported a diagnosis of T2D on the biennial main
questionnaire were mailed a supplementary questionnaire with
regard to symptoms, diagnostic tests, and hypoglycemic therapy.
In accordance with the National Diabetes Data Group criteria
(23), a case of T2D was confirmed if at least one of the following
was reported on the supplementary questionnaire: 1) one or more
classic symptoms (excessive thirst, polyuria, weight loss, hunger)
and fasting plasma glucose concentrations of ≥11.1 mmol/L,
2) ≥2 elevated plasma glucose concentrations on different occa-
sions (fasting concentrations of ≥7.8 mmol/L, random plasma
glucose concentrations of ≥11.1 mmol/L, and/or concentrations
of ≥11.1 mmol/L after ≥2 h shown by an oral-glucose-tolerance
test) in the absence of symptoms, or 3) treatment with hypogly-
cemic medication (insulin or oral hypoglycemic agent). For cases
identified after 1998, we applied the American Diabetes Associ-
ation criteria (24) in which the threshold for diagnosis of diabetes
changed from a fasting plasma glucose concentration of 7.8 to 7.0
mmol/L. The current analysis includes only the cases confirmed
by the supplementary questionnaire.

The validity of the supplementary questionnaire was estab-
lished in 2 previous studies through medical record reviews. In
both studies, diagnosis of T2D was confirmed in >97% of the
cases (25, 26).

Assessment of covariates

In the biennial follow-up questionnaires, we updated infor-
mation on a participant’s age, weight, smoking status, physical
activity, menopausal status and use of postmenopausal hormone
therapy (for women), oral contraceptive use (for women), and
personal history of chronic diseases. Height was ascertained on
the 1976 enrollment questionnaire in the NHS and the 1986
enrollment questionnaire in the HPFS. We calculated BMI as
weight in kilograms divided by height in meters squared. Self-
reports of body weight have been shown to be highly correlated
with measured weights (r = 0.96) in the NHS and HPFS (27).
The presence or absence of a family history of diabetes (in first-
degree relatives) was assessed in 1982 and 1988 in the NHS; in
1989, 1997, 2001, and 2005 in the NHS II; and in 1987 in the
HPFS. Information on intakes of alcohol and other beverages
was updated every 4 y by using the FFQ.
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TABLE 1

Age-adjusted baseline characteristics by quintile of glycemic index1

Quintile of glycemic index

Variable 1 2 3 4 5

Nurses’ Health Study (1984)

No. of participants 14,830 14,826 14,854 14,883 14,855

Median glycemic index 48.8 51.8 53.6 55.2 57.6

Age (y) 51.1 ± 6.92 50.7 ± 7.1 50.2 ± 7.2 49.8 ± 7.2 49.6 ± 7.4

White (%) 98 98 98 98 96

BMI (kg/m2) 24.8 ± 4.3 24.9 ± 4.5 24.9 ± 4.6 24.8 ± 4.7 24.8 ± 4.8

Physical activity (MET-h/wk) 17.4 ± 25.6 15.6 ± 20.8 14.1 ± 20.2 12.6 ± 17.8 11.4 ± 18.2

Family history of diabetes (%) 28 28 28 28 29

History of hypertension (%) 8 7 7 8 8

History of hypercholesterolemia (%) 3 3 3 3 4

Current smoker (%) 25 23 24 24 26

Current postmenopausal hormone use (%) 25 25 25 24 23

Dietary factors

Total energy intake (kcal/d) 1706 ± 547 1791 ± 535 1803 ± 534 1765 ± 520 1651 ± 493

Alcohol (g/d) 10.0 ± 14.8 7.9 ± 11.4 6.8 ± 10.4 6.0 ± 9.6 4.6 ± 8.6

Glycemic load 83.4 ± 17.8 94.1 ± 15.5 99.4 ± 15.4 105 ± 16 114 ± 19

Cereal fiber (g/d) 3.5 ± 2.3 4.1 ± 2.3 4.3 ± 2.2 4.4 ± 2.3 4.5 ± 2.5

Magnesium (mg/d) 335 ± 87 305 ± 67 287 ± 62 271 ± 62 245 ± 64

PUFAs (g/d) 11.9 ± 3.8 11.9 ± 3.1 11.9 ± 2.9 11.8 ± 2.8 11.4 ± 2.9

SFAs (g/d) 22.6 ± 5.3 22.4 ± 4.5 22.3 ± 4.3 22.0 ± 4.2 21.3 ± 4.4

trans Fatty acids (g/d) 3.0 ± 1.0 3.3 ± 1.0 3.5 ± 1.0 3.5 ± 1.1 3.6 ± 1.1

Protein (g/d) 78.2 ± 14.9 73.5 ± 11.8 70.9 ± 11.0 68.5 ± 10.9 65.1 ± 11.6

Total coffee (cups/d)3 2.9 ± 2.0 2.7 ± 1.9 2.5 ± 1.8 2.3 ± 1.7 1.9 ± 1.7

Nurses’ Health Study II (1991)

No. of participants 18,084 18,081 18,104 18,101 18,041

Median glycemic index 49.7 52.3 54.0 55.6 57.9

Age (y) 36.7 ± 4.6 36.3 ± 4.6 36.1 ± 4.6 35.9 ± 4.7 35.5 ± 4.7

White (%) 98 98 97 97 93

BMI (kg/m2) 24.7 ± 5.0 24.5 ± 5.1 24.5 ± 5.2 24.4 ± 5.3 24.4 ± 5.5

Physical activity (MET-h/wk) 26.0 ± 32.1 22.6 ± 28.6 20.5 ± 25.8 18.9 ± 25.8 16.6 ± 23.0

Family history of diabetes (%) 34 34 34 34 35

History of hypertension (%) 6 6 6 6 6

History of hypercholesterolemia (%) 14 14 14 15 15

Current smoker (%) 14 12 11 11 12

Menopausal status and postmenopausal hormone use (%)

Premenopausal 96.4 96.6 96.6 96.5 96.3

Postmenopausal + never user 0.2 0.2 0.2 0.2 0.2

Postmenopausal + past user 0.4 0.3 0.3 0.3 0.3

Postmenopausal + current user 2.6 2.6 2.5 2.6 2.6

Missing information 0.4 0.4 0.4 0.4 0.5

Oral contraceptive use (%)

Never user 15.6 15.5 15.2 15.1 16.0

Past user 74.4 74.7 74.1 73.8 71.9

Current user 10.0 9.8 10.7 11.1 12.1

Dietary factors

Total energy intake (kcal/d) 1753 ± 547 1827 ± 546 1831 ± 546 1814 ± 548 1722 ± 540

Alcohol (g/d) 4.8 ± 8.6 3.7 ± 6.3 3.0 ± 5.3 2.5 ± 4.7 1.7 ± 3.9

Glycemic load 105 ± 18 115 ± 16 121 ± 17 127 ± 18 139 ± 22

Cereal fiber (g/d) 5.2 ± 3.7 5.7 ± 3.0 5.8 ± 2.8 5.8 ± 2.8 5.6 ± 2.9

Magnesium (mg/d) 356 ± 76 334 ± 69 317 ± 66 299 ± 64 272 ± 70

PUFAs (g/d) 11.3 ± 3.1 11.4 ± 2.7 11.4 ± 2.6 11.3 ± 2.6 10.8 ± 2.6

SFAs (g/d) 23.2 ± 5.3 22.9 ± 4.8 22.6 ± 4.6 22.3 ± 4.6 21.1 ± 4.6

trans Fatty acids (g/d) 2.9 ± 1.1 3.2 ± 1.1 3.3 ± 1.2 3.4 ± 1.2 3.5 ± 1.3

Protein (g/d) 93.3 ± 16.1 89.0 ± 14.1 86.5 ± 13.7 83.8 ± 13.9 79.5 ± 15.2

Total coffee (cups/d) 2.1 ± 1.9 1.8 ± 1.7 1.5 ± 1.6 1.3 ± 1.5 1.0 ± 1.4

Health Professionals Follow-Up Study (1986)

No. of participants (n) 8101 8095 8093 8118 8091

Median glycemic index 48.8 51.7 53.4 55.1 57.4

Age (y) 54.2 ± 9.3 53.3 ± 9.3 52.8 ± 9.5 52.2 ± 9.5 51.9 ± 9.5

(Continued)
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Statistical analysis

We calculated each individual’s person-time from the return
of the baseline questionnaire (1984 in NHS, 1991 in NHS II, and
1986 in HPFS) to the date of diagnosis of T2D, death, date of
loss to follow-up, or the cutoff date (30 June 2008 in NHS, 30
June 2009 in NHS II, and 1 January 2008 in HPFS), whichever
occurred first. We used Cox proportional hazards regression
models to examine the association between quintiles of GI and
GL and risk of T2D. The regression models included age in years
as the time scale, stratified by calendar time in 2-y intervals, and
allowed for possible interaction between calendar time and age
in the baseline hazards to be accounted for nonparametrically
(model 1). Our first multivariable model (model 2) adjusted
for race (white or nonwhite) and several lifestyle factors,
including family history of diabetes (yes or no), menopausal
status, and postmenopausal hormone use (women only; pre-
menopausal, postmenopausal with no history of hormone re-
placement, or postmenopausal with current hormone replacement),
oral contraceptive use (women only; never user, past user, or
current user), physical activity (<3.0, 3.0–8.9, 9.0–17.9, 18.0–
26.9, or ≥27.0 metabolic equivalents/wk), BMI (in kg/m2; <21,
21–22.9, 23–24.9, 25–26.9, 27–29.9, 30–32.9, 33–34.9, 35–39.9,
or ≥40), smoking status (never; past; current: 1–14, 14–25, or
≥25 cigarettes/d), and total energy intake (quintiles). In model
3, we further adjusted for intakes of total coffee, energy-adjusted
intakes of cereal fiber, trans fatty acids, PUFAs, SFAs, and MUFAs
(quintiles). For models with GI as the exposure, we additionally
adjusted for total protein intake (quintiles, model 4).

For each 2-y time period, we updated information on all
nondietary covariates to account for changes in risk factors over
time. For dietary measures, we used the cumulative average of
food intakes from baseline to the censoring events to best rep-
resent long-term diet and minimize within-person variation (12).

However, we stopped updating dietary variables on a report of
cancer or cardiovascular disease because changes in diet after
development of these conditions may confound the relation between
diet and diabetes (12, 28).We performed several sensitivity analyses
to test the robustness of our results. First, we tested associations by
using baseline diet alone. Second, to test if our results were biased
by selectively stopping updating diet after an intermediate outcome,
we continuously updated diet until the end of follow-up. Third,
we excluded incident cases of cardiovascular disease or cancer
during follow-up from the analysis. Finally, instead of using re-
peated measures of diet, we used the most recent measure of diet or
the intake reported at the beginning of each FFQ cycle.

The proportional hazards assumption was tested by including
an interaction term between the main exposures and months to
events (P > 0.05 for all tests). We tested for potential effect
modification by BMI, family history of diabetes, and physical
activity by including cross-product terms with the exposure vari-
ables in our fully adjusted model. Tests for linear trend were con-
ducted by assigning the median value to each quintile or category
and treating this as a continuous variable in the regression model. To
evaluate potential joint effects of cereal fiber and BMI with GI and
GL, we cross-classified participants into categories of BMI (<25,
25–29.9, or ≥30) and tertiles of cereal fiber, GI, and GL.

Because of differences in sex, follow-up time, and question-
naires in the 3 cohorts, all analyses were performed separately in
each cohort to achieve better control of confounding. For the
primary analyses, to obtain overall estimates for both sexes and
to increase statistical power, the RRs from the multivariable-
adjusted models from the 3 cohorts were combined with the use
of an inverse variance–weighted meta-analysis by the fixed-effects
model (29). The cohort analyses were not prespecified at the time
of cohort initiation. All statistical tests were 2-sided and per-
formed by using SAS version 9.2 for UNIX (SAS Institute).

TABLE 1 (Continued )

Quintile of glycemic index

Variable 1 2 3 4 5

White (%) 96 96 96 95 93

BMI (kg/m2) 25.1 ± 5.0 25.0 ± 4.9 25.0 ± 4.6 24.8 ± 4.9 24.5 ± 5.0

Physical activity (MET-h/wk) 23.6 ± 31.9 23.4 ± 31.3 21.7 ± 29.7 20.6 ± 29.0 18.3 ± 25.3

Family history of diabetes (%) 21 20 20 20 20

History of hypertension (%) 20 19 19 18 19

History of hypercholesterolemia (%) 10 10 10 10 10

Current smoker (%) 11 9 8 9 8

Dietary factors

Total energy intake (kcal/d) 1960 ± 643 2023 ± 623 2028 ± 617 2024 ± 615 1942 ± 600

Alcohol (g/d) 16.7 ± 19.9 12.7 ± 15.7 11.0 ± 13.8 9.4 ± 12.8 7.5 ± 11.6

Glycemic load 104 ± 23 118 ± 21 124 ± 20 132 ± 21 144 ± 25

Cereal fiber (g/d) 4.7 ± 4.0 5.7 ± 4.5 6.0 ± 3.4 6.3 ± 3.4 6.7 ± 3.9

Magnesium (mg/d) 389 ± 89 368 ± 79 351 ± 74 336 ± 72 315 ± 78

PUFAs (g/d) 13.7 ± 4.3 13.4 ± 3.4 13.3 ± 3.2 13.0 ± 3.1 12.6 ± 3.1

SFAs (g/d) 25.4 ± 7.0 24.8 ± 6.1 24.8 ± 5.9 24.5 ± 5.7 23.5 ± 5.8

trans Fatty acids (g/d) 2.5 ± 1.1 2.7 ± 1.1 2.9 ± 1.1 3.0 ± 1.1 3.1 ± 1.2

Protein (g/d) 96.6 ± 18.5 93.9 ± 15.9 92.1 ± 15.1 90.1 ± 14.9 86.9 ± 15.5

Total coffee (cups/d) 2.4 ± 2.0 2.1 ± 1.8 1.9 ± 1.8 1.8 ± 1.7 1.5 ± 1.6

1 Values are age-standardized with the exception of age. MET-h, metabolic equivalent task hours.
2 Mean ± SD (all such values).
3 1 cup = 240 mL.
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TABLE 2

Age-adjusted baseline characteristics by quintile of glycemic load1

Quintile of glycemic load

Variable 1 2 3 4 5

Nurses’ Health Study (1984)

No. of participants 14,689 14,849 14,849 14,920 14,941

Median glycemic load 75.0 90.0 99.0 108.0 123.0

Age (y) 50.2 ± 6.92 50.0 ± 7.0 50.0 ± 7.2 50.3 ± 7.3 50.8 ± 7.4

White (%) 99 98 98 98 96

BMI (kg/m2) 25.0 ± 4.6 25.1 ± 4.7 24.9 ± 4.5 24.8 ± 4.6 24.3 ± 4.4

Physical activity (MET-h/wk) 14.2 ± 21.7 14.1 ± 19.6 14.0 ± 19.9 14.2 ± 19.8 14.5 ± 23.2

Family history of diabetes (%) 28 29 29 28 28

History of hypertension (%) 8 7 7 7 8

History of hypercholesterolemia (%) 3 3 3 3 4

Current smoker (%) 33 25 22 21 20

Current postmenopausal hormone use (%) 26 26 24 24 24

Dietary factors

Total energy intake (kcal/d) 1699 ± 536 1782 ± 527 1795 ± 527 1767 ± 523 1677 ± 524

Alcohol (g/d) 15.2 ± 17.7 7.9 ± 10.5 5.5 ± 7.9 4.1 ± 6.4 2.6 ± 4.8

Glycemic index 50.3 ± 4.2 52.4 ± 3.0 53.4 ± 2.8 54.4 ± 2.7 56.1 ± 2.9

Cereal fiber (g/d) 2.8 ± 1.5 3.7 ± 1.7 4.2 ± 1.9 4.7 ± 2.2 5.3 ± 3.1

Magnesium (mg/d) 293 ± 85 291 ± 69 288 ± 70 287 ± 71 281 ± 82

PUFAs (g/d) 12.9 ± 3.9 12.3 ± 3.0 11.9 ± 2.7 11.4 ± 2.6 10.4 ± 2.6

SFAs (g/d) 25.1 ± 5.3 23.6 ± 4.0 22.4 ± 3.5 21.0 ± 3.3 18.4 ± 3.6

trans Fatty acids (g/d) 3.5 ± 1.1 3.5 ± 1.1 3.5 ± 1.1 3.4 ± 1.0 3.0 ± 1.1

Protein (g/d) 79.0 ± 15.0 75.1 ± 11.4 71.8 ± 10.5 68.4 ± 9.9 61.8 ± 10.3

Total coffee (cups/d)3 2.9 ± 1.9 2.7 ± 1.9 2.5 ± 1.8 2.3 ± 1.8 1.8 ± 1.7

Nurses’ Health Study II (1991)

No. of participants 18,082 18,084 18,091 18,065 18,089

Median glycemic load 95.8 110.3 120.3 131.0 148.7

Age (y) 36.5 ± 4.6 36.3 ± 4.6 36.0 ± 4.6 35.8 ± 4.7 35.8 ± 4.7

White (%) 98 97 98 97 93

BMI (kg/m2) 25.6 ± 5.8 25.0 ± 5.4 24.5 ± 5.0 24.0 ± 4.8 23.5 ± 4.8

Physical activity (MET-h/wk) 19.5 ± 25.9 19.9 ± 24.9 20.6 ± 26.0 21.5 ± 28.3 23.0 ± 30.9

Family history of diabetes (%) 35 36 34 33 33

History of hypertension (%) 8 6 5 5 6

History of hypercholesterolemia (%) 15 14 14 14 15

Current smoker (%) 18 12 11 9 10

Menopausal status and postmenopausal hormone use (%)

Premenopausal 96.4 96.7 96.6 96.5 96.2

Postmenopausal + never user 0.2 0.2 0.2 0.2 0.2

Postmenopausal + past user 0.3 0.3 0.3 0.3 0.4

Postmenopausal + current user 2.7 2.4 2.5 2.6 2.8

Missing information 0.4 0.4 0.4 0.5 0.5

Oral contraceptive use (%)

Never user 13.2 14.7 15.8 16.2 17.4

Past user 76.4 74.7 73.7 72.9 71.1

Current user 10.4 10.6 10.5 10.9 11.5

Dietary factors

Total energy intake (kcal/d) 1760 ± 560 1820 ± 541 1819 ± 539 1799 ± 535 1748 ± 556

Alcohol (g/d) 5.8 ± 9.9 3.4 ± 5.6 2.7 ± 4.5 2.2 ± 4.0 1.5 ± 2.9

Glycemic index 51.2 ± 3.4 52.9 ± 2.7 53.8 ± 2.6 54.8 ± 2.6 56.5 ± 2.8

Cereal fiber (g/d) 4.2 ± 1.8 5.2 ± 2.1 5.7 ± 2.5 6.2 ± 3.0 6.8 ± 4.4

Magnesium (mg/d) 311 ± 67 316 ± 67 318 ± 69 319 ± 75 314 ± 92

PUFAs (g/d) 12.7 ± 3.2 11.9 ± 2.5 11.4 ± 2.3 10.8 ± 2.2 9.7 ± 2.2

SFAs (g/d) 26.7 ± 4.8 24.2 ± 3.7 22.6 ± 3.4 20.9 ± 3.3 17.8 ± 3.7

trans Fatty acids (g/d) 3.6 ± 1.3 3.5 ± 1.2 3.3 ± 1.2 3.1 ± 1.1 2.8 ± 1.1

Protein (g/d) 97.1 ± 15.9 91.3 ± 12.8 87.1 ± 12.0 83.0 ± 11.7 73.6 ± 12.8

Total coffee (cups/d) 2.0 ± 1.9 1.7 ± 1.7 1.6 ± 1.7 1.4 ± 1.6 1.1 ± 1.5

Health Professionals Follow-Up Study (1986)

No. of participants 8132 7927 7941 8388 8110

Median glycemic load 93 111 124 137 156s

Age (y) 53.7 ± 9.1 52.8 ± 9.3 52.7 ± 9.4 52.5 ± 9.6 52.7 ± 9.8

(Continued)
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Updated meta-analysis on GI, GL, and incident T2D

We followed the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses protocol to conduct an updated
systematic review and meta-analysis of prospective studies
assessing the association between GI, GL, and risk of developing
T2D in adults. We performed a systematic search of MEDLINE
(http://www.ncbi.nlm.nih.gov/pubmed) and EMBASE (www.
embase.com) (until August 2013) and a manual search of bib-
liographies of key retrieved articles and relevant reviews. To be
included in the meta-analysis, studies had to fulfill the following
criteria: 1) be prospective in design, 2) have T2D as an endpoint
(self-reported or clinically assessed), 3) provide assessment
method for GI and GL, 4) present RRs and the corresponding
variance estimates, and 5) describe the adjustment for potential
confounders. Detailed information on search criteria is presented
as Supplemental Material under “Supplemental data” in the
online issue. One author (SNB) defined the study criteria, as-
sessed study eligibility, extracted the data, and assessed study
quality by using the Newcastle-Ottawa quality scale. A second
author (DKT) independently double-checked the extracted data.
Discrepancies were resolved by mutual consultation. The fol-
lowing data items were extracted: author, year of publication,
journal, cohort name, country, comorbidities excluded at base-
line, percentage of population as male, mean age, mean BMI,
length of follow-up, mean GI and GL, dietary instrument,
number of dietary assessments, number of T2D cases, method
of ascertainment of outcome, and covariates adjusted for in
Cox models. The RRs were used as the common measure of
association across studies. We considered HRs and ORs to be
equivalent to RRs. Because random-effects meta-analysis tends
to give disproportionally more weight to small, statistically less
robust studies (30), we used a fixed-effects model to compute the
summary RR of T2D for the highest category of GI or GL

compared with the lowest category. However, we also provided
summary RRs with the use of random-effects models. For one
study (31) that analyzed GI as a continuous variable, we esti-
mated the RR for the highest compared with lowest categories of
exposures by determining the difference in GI between the
highest and lowest categories and scaling the risk estimates ac-
cordingly. For another study that provided estimates per 10-unit
increases in GI (32) and stated that these approximated the dif-
ference between the 87.5th and the 12.5th percentiles, we used
the published estimates for comparing the highest with the lowest
quartiles. In sensitivity analyses, we examined if the summary
RR for the highest compared with lowest categories of GI
changed appreciably with the inclusion of these 2 studies. Forest
plots were produced to visually assess the RRs and their cor-
responding 95% CIs across studies. Heterogeneity in the asso-
ciation of the main exposures with T2D risk was assessed by
using the I2 statistic. I2 values of ~25%, 50%, and 75% were
considered to indicate low, moderate, and high heterogeneity,
respectively. When heterogeneity was considered to be present,
we conducted univariate meta-regressions by using study-level
data to explore potential sources of heterogeneity. Study quality
(Newcastle-Ottawa quality scale), use of a validated dietary in-
strument, follow-up time, number of dietary assessments (baseline
compared with repeated measures), and type of assessment of T2D
(self-reported or confirmed by medical review) were examined as
potential modifiers when heterogeneity was present. We also ex-
amined the influence of each study on the overall estimate by
systematically removing one study at a time and examining the
influence on the overall risk estimate and the 95% CI. We assessed
the possibility of publication bias by using the Begg’s test and
Egger’s test and a visual inspection of funnel plots (33, 34). The
meta-analysis was performed with the use of the STATA statistical
program, version 9.2 (StataCorp).

TABLE 2 (Continued )

Quintile of glycemic load

Variable 1 2 3 4 5

White (%) 96 96 96 95 92

BMI (kg/m2) 25.5 ± 5.0 25.2 ± 5.0 24.9 ± 5.0 24.6 ± 4.7 24.2 ± 4.6

Physical activity (MET-h/wk) 18.6 ± 26.2 20.2 ± 26.4 21.8 ± 32.1 22.2 ± 30.6 24.5 ± 31.3

Family history of diabetes (%) 20 21 20 20 20

History of hypertension (%) 22 19 18 18 18

History of hypercholesterolemia (%) 9 9 10 11 12

Current smoker (%) 15 11 8 6 5

Dietary factors

Total energy intake (kcal/d) 1963 ± 638 2020 ± 621 2032 ± 611 2014 ± 613 1951 ± 619

Alcohol (g/d) 22.9 ± 22.0 13.5 ± 14.8 9.4 ± 11.3 6.9 ± 9.1 4.3 ± 6.9

Glycemic index 50.2 ± 3.9 52.3 ± 2.9 53.3 ± 2.8 54.2 ± 2.8 55.7 ± 3.0

Cereal fiber (g/d) 3.7 ± 2.3 5.0 ± 2.7 5.8 ± 3.0 6.6 ± 3.6 8.1 ± 5.6

Magnesium (mg/d) 344 ± 80 348 ± 75 348 ± 76 352 ± 79 367 ± 99

PUFAs (g/d) 14.4 ± 4.3 13.8 ± 3.3 13.4 ± 3.0 12.9 ± 2.9 11.5 ± 2.9

SFAs (g/d) 28.6 ± 6.7 26.7 ± 5.2 25.3 ± 4.7 23.3 ± 4.5 19.3 ± 4.9

trans Fatty acids (g/d) 2.9 ± 1.1 3.0 ± 1.1 3.0 ± 1.1 2.9 ± 1.1 2.4 ± 1.1

Protein (g/d) 99.2 ± 19.3 95.9 ± 15.1 92.7 ± 13.9 89.4 ± 13.4 82.7 ± 14.2

Total coffee (cups/d) 2.5 ± 1.9 2.2 ± 1.8 1.9 ± 1.7 1.7 ± 1.7 1.3 ± 1.6

1 Values are age-standardized with the exception of age. MET-h, metabolic equivalent task hours.
2 Mean ± SD (all such values).
3 1 cup = 240 mL.
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RESULTS

Cohort analyses

During 3,800,618 person-years of follow-up, we documented
15,027 cases of T2D. The distribution of age-adjusted baseline
characteristics according to quintiles of energy-adjusted GI is
shown in Table 1. In all 3 cohorts, compared with those who
consumed diets with the lowest GI, those in the highest category
of GI were younger, less physically active, consumed a higher
GL diet, and had lower intakes of alcohol, magnesium, total
protein, and total coffee. At the same time, they also had higher
intakes of cereal fiber and trans fatty acids. The distribution of
baseline characteristics according to quintiles of energy-adjusted
GL is shown in Table 2. Like their GI counterparts, those in the
highest quintile of GL had lower intakes of alcohol, protein, and
total coffee compared with those with the lowest GL diets. They
also consumed a high-GI diet and had higher intakes of cereal fiber.

Higher GI was associated with a progressively higher risk of
T2D (Table 3). In the pooled analysis of estimates from the 3
studies that used fixed-effects models, in age- and lifestyle-adjusted

models (model 2) the RRs (95% CIs) across quintiles 1–5 were
1.00, 1.10 (1.04, 1.16), 1.09 (1.04, 1.15), 1.18 (1.12, 1.24), and
1.28 (1.21, 1.35) (P-trend < 0.0001). Further adjustment for
intakes of total coffee, cereal fiber, and different kinds of fatty
acids did not materially change this observation. However, ad-
ditional adjustment for total dietary protein intake strengthened
this association. Participants in the highest quintile of GI had
a 33% higher risk (95% CI: 26%, 41%) compared with those
in the lowest quintile. The RRs (95% CIs) across quintiles of
energy-adjusted GL are shown in Table 4. Those in the highest
quintile of GL had a higher risk of T2D, but this association was
only significant in the NHS. However, in pooled analysis, com-
pared with those with the lowest GL diet, those in the highest
quintile of energy-adjusted GL had a 10% higher risk (95% CI:
2%, 18%) for T2D after adjustment for age, lifestyle, and dietary
factors (model 3). Further adjustment for total protein intake
strengthened the associations, and risk estimates were similar to
those of GI. The RRs (95% CIs) across quintiles 1–5 were 1.00,
1.09 (1.03, 1.15), 1.09 (1.02, 1.17), 1.21 (1.12, 1.32), and 1.36
(1.23, 1.50) (P-trend < 0.0001).

TABLE 3

RRs (95% CIs) for type 2 diabetes according to quintile of energy-adjusted glycemic index with diet no longer updated after incident cardiovascular

disease or cancer1

Quintile of glycemic index

1 2 3 4 5 P-trend

Nurses’ Health Study

Median 49.1 51.5 52.9 54.4 56.5

No. of cases/person-years 1279/313,389 1412/313,443 1392/313,612 1565/313,277 1752/312,732

Model 1 1.00 1.12 (1.03, 1.20) 1.11 (1.03, 1.20) 1.26 (1.17, 1.35) 1.42 (1.32, 1.52) <0.0001

Model 2 1.00 1.11 (1.03, 1.20) 1.11 (1.03, 1.19) 1.23 (1.14, 1.33) 1.37 (1.27, 1.48) <0.0001

Model 3 1.00 1.12 (1.04, 1.21) 1.12 (1.04, 1.21) 1.24 (1.14, 1.34) 1.34 (1.24, 1.45) <0.0001

Model 4 1.00 1.14 (1.06, 1.23) 1.16 (1.07, 1.25) 1.30 (1.20, 1.41) 1.44 (1.33, 1.57) <0.0001

Nurses’ Health Study II

Median 49.9 52.2 53.6 55.1 57.2

No. of cases/person-years 857/301,114 866/301,223 858/300,754 903/300,883 1031/299,752

Model 1 1.00 1.05 (0.96, 1.16) 1.07 (0.98, 1.18) 1.15 (1.05, 1.27) 1.35 (1.23, 1.48) <0.0001

Model 2 1.00 1.04 (0.95, 1.15) 1.06 (0.96, 1.16) 1.07 (0.98, 1.18) 1.20 (1.09, 1.31) 0.0002

Model 3 1.00 1.06 (0.96, 1.17) 1.07 (0.97, 1.18) 1.07 (0.97, 1.18) 1.16 (1.05, 1.28) 0.007

Model 4 1.00 1.08 (0.98, 1.19) 1.10 (0.99, 1.21) 1.11 (1.00, 1.22) 1.20 (1.08, 1.34) 0.001

Health Professionals Follow-Up Study

Median 49.4 51.8 53.2 54.6 56.7

No. of cases/person-years 591/146,003 650/146,284 617/146,203 638/146,231 616/145,719

Model 1 1.00 1.12 (1.00, 1.25) 1.08 (0.96, 1.21) 1.14 (1.02, 1.27) 1.11 (1.00, 1.25) 0.06

Model 2 1.00 1.16 (1.04, 1.30) 1.11 (0.99, 1.25) 1.22 (1.09, 1.36) 1.19 (1.06, 1.34) 0.002

Model 3 1.00 1.19 (1.06, 1.34) 1.15 (1.02, 1.29) 1.26 (1.12, 1.42) 1.24 (1.09, 1.40) 0.0005

Model 4 1.00 1.22 (1.09, 1.37) 1.19 (1.05, 1.33) 1.31 (1.16, 1.48) 1.30 (1.15, 1.47) <0.0001

Pooled analysis2

Model 1 1.00 1.10 (1.04, 1.15) 1.09 (1.03, 1.15) 1.20 (1.14, 1.26) 1.33 (1.26, 1.40) <0.0001

Model 2 1.00 1.10 (1.04, 1.16) 1.09 (1.04, 1.15) 1.18 (1.12, 1.24) 1.28 (1.21, 1.35) <0.0001

Model 3 1.00 1.12 (1.06, 1.18) 1.11 (1.05, 1.17) 1.19 (1.13, 1.25) 1.26 (1.20, 1.34) <0.0001

Model 4 1.00 1.14 (1.08, 1.20) 1.14 (1.08, 1.21) 1.24 (1.17, 1.31) 1.33 (1.26, 1.41) <0.0001

1 Median values of glycemic index for each category were used to test for a linear trend across categories. Model 1 adjusted for age (y); model 2 adjusted

as for model 1 + race (white or nonwhite), smoking (never; past; current: 1–14, 15–24, or >24 cigarettes/d), alcohol intake (0, 0.1–4.9, 5–9.9, 10–14.9, or ≥15

g/d), postmenopausal hormone use (women only; premenopausal, postmenopausal current user, or postmenopausal never/past user), oral contraceptive use

(women only; never, past, or current), physical activity (<3, 3–8.9, 9–17.9, 18–26.9, or ≥27 metabolic equivalent task hours/wk), family history of diabetes

(yes or no), BMI (in kg/m2; <21, 21–22.9, 23–24.9, 25–26.9, 27–29.9, 30–34.9, 35–39.9, or ≥40), and total energy intake (quintiles); model 3 adjusted as for

model 2 + intakes of total coffee (quintiles), energy-adjusted cereal fiber (quintiles), energy-adjusted PUFAs (quintiles), energy-adjusted trans fatty acids

(quintiles), and SFAs (quintiles); model 4 adjusted as for model 3 + total protein intake (quintiles). All statistical tests were conducted by using Cox

proportional hazards regression models.
2 Results were combined with the use of a fixed-effect model.
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We examined the joint effects of GI and GL with cereal fiber by
cross-classifying participants by both variables (Figure 1, A and
B). The pooled RR for the combination of a high GI and a low
cereal fiber intake compared with the opposite extreme was 1.59
(95% CI: 1.47, 1.73; P-interaction > 0.20 in all 3 cohorts).
Similarly, those with a high-GL and a low-cereal-fiber diet had
a 1.47-fold risk (95% CI: 1.32, 1.63) compared with those with
a low-GL and a high-cereal-fiber diet (P-interaction > 0.10 in
all 3 cohorts). We also evaluated the joint effects of GI and GL
with BMI on the risk of T2D. Compared with those who were
normal weight and had low-GI or -GL diets, obese participants
with high-GI (RR: 12.28; 95% CI: 11.09, 13.60; P-interaction >
0.05) or high-GL (RR: 10.80; 95% CI: 9.63, 12.11; P-interaction
> 0.05) diets had a >10-fold higher risk of T2D.

Our results remained robust in several sensitivity analyses (see
Supplemental Tables S1 and S2 under “Supplemental data” in
the online issue). When we used baseline diet alone to examine
associations between GI, GL, and T2D, risk estimates were
largely attenuated. In fully adjusted pooled models, those in the
highest quintile of GI and GL had RRs of 1.26 (95% CI: 1.19,
1.33) and 1.02 (95% CI: 0.94, 1.09) for T2D compared with
those in quintile 1. Results remained largely unchanged when
we continuously updated diet until the end of follow-up (RR for
quintile 5 compared with quintile 1 for GI: 1.33; 95% CI: 1.25,

1.41; RR for quintile 5 compared with quintile 1 for GL: 1.09;
95% CI: 1.01, 1.18) when we used the most recent diet as our
primary exposure (RR for quintile 5 compared with quintile 1
for GI: 1.31; 95% CI: 1.24, 1.39; RR for quintile 5 compared
with quintile 1 for GL: 1.12; 95% CI: 1.04, 1.21) or if we
censored cases of cardiovascular disease or cancer that occurred
during follow-up (RR for quintile 5 compared with quintile 1 for
GI: 1.34; 95% CI: 1.26, 1.43; RR for quintile 5 compared with
quintile 1 for GL: 1.07; 95% CI: 0.99, 1.16). Associations re-
mained unchanged among nonsmokers and after excluding those
with very low body weights (see Supplemental Table S3 under
“Supplemental data” in the online issue). Results remained un-
changed when we excluded participants with gestational di-
abetes at baseline (data not shown).

Meta-analysis

We further conducted an updated meta-analysis that included
updated results from our 3 cohorts together with those of previous
published studies. Our search on MEDLINE and EMBASE
identified a total of 2424 citations. After the first level of
screening based on titles and abstracts with the aforementioned
criteria, 70 articles remained for further evaluation. After ex-
amining these articles in more detail, 56 articles were excluded

TABLE 4

RRs (95% CIs) for type 2 diabetes according to quintile of energy-adjusted glycemic load with diet no longer updated after incident cardiovascular disease or

cancer1

Quintile of glycemic load

1 2 3 4 5 P-trend

Nurses’ Health Study

Median 81.4 94.5 102.8 111.0 123.5

No. of cases/person-years 1486/312,181 1588/312,959 1472/315,849 1459/310,499 1395/314,964

Model 1 1.00 1.07 (1.00, 1.15) 0.99 (0.92, 1.06) 0.99 (0.92, 1.06) 0.93 (0.87, 1.00) 0.01

Model 2 1.00 0.99 (0.92, 1.06) 0.94 (0.88, 1.02) 1.00 (0.92, 1.07) 1.05 (0.97, 1.13) 0.27

Model 3 1.00 1.02 (0.95, 1.11) 1.00 (0.92, 1.09) 1.08 (0.99, 1.19) 1.18 (1.06, 1.31) 0.003

Nurses’ Health Study II

Median 98.8 112.5 121.7 131.2 146.5

No. of cases/person-years 1164/300,470 1040/300,655 810/301,083 776/301,073 725/300,445

Model 1 1.00 0.93 (0.85, 1.01) 0.73 (0.67, 0.80) 0.71 (0.65, 0.77) 0.66 (0.61, 0.73) <0.0001

Model 2 1.00 1.00 (0.92, 1.09) 0.87 (0.79, 0.95) 0.94 (0.86, 1.03) 1.02 (0.93, 1.12) 0.66

Model 3 1.00 1.05 (0.96, 1.15) 0.93 (0.83, 1.03) 1.01 (0.89, 1.14) 1.05 (0.92, 1.21) 0.67

Health Professionals Follow-Up Study

Median 99.0 116.5 128.0 140.0 157.2

No. of cases/person-years 760/145,549 686/144,995 631/146,062 573/147,446 462/146,387

Model 1 1.00 0.93 (0.84, 1.03) 0.85 (0.76, 0.94) 0.77 (0.69, 0.86) 0.63 (0.56, 0.70) <0.0001

Model 2 1.00 0.96 (0.86, 1.06) 0.92 (0.83, 1.03) 0.90 (0.80, 1.01) 0.83 (0.73, 0.94) 0.003

Model 3 1.00 0.99 (0.88, 1.11) 0.99 (0.87, 1.13) 0.98 (0.85, 1.14) 0.96 (0.81, 1.15) 0.71

Pooled analysis2

Model 1 1.00 0.99 (0.94, 1.04) 0.87 (0.83, 0.92) 0.85 (0.80, 0.89) 0.78 (0.74, 0.82) <0.0001

Model 2 1.00 0.98 (0.94, 1.03) 0.91 (0.87, 0.96) 0.96 (0.91, 1.01) 0.99 (0.94, 1.05) 0.50

Model 3 1.00 1.02 (0.97, 1.08) 0.98 (0.92, 1.04) 1.04 (0.97, 1.11) 1.10 (1.02, 1.18) 0.02

1 Median values of glycemic load for each category were used to test for a linear trend across categories. Model 1 adjusted for age (y); model 2 adjusted as for

model 1 + race (white or nonwhite), smoking (never; past; current: 1–14, 15–24, or >24 cigarettes/d), alcohol intake (0, 0.1–4.9, 5–9.9, 10–14.9, or ≥15 g/d),

postmenopausal hormone use (women only; premenopausal, postmenopausal current user, or postmenopausal never/past user), oral contraceptive use (women

only; never, past, or current), physical activity (<3, 3–8.9, 9–17.9, 18–26.9, or ≥27 metabolic equivalent task hours/wk), family history of diabetes (yes or

no), BMI (in kg/m2; <21, 21–22.9, 23–24.9, 25–26.9, 27–29.9, 30–34.9, 35–39.9, or ≥40), and total energy intake (quintiles); model 3 adjusted as for model

2 + intakes of total coffee (quintiles), energy-adjusted cereal fiber (quintiles), energy-adjusted PUFAs (quintiles), energy-adjusted trans fatty acids (quintiles),

and SFAs (quintiles). All statistical tests were conducted by using Cox proportional hazards regression models.
2 Results were combined with the use of a fixed-effects model.
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for reasons shown in Supplemental Figure S1 under “Supple-
mental data” in the online issue. A total of 10 articles were

identified for inclusion in the meta-analysis of GI and T2D (10,

35–43) and a total of 14 articles for the analysis on GL and T2D

(10, 31, 32, 35–45).

Detailed characteristics of the studies (not including our co-
horts) included in our meta-analysis are shown in Table 5. The
association between GI and GL and T2D risk was the primary
outcome in all but one study (45). Six studies were conducted in
the United States, 4 in Europe, 1 each in the United Kingdom,
Japan, and China. The number of incident T2D cases in the
studies ranged from 99 to 11,559. Seven studies enrolled both
sexes; 2 included only men, whereas 3 studies included only
women. All studies assessed diet by using an FFQ. The median
length of follow-up ranged from 4 to 14 y. Diabetes ascertain-
ment was based on medical confirmation in all but 4 studies.
Study quality scores based on the Newcastle-Ottawa scale were
all >6.

Those in the highest categories of GI and GL had a signifi-
cantly higher risk of T2D (Figures 2 and 3). The RRs (95% CIs)
from the fixed-effects model comparing the highest categories of
GI or GL with their corresponding lowest categories were 1.19
(1.14, 1.24) and 1.13 (1.08, 1.17), respectively. However, we
found evidence of moderate heterogeneity among studies in-
cluded in the meta-analysis of GI and T2D (I2 = 68.5%, P <
0.001; Figure 3). When we used a random-effects model to
address the issue of heterogeneity, the summary risk estimate for
the association of GI with T2D was attenuated but remained
significant (RR: 1.12; 95% CI: 1.03, 1.21; Supplemental Figure
S2 under “Supplemental data” in the online issue). On the other
hand, the summary risk estimate comparing the highest with the
lowest category of GL and T2D from our random-effects model
was similar to that of our fixed-effects model (RR: 1.12; 95%
CI: 1.06, 1.17; Supplemental Figure S3 under “Supplemental
data” in the online issue).

We documented significant publication bias for the association
between GI and risk of T2D (see Supplemental Figure S4A under
“Supplemental data” in the online issue). However, no publi-
cation bias was detected for the association between GL and
T2D (see Supplemental Figure S4B under “Supplemental data”
in the online issue). We found that the number of dietary as-
sessments (baseline compared with repeated), length of follow-
up, and type of T2D assessments (self-report compared with
medical confirmation) were significant sources of heterogeneity
(see Supplemental Table S4 under “Supplemental data” in the
online issue). However, given the limited power and the small
number of studies, when analyses were stratified by these vari-
ables, heterogeneity remained in the various subgroups (data not
shown). Therefore, results are presented with all groups com-
bined. When we systematically removed one study at a time,
excluding any single study did not change the risk estimate or
the 95% CIs to include the null value of one, suggesting that no
single study markedly affected the overall conclusion. In sen-
sitivity analyses, when we included scaled estimates for the 2
studies that reported results that used GI as a continuous ex-
posure, the summary RR for the highest compared with the
lowest category of GI and T2D remained largely unchanged
(RR: 1.18; 95% CI: 1.14, 1.23; see Supplemental Figure S5
under “Supplemental data” in the online issue).

DISCUSSION

In these 3 large prospective cohorts of US men and women, we
documented a positive association between GI, GL, and the risk
of T2D. However, GI appears to be more strongly associated with

FIGURE 1. RRs (95% CIs) for type 2 diabetes according to joint cate-
gories of GI (tertiles; A), GL (tertiles; B), and cereal fiber (tertiles) in all 3
cohorts combined. Multivariable RRs were adjusted for age (y), BMI (in kg/
m2; <21, 21–22.9, 23–24.9, 25–26.9, 27–29.9, 30–34.9, 35–39.9, or ≥40),
race (white or nonwhite), smoking (never; past; current: 1–14, 15–24, or >24
cigarettes/d), alcohol intake (0, 0.1–4.9, 5–9.9, 10–14.9, or ≥15 g/d), post-
menopausal hormone use (women only; premenopausal, postmenopausal
current user, or postmenopausal never/past user), oral contraceptive use
(women only; never, past, or current), physical activity (<3, 3–8.9, 9–
17.9, 18–26.9, or ≥27 metabolic equivalent task hours/wk), family history
of diabetes (yes or no), total energy intake (quintiles), and intakes of total
coffee (quintiles), energy-adjusted PUFAs (quintiles), energy-adjusted trans
fatty acids (quintiles), energy-adjusted SFAs (quintiles), energy-adjusted
MUFAs (quintiles), and energy-adjusted protein (quintiles; only for panel
A). Results were combined with the use of a fixed-effects model. All statis-
tical tests were conducted by using Cox proportional hazards regression
models. Low GI, high cereal fiber: n = 19,524; medium GI, high cereal fiber:
n = 24,491; high GI, high cereal fiber: n = 24,367; low GI, medium cereal
fiber: n = 21,392; medium GI, medium cereal fiber: n = 24,029; high GI,
medium cereal fiber: n = 22,793; low GI, low cereal fiber: n = 27,474;
medium GI, low cereal fiber: n = 19,862; high GI, low cereal fiber: n =
21,224. P-interaction >0.20 in all 3 cohorts. Low GL, high cereal fiber: n =
9826; medium GL, high cereal fiber: n = 23,669; high GL, high cereal fiber:
n = 34,888; low GL, medium cereal fiber: n = 22,326; medium GL, medium
cereal fiber: n = 26,486; high GL, medium cereal fiber: n = 19,403; low GL,
low cereal fiber: n = 36,270; medium GL, low cereal fiber: n = 18,150; high
GL, low cereal fiber: n = 14,140. P-interaction >0.10 in all 3 cohorts. GI,
glycemic index; GL, glycemic load; REF, reference.
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T2D than does GL. Participants who consumed diets with high
GI or high GL and low cereal fiber had a nearly 40% higher risk
of T2D compared with those whose diets were high in cereal
fiber and low in GI or GL.

Our findings are consistent with results of some (35, 38, 43)
but not all (10, 36, 37, 39–42) prospective cohort studies that
examined the association between GI and T2D. RRs com-
paring extreme quintiles of intake of GI ranged from 1.14
(95% CI: 1.01, 1.30) in the European Prospective In-
vestigation into Cancer and Nutrition–Greek cohort (38) to
1.96 (95% CI: 1.04, 3.67) in a cohort of male Japanese factory
workers (40). In contrast, no associations between GI and risk
of T2D were observed in the Iowa Women’s Health Study
(36), the Whitehall II Study (37), the Health, Aging, and Body
Composition Study (39), the Alpha-Tocopherol, Beta-Cancer
Prevention Study (41), the European Prospective Investigation
into Cancer and Nutrition–InterAct consortium (10), and the
Rotterdam Study (42). Interestingly, all of the studies that
found no association between GI and T2D assessed diet only
at baseline. This may be because any measurement error
(random or systematic) in GI would attenuate the risk esti-
mates toward the null. However, when we used only baseline
diet to examine the association with T2D in our cohorts, we
still documented a 26% higher risk in pooled analysis. The
inconsistencies in findings between cohorts could also be
a result of differences in databases used to assign GI values to
individual foods. Although most cohorts used the 2002 in-
ternational table of GI values by Foster-Powell et al (46), 2
studies (10, 42) used the more updated international tables of
GI and GL published in 2008 by Atkinson et al (47). Another
important limitation was the subjectivity involved in assigning
GI values to locally grown foods with different processing and
ingredient compositions than those present in the available
databases. There is also considerable debate around the issue
of aggregating GI values of individual foods to calculate the
GI of a mixed meal. Although some studies showed no as-
sociation between calculated GI and measured GI of mixed
meals (48, 49), others showed that the glycemic response to
mixed meals can be predicted from summing the weighted GI
values of foods in the meal (50). Although fat and protein in
mixed meals affect the absolute glycemic response, the rela-
tive differences between carbohydrate-containing foods re-
main unaffected.

In all 3 cohorts, we observed that participants who consumed
a high-GL diet had a more health-conscious lifestyle because they
were less likely to smoke, had a lower BMI, and consumed more
cereal fiber. Interestingly, these participants also consumed a low-
fat, high-carbohydrate dietary pattern as evidenced by lower in-
takes of saturated fat, polyunsaturated fat, and total protein. This
may explain the lower risk of T2D observed in age-adjusted GL
models. However, when we accounted for the negative con-
founding introduced by the factors above, the direction of the
association between GL and T2D changed, and a high GL was
associated with a higher risk of T2D. When we further adjusted
for dietary protein, risk estimates became similar to those of
GI because the β-coefficient for GL represents the effect of
substituting high-GI carbohydrate foods with low-GI carbohy-
drate foods while keeping protein, saturated fat, polyunsaturated
fat, and trans fat constant (51). The overall summary risk esti-
mate from our meta-analysis for the association of GL with T2DT
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is similar but somewhat more attenuated compared with 2 previous
meta-analyses on GL and T2D (8, 9). This may be because the
meta-analysis by Livesey et al (9), double-counted data from the
same cohorts that were published separately and included gesta-
tional diabetes as an outcome. In addition, our meta-analysis in-
cluded updated results with longer follow-up from our cohorts.

Our results show that the effects of cereal fiber and GI and GL
are additive. Although no studies have examined the joint effects

of cereal fiber and GI and GL in relation to risk of T2D, a recent
systematic review of prospective cohort studies that examined the
association of cereal fiber with T2D risk concluded that con-
suming foods rich in cereal fiber is associated with a modestly
reduced risk of T2D (52). Our findings support current dietary
recommendations to consume a diet rich in whole grains and
indicate that a diet low in GI and rich in fiber and minimally
processed whole grains may lower the risk of T2D.

FIGURE 2. Association of glycemic index with type 2 diabetes risk (highest compared with lowest category) and I2 for the proportion of heterogeneity
between studies. The dashed vertical line represents the pooled estimate. The pooled estimate is based on fixed-effects meta-analysis. ES, effect size.

FIGURE 3. Association of glycemic load with type 2 diabetes risk (highest compared with lowest category) and I2 for the proportion of heterogeneity
between studies. The dashed vertical line represents the pooled estimate. The pooled estimate is based on fixed-effects meta-analysis. ES, effect size.
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Several physiologic mechanisms have been proposed to ex-
plain the positive association of GI and GL with T2D (53, 54).
High-GI and -GL diets are known to stimulate the increased
production of insulin, resulting in a state of hyperinsulinemia,
which, in turn, can induce insulin resistance. The consumption of
high-GI and -GL diets for several years can increase the demand
on β-cells and lead to β-cell exhaustion and failure (55). Fur-
thermore, because high-GI and -GL diets increase concentra-
tions of blood glucose and free fatty acids (6, 54), chronic
exposure to these elevated concentrations can also induce β-cell
failure. The biological plausibility of an association between GI
and T2D is evident from results of metabolic and intervention
studies. In a meta-analysis of 12 randomized controlled trials
that comprised 612 subjects, low-GI diets reduced glycated
hemoglobin by 0.4% (95% CI: －0.7%, －0.2%) over that pro-
duced by the control diets (56). Furthermore, the Study to Pre-
vent NonInsulin Dependent Diabetes Mellitus (STOP-NIDDM)
trial, which showed that acarbose, an oral α-glucosidase in-
hibitor, which effectively converts the diet to a low-GI/GL diet,
reduced T2D risk by 25% over a mean follow-up of 3 y provides
a proof-of-concept for low-GI diets (57).

The strengths of the current analysis include the availability of
repeated measures of diet in all 3 cohorts, the long duration and
high-proportion of follow-up, and the large sample size. How-
ever, a few important limitations need to be considered. First, the
use of an FFQ to measure GI and GL introduces some degree of
measurement error. However, given the prospective nature of the
study, measurement error in GI and GL is unrelated to diabetes
case status and is therefore more likely to attenuate the risk
estimates toward the null. Second, the FFQ was validated in
a sample of nurses at an earlier time and in male health pro-
fessionals and the validation data may not directly apply to those
in the NHS II. Furthermore, FFQs in our study were not spe-
cifically designed to measure GI and GL of foods. However,
previous validation studies in a subsample of older nurses and
male health professionals showed a reasonable degree of cor-
relation between our FFQ and multiple dietary records for both
carbohydrate and fiber. In addition, dietary GI and GL in the NHS
were found to be associated with plasma HDL and fasting tri-
glyceride concentrations, indicating the biological validity of the
FFQ in assessing dietary GI and GL (58). Third, our study
population mainly consisted of health professionals of European
ancestry with a high educational status. Although the lack of
racial diversity limits our ability to generalize our results to other
populations, the consistency of our findings in other ethnic groups
along with existence of strong biological mechanisms may make
our results readily generalizable. The high educational status can
be perceived as an advantage because high-quality and reliable
data can be collected from our study participants. Furthermore,
although we carefully adjusted for several known dietary and
lifestyle factors that could confound the association between
dietary GI and GL and T2D, residual confounding remains
a possibility. Finally, given the observational nature of our study,
we cannot establish true causality.

In conclusion, results from our study confirm that consuming
a high-GI/GL diet is associated with a higher risk of T2D.
Participants who consume diets that are low in cereal fiber but
with a high GI/GL have an elevated risk of T2D. Given that the
lifetime risk of developing T2D is 32.8% for men and 38.5% for
women (59), even small excess RRs such as those observed in our

study will translate to large differences in absolute risk and have
important public health implications. Given the consistency of
our results and the findings of randomized controlled trials of
low-GI diets on measures of glycemia, a large randomized
controlled trial should be considered to evaluate the role of low-
GI and -GL diets in preventing T2D.
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Performance of the Automated Self-Administered 24-hour Recall
relative to a measure of true intakes and to an interviewer-administered
24-h recall1–3

Sharon I Kirkpatrick, Amy F Subar, Deirdre Douglass, Thea P Zimmerman, Frances E Thompson, Lisa L Kahle,
Stephanie M George, Kevin W Dodd, and Nancy Potischman

ABSTRACT
Background: The Automated Self-Administered 24-hour Recall
(ASA24), a freely available Web-based tool, was developed to en-
hance the feasibility of collecting high-quality dietary intake data from
large samples.
Objective: The purpose of this study was to assess the criterion
validity of ASA24 through a feeding study in which the true intake
for 3 meals was known.
Design: True intake and plate waste from 3 meals were ascertained
for 81 adults by inconspicuously weighing foods and beverages
offered at a buffet before and after each participant served him-
or herself. Participants were randomly assigned to complete an
ASA24 or an interviewer-administered Automated Multiple-Pass
Method (AMPM) recall the following day. With the use of linear
and Poisson regression analysis, we examined the associations between
recall mode and 1) the proportions of items consumed for which
a match was reported and that were excluded, 2) the number of in-
trusions (items reported but not consumed), and 3) differences between
energy, nutrient, food group, and portion size estimates based on true
and reported intakes.
Results: Respondents completing ASA24 reported 80% of items
truly consumed compared with 83% in AMPM (P = 0.07). For both
ASA24 and AMPM, additions to or ingredients in multicomponent
foods and drinks were more frequently omitted than were main
foods or drinks. The number of intrusions was higher in ASA24
(P < 0.01). Little evidence of differences by recall mode was found
in the gap between true and reported energy, nutrient, and food
group intakes or portion sizes.
Conclusions: Although the interviewer-administered AMPM per-
formed somewhat better relative to true intakes for matches, exclu-
sions, and intrusions, ASA24 performed well. Given the substantial
cost savings that ASA24 offers, it has the potential to make important
contributions to research aimed at describing the diets of populations,
assessing the effect of interventions on diet, and elucidating diet and
health relations. This trial was registered at clinicaltrials.gov as
NCT00978406. Am J Clin Nutr 2014;100:233–40.

INTRODUCTION

Given evidence from biomarker-based validation studies that
24-h dietary recalls capture dietary intake with less bias than do
food-frequency questionnaires (1–3), there has been a push to-
ward the use of 24-h dietary recalls in epidemiologic studies and
other large-scale research. Traditional 24-h dietary recalls are

expensive and impractical for large studies because they rely on
trained interviewers and multiple administrations to estimate
usual intakes (4). The Automated Self-Administered 24-hour Recall
(ASA24),4 a freely available Web-based tool, was developed to ad-
dress these challenges by eliminating the need for an interviewer and
implementing automated coding, with the goal of making it feasible to
collect multiple high-quality recalls from large samples (5).

The ASA24 is modeled on the USDA’s Automated Multiple-
Pass Method (AMPM) (5). The AMPM is the method used to
capture dietary intake data in What We Eat in America, the
dietary interview component of the NHANES. The AMPM uses
5 steps, or passes, to enhance accuracy and completeness of
recalls, including a quick list, forgotten foods pass, time and
occasion pass, detail pass, and final review (6). This multiple-
pass approach has been shown to reduce bias in the estimation of
dietary intake (6–8).

The ASA24 flows as per a modified AMPM, guiding partic-
ipants through the completion of a 24-h dietary recall by using an
online dynamic user interface (5). A meal-based quick list is used,
in which respondents select an eating occasion and report the
time of the occasion before reporting the foods and drinks
consumed. Foods and drinks are selected by browsing food
categories or searching from a list of user-friendly terms derived
from foods and beverages reported in NHANES. Next, a meal gap
review queries the respondent about any foods or drinks con-
sumed between reported eating occasions separated by ≥3 h.
This is followed by the detail pass, during which detailed
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questions are administered about food preparation, portion size
(using images to assist with estimation), and additions so that
food codes from USDA’s Food and Nutrient Database for Dietary
Studies (FNDDS) (9) can be assigned. Respondents are then
prompted to think about a list of frequently forgotten items and
complete a final review of all foods and drinks reported by meal
to confirm that they have included everything they ate and drank
the previous day from midnight to midnight.

The purpose of this study was to assess the criterion validity of
the ASA24 through a feeding study in which true intake for 3
meals was known. This study made use of ASA24-2011 (released
September 2011). A comparison of intake data collected through
interviewer-administered AMPM recalls to true intake for 3
meals was also conducted.

SUBJECTS AND METHODS

Participants and data collection

This study included 83 men and women aged 20–70 y who
lived in the Washington, DC, metropolitan area and were re-
cruited from a database of research volunteers, which contained
details on sex, age range, and race-ethnicity, allowing efforts to
recruit a diverse range of participants (10). Eligible subjects had
not previously participated in a research study, were not cur-
rently dieting, and did not have any formal training in nutrition.
Data collection was conducted over an 8-wk period in the spring
of 2012. Participants were scheduled to visit a study center to
consume 3 meals on one day and to return the following day, at
which time they completed an unannounced 24-h dietary recall
and a brief demographic and health behavior survey. Participants
were reimbursed for their travel expenses and given modest
remuneration for their time.

On their scheduled feeding day, the participants arrived at the
study center in the morning, were provided with a brief in-
troduction to the study (which was described as a study about
improving methods regarding what Americans eat), and com-
pleted informed consent. They then were invited to select and
consume foods and beverages from a buffet of meal-appropriate
items and to return to do the same for lunch and dinner. Foods and
drinks were offered in communal containers appropriate to the
type of food or drink, such as platters (eg, for sandwiches) and
bowls (eg, for salads) from which participants served themselves
(11, 12). Some single-serve items, such as yogurt and potato
chips, were served in their original containers. These serving
decisions were intended to mimic the ways in which participants
might encounter foods and drinks at home and in other eating
environments. Offerings included foods (such as cereal, sand-
wiches, and lasagna) and drinks (such as coffee, juice, and soda)
and potential additions (such as sweeteners and spreads) (see
Supplemental Table 1 under “Supplemental data” in the online
issue). Several preprepared multicomponent items, such as
salads and sandwiches with spread (eg, mayonnaise), filling (eg,
tuna salad), and vegetables, were offered. Participants served
themselves one at a time, at 10-min intervals, and each container
was inconspicuously weighed before and after to determine the
amount of each item taken by each person (11, 12). Plate waste
was also weighed to enable a calculation of the amount of each
food and drink consumed. Weights were taken with the use of
Ultra Ship 35 scales, which have a precise accuracy of 0.1 oz or

2.8 g (up to 2 lb or 0.91 kg) and 0.2 oz or 5.7 g (>2 lb or 0.91
kg). Each item was weighed once independently by 2 techni-
cians; if the weights did not match to the gram, a third weight
was taken and the average of the 2 closest weights was taken.
The weight consumed (ie, true intake) was calculated as the
weight taken minus the weight left (ie, plate waste). Meals were
consumed in a communal dining area, with a room monitor
present to ensure that external foods or drinks were not in-
troduced into the meals and to discourage sharing of foods and
drinks among study participants. Participants were invited to
spend the time between meals in the study center in a quiet area
with Internet access or could leave the center and return for the
next meal. No restrictions were placed on eating and drinking of
other foods and drinks outside of the study center meals. Par-
ticipants were unaware that they would be asked to recall the
foods and drinks consumed the following day.

Each participant was asked to return to the center on the
following day, at which time the participant completed a 24-h
dietary recall. After being stratified by sex and age group to
ensure matching on these characteristics, participants were
randomly assigned into 2 groups. Half of the respondents
completed an ASA24 at a computer station, and the other half
completed an AMPM recall conducted by a trained interviewer
over the telephone. A staff person escorted those completing the
ASA24 to the computer station but did not provide any assistance
with the completion of the recall; however, a telephone help line
was available to mimic a real-world study in which respondents
would have contact information for a study coordinator (4 par-
ticipants made use of this resource). Those completing the
AMPM recall had access to the USDA Food Model Booklet,
measuring cups and spoons, and a ruler to help estimate portion
sizes, which simulated an NHANES interview. A supervisor
monitored 10% of the AMPM interviews for quality assurance.
Pairs arrived at intervals across the day so that only one par-
ticipant was completing either the ASA24 or AMPM at a time.
After completion of the recall, participants completed the de-
mographic and health behavior survey on a computer at the study
center. The questionnaire included questions on income, edu-
cation, living situation, height, weight, health status, vitamin/
mineral supplement use, frequency of fast food consumption,
physical activity, smoking, and alcohol use.

The reported intakes for one ASA24 participant and one
AMPM participant did not correspond to the study center meal
offerings, which suggested that these respondents did not report
their previous day’s intakes. Data from these participants were
excluded, which resulted in a final analytic sample of 81 par-
ticipants, 40 of whom completed the ASA24 and 41 of whom
completed the AMPM. Three participants (2 from the ASA24
group and 1 from the AMPM group) did not consume breakfast
at the study center, and 1 participant (from the ASA24 group)
did not consume dinner there. Finally, 1 participant in the
ASA24 group did not complete the demographic and health
behavior questionnaire. This study was approved by the Na-
tional Cancer Institute Institutional Review Board as well as the
Westat Institutional Review Board.

Coding of true and reported intakes

For the foods and drinks offered, trained coders applied food
codes from the FNDDS, version 4.1 (9), and merged the file with
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nutrient values from the FNDDS. Intakes reported via the
ASA24-2011 are autocoded by the ASA24 system with the use of
the FNDDS, version 4.1. Intakes reported via the AMPM were
coded by a trained coder, with 10% of coded intakes undergoing
a detail review and verification for quality control by 2 senior
coders. This process was completed with the use of the USDA’s
dietary coding software, SurveyNet version 2.7, according to
procedures developed for data entry for What We Eat in America.
This version of SurveyNet uses food codes from FNDDS, version
4.1. Quality-control procedures used in other studies making use
of the AMPM method were used to screen for possible errors in
coding, and identified errors were corrected (10). For all 3 data
sets, food group values were obtained from the MyPyramid
Equivalents Database, version 2.0 (13), supplemented with the
USDA’s Center for Nutrition Policy and Promotion Addendum
(http://www.cnpp.usda.gov/OtherProjects.htm), which provides
Pyramid Equivalents for food codes added to FNDDS since
version 2.0.

Comparison of true and reported intakes

In completing either the ASA24 or the interviewer-administered
AMPM recall, participants were prompted to report all foods
consumed on the previous day from midnight to midnight.
However, for the purpose of these analyses, interest was in the
recalled intakes for the meals consumed at the study center. Each
recall was reviewed by a nutritionist who was blinded to the true
intakes (ie, the weighed data) to identify study center meals by the
reported name of the eating occasion, the reported time and
location of the eating occasion, and the foods and beverages
reported. All foods and drinks reported outside of these meal
occasions were excluded from the analysis. The excluded meals
included 3 breakfasts and 1 dinner not consumed at the study
center (one meal for each of 4 participants).

Before the identification of the study center meals, corrections
were applied to address known errors in the ASA24 database
(http://riskfactor.cancer.gov/tools/instruments/asa24/resources/
issues.html). Furthermore, trained coders conducted a review of
free text entered by ASA24 participants who selected “other” as
a response to a detail question or who indicated that they could
not find the food or drink that they consumed (ie, “match not
found”), which resulted in a prompt to type in a description. In
the case of “other” responses to detail questions (eg, when asked
about the flavor of yogurt consumed, a respondent may select
“other” and specify “raspberry”), a default food code is assigned
based on the primary food being reported (eg, yogurt, type of
milk, or flavor not specified). In the case of “match not found,”
questions about the type (eg, beverage) and kind (eg, coffee) of
food or drink follow the free text entry prompt, and a default
food code is assigned based on the participant’s answers to these
questions. In some cases, a mismatch was identified between the
free text entered by the participant and the assigned code, and
corrections were made to more closely reflect the text entry. Of
35 instances of “other” and “match not found” items within the
study center meals, 11 required correction, representing 1% of
all study center foods, drinks, and additions reported with the
ASA24. Finally, corrections were made to address ASA24 system-
related issues that have since been remedied; this amounted to
22 corrections, which affected 2% of all study center foods,
drinks, and additions reported in the ASA24.

A list of all food codes reported by all participants for the study
center meals was generated and assessed by 2 nutritionists to de-
termine whether each was a match for any of the foods and drinks
offered. Matches were classified as exact, close, or far. For example,
low-fat yogurt was considered to be an exact match, whereas regular
yogurt was considered a close match for the low-fat yogurt offered (in
single-serve labeled containers). An example of a far match is fresh
tuna rather than tuna salad as part of a sandwich offered. The
identified matches for the items offered were reviewed by the full
study team. At this point, the match identification process was
conducted by using only the information on the menu of items
offered and a list of all items reported by all participants but without
consulting the true intake data for each participant. The next step
involved a comparison of the true intakes and reported intakes to
determine whether each participant reported a match for each of the
foods and drinks he or she consumed. Exclusions (ie, items consumed
but not reported) and intrusions (ie, items reported but not consumed)
were also identified. The resulting files, showing matches, exclusions,
and intrusions for each recall, were reviewed by 2 nutritionists for
accuracy. This procedure was conducted for all foods and drinks
reported for the 3 study center meals combined (to account for the
fact that participants may report an item that was actually consumed
but at the wrong eating occasion) and for each meal independently (to
assess accuracy of reporting at each eating occasion).

Further differentiation was applied to enable a more in-depth
examination of exclusions and intrusions. The proportion of main
items (eg, oatmeal, sandwich, and coffee) compared with addi-
tions to and ingredients in multicomponent foods and drinks (eg,
sugar, mayonnaise, and cheese) excluded were examined by
recall mode. Intrusions were identified as being either internal
confabulations (ie, offered but not consumed by the participant)
or external confabulations (ie, not offered) (14).

Statistical analyses

Analyses were conducted with the use of SAS, version 9.2
(SAS Institute). Chi-square tests were used to test for differences
in demographic characteristics and health behaviors between the
ASA24 and AMPM groups. Preliminary bivariate analyses
showed that the 2 groups differed in terms of education, race-
ethnicity, and use of vitamin/mineral supplements. Multivariate
analysis showed that after race-ethnicity was accounted for, the
differences in the other characteristics did not persist; thus, race-
ethnicity was included as a covariate in models that compared the
2 groups for all analyses described below.

Linear regression models were used to examine the association
between recall mode and the proportion of items truly consumed
for which a match was reported. This was conducted first by
considering all matches (exact, close, and far) and second by
considering only exact and close matches. Linear regression was
also used to assess the association between recall mode and the
proportion of items truly consumed but not reported (exclusions).
This analysis was run for primary foods and drinks compared
with additions and ingredients and also for food groups that might
be considered more or less socially desirable or more likely to be
forgotten and thus reported to a greater or lesser extent of ac-
curacy (fruit and vegetables; snacks, sweets and desserts; and
beverages). Poisson regression was used to assess the association
between recall mode and the number of items reported but not
truly consumed, considering all intrusions first and also internal
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and external confabulations separately. To account for the fact
that participants who consume a greater number of items may
have more difficulty accurately recalling all of them, the models
were repeated including a variable indicating the number of items
truly consumed. These analyses were conducted for all eating
occasions combined and by eating occasion.

A comparison of the accuracy of estimated intakes of energy
and selected nutrients and food groups by recall mode was
conducted based on reported compared with true intake. Linear
regression models were used to assess whether the differences
between true and reported intakes were significant within each
group (ASA24 and AMPM) and also to examine whether there
were differences in the accuracy of estimated energy, nutrient,
and food group intakes by recall mode.

Finally, the consistency of reported and true portion sizes by recall
mode was examined. This entailed the examination of actual dif-
ferences (considering magnitude and direction of the gap between
true and reported) and absolute differences (considering only
magnitude) in gram weights between reported and true portion
sizes for all foods and drinks. Linear regression was used to assess
differences between reported and true portion sizes by recall mode.

RESULTS

An overview of key characteristics of the study sample by
recall mode (ASA24 compared with AMPM) is provided in

Table 1, which shows that the 2 groups were well matched on
sex and age range as per the study design. However, the 2 groups
differed in terms of race-ethnicity, education, and use of vitamin
and/or mineral supplements, as noted above. No significant
differences were found between the groups in income range or
BMI (Table 1) nor in living situation, reported health status,
reported frequency of fast food consumption, physical activity,
smoking behavior, or alcohol use (data not shown).

An overview of exact, close, and far matches for all meals
combined by recall mode is shown in Table 2. When all matches
were considered, no statistically significant difference was found
in the proportion of matches between the ASA24 (79.6%) and
AMPM (83.2%) groups (P = 0.07). However, when only exact
and close matches were considered, there was a small but sig-
nificant difference, with a lower match rate among the ASA24
group (76.6% compared with 82.5% for the AMPM group; P =
0.01). Accounting for the number of items truly consumed by
each participant did not affect the direction or significance of
these findings (data not shown).

The mean proportions of exact, close, and far matches by recall
mode for each eating occasion are shown in Table 3. The pro-
portions of all matches combined were similar by recall mode
for lunch and dinner but were significantly higher for the AMPM
than for the ASA24 for breakfast. For both the ASA24 and
AMPM recall groups, lower match rates were observed for
lunch than for breakfast and dinner.

The proportion of exclusions for all eating occasions combined
did not significantly differ between the 2 groups (Table 2).
Significantly fewer exclusions at breakfast were found for the
AMPM than for the ASA24 (Table 3). The highest proportion of
exclusions for both the ASA24 and AMPM recalls was observed
for lunch (Table 3). The most common exclusions were additions
to or ingredients in multicomponent foods, as shown in Table 4.
In the ASA24, 9.3% of primary foods and drinks were omitted
compared with 6.6% in the AMPM recalls (P = 0.04). In the
ASA24, 36.1% of additions or ingredients were excluded
compared with 29.1% in the AMPM (P = 0.10). In terms of
specific types of foods and drinks, the rates of exclusions for
fruit and vegetables were 32.9% in the ASA24 and 27.1% in the
AMPM (P = 0.10); for sweets, snacks, and desserts, the rates

TABLE 1

Characteristics of the sample for examination of the performance of the

ASA24 and AMPM relative to true (observed) intakes (n = 81)1

ASA24

(n = 40)

AMPM

(n = 41) P value2

Sex (n) 0.91

Male 19 20

Female 21 21

Age range (n) 0.91

20–34 y 11 13

35–54 y 14 13

55–70 y 15 15

Race-ethnicity (n) <0.01

White 27 14

Nonwhite 13 27

Income (n) 0.19

<$25,000 7 15

$25,000–$99,999 18 16

≥$100,000 13 10

Education (n) 0.03

<College graduate 11 23

College graduate 14 6

>College graduate 13 12

BMI 0.66

Normal 9 12

Overweight 13 15

Obese 16 13

Used vitamin or mineral

supplements in past 12 mo

0.04

Yes 32 25

No 7 16

1 AMPM, Automated Multiple-Pass Method; ASA24, Automated

Self-Administered 24-hour Recall.
2 P values are for recall mode (ASA24 and AMPM) and were calculated

by using a chi-square test.

TABLE 2

Mean proportion of exact, close, and far matches and exclusions and

number of intrusions for all meals combined, by recall mode (ASA24 and

AMPM), in relation to true (observed) intakes (n = 81)1

ASA24

(n = 40)

AMPM

(n = 41) P value2

Exact matches (%) 66.3 74.4 <0.01

Close matches (%) 10.3 8.1 0.01

Far matches (%) 3.1 0.7 <0.01

All matches combined (%) 79.6 83.2 0.07

Exclusions (%) 20.4 16.8 0.07

Intrusions (n) 2.6 1.2 <0.01

Items reported (n) 22.7 23.0 0.91

1 AMPM, Automated Multiple-Pass Method; ASA24, Automated Self-

Administered 24-hour Recall.
2 P values are for recall mode (ASA24 and AMPM), adjusted for race-

ethnicity, and were calculated by using linear regression for matches and

exclusions and Poisson regression for intrusions and number of items reported.

236 KIRKPATRICK ET AL



were 12.6% and 2.5% for the ASA24 and AMPM, respectively
(P = 0.05); and for drinks, they were 5.4% for the ASA24 and
5.5% for the AMPM (P = 0.69).

The mean number of intrusions for all eating occasions
combined was 2.6 for the ASA24 and 1.2 for the AMPM (Table
2). The correlations between the number of intrusions and the
number of items reported were higher for both the ASA24 (0.43)
and the AMPM (0.20) than for the correlations with the number
of items actually consumed (0.06 and 0.12 for the ASA24 and
AMPM, respectively). The number of intrusions was significantly
higher for the ASA24 than for the AMPM for each meal con-
sidered separately (Table 3). For the ASA24, the mean number of
intrusions categorized as internal confabulations (ie, items that
were offered but not selected or consumed by the participant) was
1.9 compared with 1.0 for the AMPM (P < 0.01). The mean
number of intrusions categorized as external confabulations (ie,
items that were not offered at the study center as part of the feeding
study) was 0.6 for the ASA24 and 0.2 for the AMPM (P < 0.01).

For descriptive purposes, mean true and reported intakes and
the differences for energy and selected nutrients and food groups
within each of the recall groups for all foods and beverages
reported are shown in Tables 5 and 6. The data in these tables
are stratified by sex, given that intakes differ between men and
women. An indication of whether the differences between true
and reported intakes are significant within each group is pro-

vided in Table 7. For the ASA24, significant differences were
found between true and reported intakes for calories from fat
and vitamin D. For the AMPM, significant differences were
found between true and reported intakes for carbohydrates, fiber,
calories from fat, vitamin D, sodium, vegetables, and added
sugars. The difference between the ASA24 and AMPM groups
in the gap between true and reported intakes was significant for
vitamin D (P = 0.047) and vegetables (P < 0.01).

For foods for which a match (exact, close, or far) was reported,
the mean differences between true portion size and reported
portion size were －3.7 g for the ASA24 and －11.8 g for the
AMPM (absolute differences that consider magnitude but not
direction of the differences between true and reported portions
were 40.5 g for the ASA24 and 39.8 g for the AMPM; P = 0.42).
The differences for primary foods and drinks were －5.4 g for
the ASA24 and －14.4 g for the AMPM, whereas the differences
for additions or ingredients in multicomponent items were 0.60
g for the ASA24 and －6.2 g for the AMPM.

DISCUSSION

ASA24 performed well relative to a measure of true intakes in
terms of the proportion of items consumed for which matches were
reported and the relations with true energy, nutrient, and food group
intakes and portion sizes. Given the recognition of misreporting in
self-reported dietary intake instruments (1–3, 7), perfect corre-
spondence was not expected; however, both the ASA24 and
AMPM captured ~80% of the foods and drinks actually con-
sumed. No statistically significant difference in the overall pro-
portion of foods and drinks for which a match was reported was
found between the 2 recall modes. When only exact and close
matches were considered, the AMPM performed somewhat better.

The overall proportion of exclusions did not differ by recall
mode. A high proportion of the exclusions were additions to or
ingredients in multi-ingredient foods, many of which have little
effect on estimates of overall intake and that were consumed in
small amounts. Similarly, previous research with children has
shown high rates of omission for condiments (15). This pattern
may explain the lower proportion of matches observed for lunch,
which consisted of sandwiches and salads with a number of

TABLE 3

Mean proportion of exact, close, and far matches and exclusions and number of intrusions, by eating occasion and recall mode (ASA24 and AMPM),

in relation to true (observed) intakes1

Breakfast2 (8 main items and 7

additions offered)

Lunch (13 main items and 14

additions offered)

Dinner3 (12 main items and 3

additions offered)

ASA24

(n = 38)

AMPM

(n = 40) P value4
ASA24

(n = 40)

AMPM

(n = 41) P value4
ASA24

(n = 39)

AMPM

(n = 41) P value4

Exact matches (%) 76.5 83.2 <0.01 53.2 61.8 0.02 72.0 81.0 <0.01

Close matches (%) 8.3 10.8 0.75 8.2 5.3 0.06 15.2 10.6 0.05

Far matches (%) 4.2 1.0 0.02 2.1 0.4 0.01 4.0 0.2 <0.01

All matches combined (%) 89.0 95.0 0.01 63.5 67.5 0.16 91.2 91.8 0.60

Exclusions (%) 11.0 5.0 0.01 36.5 32.4 0.16 8.9 8.2 0.60

Intrusions (n) 0.8 0.6 0.04 1.9 1.2 0.03 1.1 0.5 <0.01

Items reported (n) 5.7 6.2 0.64 11.1 11.0 0.67 6.4 6.0 0.24

1 AMPM, Automated Multiple-Pass Method; ASA24, Automated Self-Administered 24-hour Recall.
2 Two participants in the ASA24 group and one in the AMPM group did not consume breakfast at the study center and were excluded from this analysis.
3 One participant in the ASA24 group did not consume dinner at the study center and was excluded from this analysis.
4 P values are for recall mode (ASA24 and AMPM), adjusted for race-ethnicity, and were calculated by using linear regression for matches and exclusions

and Poisson regression for intrusions and number of items reported.

TABLE 4

Counts of most common exclusions, by recall mode (ASA24 and AMPM),

in relation to true (observed) intakes1

Items ASA24 AMPM

Tomatoes 42 26

Mustard 17 17

Green and/or red pepper 16 19

Cucumber 15 14

Cheddar cheese 14 18

Lettuce 12 17

Mayonnaise 9 12

1 AMPM, Automated Multiple-Pass Method; ASA24, Automated Self-

Administered 24-hour Recall.
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secondary ingredients (eg, cheese, vegetables, and spreads). The
high rate of exclusions for additions and ingredients is also
consistent with our finding that a relatively high proportion of
fruit and vegetables was omitted because these were often part of
multicomponent foods (eg, lettuce and tomato on sandwiches).

We did not find that sweets, snacks, and desserts were often omitted,
in contrast with other research that has suggested a tendency
toward underreporting these foods (16, 17), perhaps because we
did not assess true intake for eating occasions other than the 3
meals offered.

TABLE 5

Mean true and reported energy, nutrient, and food group intakes, by recall mode (ASA24 and AMPM), in women (n = 42)1

ASA24 AMPM

True Reported

Difference between

true and reported (CI) True Reported

Difference between

true and reported (CI)

Energy (kcal) 1939 1939 0.52 (－236, 237) 2241 2292 －51.6 (－427, 324)

Carbohydrates (g) 245 260 －15.2 (－46.8, 16.4) 300 325 －24.4 (－77.1, 28.3)

Fiber (g) 16.6 17.5 －0.84 (－3.40, 1.71) 19.0 20.7 －1.75 (－5.15, 1.65)

Fat (g) 78.6 70.7 7.90 (－3.54, 19.3) 83.6 80.1 3.51 (－12.5, 19.5)

Calories from fat (%) 36.3 33.2 3.08 (0.89, 5.27) 33.8 31.5 2.37 (0.61, 4.12)

Saturated fat (g) 22.8 23.1 －0.36 (－4.47, 3.76) 23.7 23.0 0.68 (－3.71, 5.07)

Protein (g) 73.7 73.3 0.49 (－7.56, 8.53) 84.4 81.3 3.17 (－10.7, 17.0)

Vitamin A (RAE) 798 815 －17.0 (－186, 152) 765 913 －148 (－440, 144)

Vitamin C (mg) 124 116 8.21 (－17.7, 34.1) 146 151 －5.04 (－40.9, 30.8)

Vitamin D (mg) 2.47 2.95 －0.48 (－1.07, 0.11) 2.20 3.48 －1.28 (－2.10, －0.46)

Folate (μg) 433 450 －17.2 (－70.8, 36.4) 472 492 －19.8 (－82.0, 42.5)

Iron (mg) 14.3 15.3 －0.95 (－2.79, 0.89) 16.1 17.1 －1.03 (－3.31, 1.26)

Magnesium (mg) 263 262 1.13 (－41.1, 43.3) 291 296 －4.99 (－46.5, 36.5)

Calcium (mg) 744 757 －12.9 (－135, 109) 744 811 －66.9 (－188, 54.2)

Sodium (mg) 2890 3372 －482 (－864, －99.2) 3270 3765 －495 (－1005, 15.6)

Fruit (cup equivalent) 1.26 1.33 －0.06 (－0.34, 0.22) 1.63 1.48 0.15 (－0.30, 0.60)

Vegetables (cup equivalent) 1.93 1.71 0.22 (－0.14, 0.58) 1.91 2.33 －0.42 (－0.91, 0.07)

Milk (cup equivalent) 1.34 1.19 0.15 (－0.22, 0.52) 1.22 1.00 0.22 (0.03, 0.41)

Meat (oz equivalent) 3.99 4.20 －0.22 (－1.03, 0.60) 5.06 4.92 0.14 (－1.09, 1.37)

Added sugars (tsp) 13.7 16.0 －2.31 (－6.08, 1.46) 21.6 24.5 －2.87 (－8.46, 2.73)

1 1 cup equivalent = 237 mL; 1 oz equivalent = 30 mL; and 1 tsp equivalent = 5 mL. AMPM, Automated Multiple-Pass Method; ASA24, Automated

Self-Administered 24-hour Recall; RAE, retinol activity equivalent.

TABLE 6

Mean true and reported energy, nutrient, and food group intakes, by recall mode (ASA24 and AMPM), in men (n = 39)1

ASA24 AMPM

True Reported

Difference between

true and reported (CI) True Reported

Difference between

true and reported (CI)

Energy (kcal) 2721 2458 263 (－244, 770) 2391 2612 －221 (－511, 68.5)

Carbohydrates (g) 353 336 17.3 (－51.6, 86.1) 311 355 －44.4 (－70.4, －18.3)

Fiber (g) 21.3 21.6 －0.35 (－4.65, 3.95) 20.6 23.4 －2.78 (－5.10, －0.46)

Fat (g) 104 86.0 18.2 (－6.19, 42.7) 90.5 96.5 －6.00 (－24.1, 12.1)

Calories from fat (%) 34.5 30.9 3.62 (1.11, 6.12) 33.8 32.4 1.38 (－1.37, 4.13)

Saturated fat (g) 31.5 27.1 4.43 (－2.55, 11.4) 27.7 29.1 －1.43 (－7.77, 4.91)

Protein (g) 106 96.1 10.3 (－7.11, 27.8) 95.7 94.4 1.25 (－12.9, 15.4)

Vitamin A (RAE) 937 892 44.9 (－230, 320) 932 1133 －201 (－411, 8.23)

Vitamin C (mg) 164 156 8.32 (－38.5, 55.1) 156 180 －24.3 (－63.8, 15.3)

Vitamin D (mg) 2.90 3.48 －0.58 (－1.29, 0.14) 3.02 4.82 －1.80 (－2.87, －0.73)

Folate (μg) 566 550 15.9 (－109, 141) 528 581 －53.0 (－124, 18.2)

Iron (mg) 20.1 19.1 1.02 (－3.16, 5.20) 17.1 18.4 －1.31 (－3.11, 0.50)

Magnesium (mg) 356 320 36.0 (－13.3, 85.2) 316 344 －27.5 (－65.3, 10.4)

Calcium (mg) 996 1055 －58.9 (－234, 117) 874 941 －66.9 (－219, 85.3)

Sodium (mg) 3925 4011 －86.4 (－753, 580) 3623 4307 －684 (－1145, －222)

Fruit (cup equivalent) 1.77 1.94 －0.17 (－0.56, 0.22) 1.82 1.82 0 (－0.39, 0.40)

Vegetables (cup equivalent) 2.20 2.07 0.13 (－0.50, 0.76) 2.08 2.56 －0.47 (－0.84, －0.10)

Milk (cup equivalent) 1.68 1.67 0.01 (－0.28, 0.30) 1.48 1.36 0.12 (－0.22, 0.47)

Meat (oz equivalent) 6.28 5.36 0.92 (－0.58, 2.41) 5.72 5.60 0.12 (－1.20, 1.43)

Added sugars (tsp) 24.7 21.8 2.83 (－8.83, 14.5) 19.2 23.9 －4.69 (－8.58, －0.81)

1 1 cup equivalent = 237 mL; 1 oz equivalent = 30 mL; and 1 tsp equivalent = 5 mL. AMPM, Automated Multiple-Pass Method; ASA24, Automated

Self-Administered 24-hour Recall; RAE, retinol activity equivalent.
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A greater number of intrusions was observed in the ASA24
than in the AMPM, perhaps reflecting exploration of the software
among first-time ASA24 users and items added and not deleted
when a better match for what was consumed was found. For both
recall modes, intrusions may have been artificially inflated by the
study design because respondents may have included foods and
drinks consumed outside of the study in combination with those
consumed at study center meals.

The examination of differences in the gap between estimates of
energy, nutrient, and food group intakes and portion sizes based
on true compared with reported consumption suggests that both
instruments perform fairly well. However, it must be noted that
this study was powered for the examination of the proportions of
items consumed for which respondents reported a match. Our
statistical power for the analyses of energy, nutrient, and food
group intakes and portion size was limited by the sample size, as
indicated by the wide CIs around the mean difference estimates
for some dietary components. Nonetheless, examination of the
mean true and reported intakes suggests reasonable agreement
between the two for both recall modes for most dietary com-
ponents examined. Further insights into the correspondence
between true intakes and those reported via the ASA24 will come
from a biomarker-based validation study that is now under way.

The elimination of the interviewer in the ASA24 offers sub-
stantial cost savings to researchers, and our results indicate that it
does not result in a greatly reduced accuracy of recall. However,
the lack of an interviewer may pose some challenges. Participants
completing an interviewer-administered recall have the oppor-
tunity to report what they consumed, including an estimate of
portion size, to a trained interviewer, who serves to clarify and

interpret reports before data entry; items are recorded as specified
to be later coded by trained coders. In the ASA24, respondents
search for the items that they consumed or browse through
a predetermined list of foods and drinks, with the help of an avatar
that provides guidance during transitions from one part of the
recall to the next; items are autocoded based on the main food or
drink reported and responses to detail questions, including
specification of portion size based on a finite set of images.

Examination of the ASA24 data suggests potential issues
associated with self-administration. For example, an assessment
of close and far matches indicates a tendency for some re-
spondents to choose items closer to the top of the food and drink
lists or search results when browsing or searching, respectively.
For example, in the version of ASA24 used in this study, a search
for “water” returned several results: “carbonated water” appeared
toward the top of the list and “water (bottled)” appeared toward
the bottom. Although only still bottled water was offered in the
study, multiple ASA24 respondents reported carbonated water,
which suggested that they chose a readily available option rather
than scrolling through the list to find the best possible match.
This type of issue may explain the lower rate of exact and close
matches in the ASA24 than in the AMPM.

Another potential challenge to ASA24 respondents is not being
able to locate the item consumed, either because it does not exist
within the FNDDS and thus in the ASA24, or because the re-
spondent’s browse or search strategy does not uncover it. As
noted above, there is a “match not found” option, which prompts
the respondent to enter a description and answer questions about
the type and kind of food or drink and results in the assignment
of a default code. As an example of the potential implications of

TABLE 7

Mean difference between true (observed) and reported energy, nutrient, and food group intakes, by recall mode (ASA24 and AMPM), in men and women

combined (n = 81)1

ASA24 AMPM

Difference between

true and reported (CI) P value2
Difference between

true and reported (CI) P value2

Energy (kcal) 125 (－136, 386) 0.34 －134 (－364, 95.4) 0.24

Carbohydrates (g) 0.22 (－35.0, 35.5) 0.99 －34.2 (－62.9, －5.44) 0.02

Fiber (g) －0.61 (－2.94, 1.72) 0.60 －2.25 (－4.24, －0.26) 0.03

Fat (g) 12.8 (0.27, 25.4) 0.05 －1.13 (－12.7, 10.5) 0.85

Calories from fat (%) 3.34 (1.75, 4.92) <0.01 1.89 (0.34, 3.44) 0.02

Saturated fat (g) 1.92 (－1.93, 5.76) 0.32 －0.35 (－4.02, 3.32) 0.85

Protein (g) 5.17 (－3.82, 14.2) 0.25 2.24 (－7.22, 11.7) 0.63

Vitamin A (RAE) 12.4 (－138, 163) 0.87 －174 (－347, －0.56) 0.05

Vitamin C (mg) 8.3 (－16.5, 33.0) 0.50 －14.4 (－40.0, 11.2) 0.26

Vitamin D (mg) －0.53 (－0.97, －0.09) 0.02 －1.53 (－2.18, －0.89) <0.01

Folate (μg) －1.44 (－64.0, 61.1) 0.96 －36.0 (－81.3,. 9.4) 0.12

Iron (mg) －0.01 (－2.14, 2.11) 0.99 －1.16 (－2.56, 0.24) 0.10

Magnesium (mg) 17.7 (－13.6, 48.9) 0.26 －16.0 (－43.1, 11.2) 0.24

Calcium (mg) －34.7 (－135.2, 65.7) 0.49 －66.9 (－159, 25.5) 0.15

Sodium (mg) －294 (－656, 68.5) 0.11 －587 (－918, －256) <0.01

Fruit (cup equivalent) －0.11 (－0.34, 0.11) 0.32 0.08 (－0.21, 0.37) 0.58

Vegetables (cup equivalent) 0.18 (－0.16, 0.51) 0.29 －0.45 (－0.74, －0.15) <0.01

Milk (cup equivalent) 0.08 (－0.14, 0.31) 0.46 0.17 (－0.01, 0.36) 0.07

Meat (oz equivalent) 0.32 (－0.49, 1.13) 0.43 0.13 (－0.73, 0.99) 0.76

Added sugars (tsp) 0.13 (－5.52, 5.78) 0.96 －3.76 (－7.05, －0.46) 0.03

1 1 cup equivalent = 237 mL; 1 oz equivalent = 30 mL; and 1 tsp equivalent = 5 mL. AMPM, Automated Multiple-Pass Method; ASA24, Automated

Self-Administered 24-hour Recall; RAE, retinol activity equivalent.
2 P values were calculated by using linear regression, were adjusted for race-ethnicity, and indicate whether differences between true and reported intakes

within each group (ASA24 and AMPM, respectively) are different from zero.
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the use of the “match not found” pathway, one respondent
consumed only the filling of the apple pie offered at dinner,
leaving the crust on the plate. This respondent was randomly
assigned to the AMPM group and reported apple pie filling to
the interviewer, which was later considered an exact match with
the true intake. Had this respondent been randomly assigned to
complete the ASA24, which does not include apple pie filling as
an option, he or she may have turned to the “match not found”
pathway, with a default food code assigned depending on the
subsequent details (eg, type of food, such as fruit or dessert)
provided. This code may or may not have been an exact match
for the true intake. In this study, a small number of codes as-
signed to items entered by using free text, including the “match
not found” pathway, were corrected to better reflect the text
entries. An examination of the implications of reviewing and
recoding free text entries within the ASA24 is forthcoming.

Since the data collection for this study was completed, a new
version of ASA24 that includes enhancements to address us-
ability issues suggested by our results and identified by current
and previous researcher users has been released. The current
editing tools have been moved to be adjacent to each food and
drink reported, which makes it easier to delete or edit a prior
entry. Furthermore, a smarter search uses data on the eventual
selections made by users entering similar search terms to provide
suggestions and order search results. A pending adaptation for
mobile devices will increase the feasibility of the tool for use in
a wide range of studies.

The sample for the current study consisted of paid volunteers,
and it is possible that the results are somewhat optimistic for
studies of groups that are less motivated to participate or those
with low literacy or computer skills. Furthermore, the ASA24
requires access to high-speed Internet, which may limit its use in
certain circumstances. An assessment of the feasibility of using
ASA24 in a large community-based sample is forthcoming.

As the implications of measurement error in self-reported
dietary intake data become better understood (1, 2, 18, 19), the
demand for assessment tools that can provide high-quality intake
data at low cost is increasing. The ASA24 was designed to meet
this challenge. Since a beta version was released in late 2009, the
ASA24 has been used to collect more than 120,000 24-h recalls.
Preliminary reviews of ASA24 system data suggest acceptable
face validity in terms of energy, nutrient, and food group es-
timates that are consistent with data from NHANES (5). This
study provides further evidence of the ASA24’s validity. Given
the substantial cost savings that the ASA24 offers, it has the
potential to make a significant contribution to a range of re-
search initiatives.
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Treating moderate acute malnutrition in first-line health services: an
effectiveness cluster-randomized trial in Burkina Faso1–4

Laetitia Nikièma, Lieven Huybregts, Patrick Kolsteren, Hermann Lanou, Simon Tiendrebeogo, Kimberley Bouckaert,
Séni Kouanda, Blaise Sondo, and Dominique Roberfroid

ABSTRACT
Background: Management of moderate acute malnutrition (MAM)
is, currently, focused on food supplementation approaches. How-
ever, the sustainability of these strategies remains weak in low- and
middle-income countries. In food-secure settings, an educational/
behavioral intervention could be an alternative for improving MAM
management.
Objective: This study compared the effectiveness of weekly context-
appropriate child-centered counseling (CCC), with an improved corn-
soy blend [corn-soy blend with added micronutrients (CSB++)] or
a locally produced ready-to-use supplementary food (RUSF), in treat-
ing MAM through first-line rural health services.
Design: We used a cluster randomized controlled trial design with 3
arms, involving 18 rural health centers (6 by arm) and children aged
6–24 mo with uncomplicated MAM. In the first arm (CCC), trained
health workers provided weekly personalized counseling to care-
takers. In the 2 other arms, children received weekly either 455 g
CSB++ or 350 g locally produced soy-based RUSF. Both food
supplements provided ~250 kcal/d.
Results: The recovery rate after 3 mo of treatment was significantly
lower with CCC (57.8%) than with CSB++ (74.5%) and RUSF
(74.2%) (P < 0001). Mothers’ attendance at health facilities was
also substantially lower in the CCC arm (P < 0001); this arm had
a high defaulter rate (P < 0.003). When the analysis was adjusted
for attendance, we did not find a significant difference between the 3
arms, with incidence rate ratios of 1.14 (95% CI: 0.99, 1.31) and
1.13 (95% CI: 0.98, 1.30) for the CSB++ and RUSF arms, respec-
tively, compared with the CCC arm.
Conclusion: Whereas supplement-based treatment of MAM was
found to be more effective than the provision of CCC, we hypothe-
size that appropriate and specific nutrition counseling centered on chil-
dren’s needs, through primary health facilities, might be an alternative
strategy for MAM treatment in rural food-secure areas, provided that
attendance at counseling sessions by the caregiver is ensured. This trial
was registered at clinicaltrials.gov as NCT01115647. Am J
Clin Nutr 2014;100:241–9.

INTRODUCTION

Acute malnutrition is a major contributor to morbidity and
mortality in children aged <5 y in low- and middle-income
countries (1). Clinical guidelines on the management of severe
acute malnutrition (SAM)5 have been available for more
than a decade, and their implementation has yielded excel-
lent results (2). Corresponding research on the management of

moderate acute malnutrition [MAM; weight-for-height z score
(WHZ) <－2 and ≥－3] has, however, been lagging behind
(3). This is unfortunate because MAM is much more prevalent
than SAM and increases the risk of morbidity and mortality on
its own (4, 5). For some time, no clear consensus has existed
on the best management possible for moderately malnourished
children (3, 6).

Food supplements commonly distributed for MAM treatment
are either fortified blended flours, such as corn and soy blended
flour, or lipid-based supplements, usually referred to as ready-to-
use supplementary food (RUSF). The World Food Program is
now proposing a new formula of corn and soy blended flour, the
CSB++, which is improved by adding a micronutrient mix
covering 15 micronutrients, oil, sugar, and skimmed milk. The
efficacy of this new product on MAM treatment must be tested in
different contexts. Moreover, although RUSFs are nutritionally
balanced, nutrient and energy dense, easy to store and resistant to
bacterial growth, they present the major limitation of relying on
manufactured and often imported products. It is thus important to
test the efficacy of locally produced RUSF by using substitutes
for milk powder.

Recent trials that have used these 2 types of product in MAM
treatment have shown that these food supplements, either CSB or
RUSF, can be effective in treating MAM (7–11). However, most
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of these trials used industrialized products in quantities repre-
senting the daily recommended intake of calories. Moreover, the
downside of food supplementation is that it does not really ad-
dress the causes of malnutrition and assumes that malnutrition
equals a lack of food at the household level. Factors such as the
cost of supplements and the need for external donor support can
affect sustainability and scaling up. Furthermore, there is a risk
of overlooking careful diagnosis of the causes of MAM by
simplifying MAM management to general food supplementa-
tion interventions. Offering cause-related counseling holds great
potential but its evidence base is surprisingly scant. A patient-
centered counseling approach is increasingly considered crucial
for the delivery, of high-quality health care (12–14). These ed-
ucational and behavioral interventions can be effective at im-
proving child growth (15–17). However, evidence of their efficacy
in treating MAM is lacking (18, 19).

In this study we aimed to compare the effectiveness of a child-
centered counseling (CCC) compared with the provision of either
CSB++ or a locally produced RUSF with soy flour that substitutes
milk powder, in primary health care services for treating MAM cases.

SUBJECTS AND METHODS

Study design

This cluster-randomized controlled trial was carried out in the
health district of Houndé, located in the Western region of
Burkina Faso, with 27 functional primary health services. This
setting was selected for 2 reasons. First, the food insecurity was
quite low (20), which allowed considering an approach of
counseling only. The district had a high cereal production and
one of the lowest prevalence of wasting in children <5 y of age
reported in the country in 2012 (11.1% compared with the na-
tional estimate of 15.5%) (21). Prevalence of MAM was 7.8% in
Houndé district in the same period. Moreover, as in the rest of
the country, MAM treatment recommendations provided to the
caretakers were quite general, and mothers received nonspecific
dietary advice through health services or community channels,
underlying the need for another counseling approach. Second,
a production unit of lipid-based nutrient supplements was al-
ready put into place in an earlier intervention study (22).

A cluster was defined by a health center and its catchment area.
Eighteen rural health centers (clusters) were short-listed based on
high prevalence of MAM, size of covered population, and agree-
ment of health workers to participate in the study, as assessed in
a preliminary survey. These health centers were randomly allo-
cated to 1 of the 3 arms of the study: CCC, CSB++, or RUSF, with
6 clusters in each arm.

Random allocation was performed in public by the heads of
each health center who were invited to draw 1 paper from a basket
containing 18 pieces of paper (6 papers for each of the study
arms). This was done under the supervision of the principal
investigator during the launch meeting.

The sample size was calculated by using PASS software
(Hintze J. PASS 2008 NCSS LLC; www.ncss.com) and was set at
116 participants per cluster, or 696 per arm with an α-error = 5%,
a β-error = 20%, an expected recovery rate in any group of 70%,
an expected difference in recovery rate among groups consid-
ered of public health importance of 10% points, and an intra-
class correlation of 0.01.

Children aged 6–24 mo, with uncomplicated MAM (WHZ
<－2 and ≥－3 based on the 2006 WHO growth reference) (23)
and living in the catchment area of a health center were cu-
mulatively included in the trial until the preset sample size was
fulfilled. MAM children were either detected passively via the
routine growth-monitoring program or at consultations for sick
children, or actively through a monthly community-based
screening. Children with a diagnosis of SAM (presence of pit-
ting edema or WHZ <－3, without complications) were ex-
cluded from the trial and treated according to the national
protocol for SAM. Child age was either determined on the basis
of an official document such as a health card or a birth certificate
when available or by approximation with the help of a locally
adapted events calendar.

Informed consent was obtained from all participating care-
takers before inclusion. All children received the preventive
treatments (vaccination, vitamin A supplementation, and deworming)
recommended by the Ministry of Health according to their age at
the time of inclusion. All children were examined weekly, and all
medical treatments provided during the study were given for free.
The proposal was approved by the research ethical committee of
Burkina Faso and the ethical committee of Antwerp University,
Belgium.

Intervention

Health workers in the CCC arm were trained in communi-
cation and nutrition counseling by using a child-centered ap-
proach based on the model developed by Stewart et al (24). This
model took into account 6 interconnecting components: 1) ex-
ploring both disease and illness experience, 2) understanding the
whole person, 3) finding common ground regarding manage-
ment, 4) incorporating prevention and health promotion, 5) en-
hancing the doctor patient relation, and 6) being realistic about
personal limitations and issues such as the availability of time
and resources.

The training comprised 2 phases. The first one involved
a formal training based on the Manual on Counseling the Mother
from the Integrated Management of Child Illness Guidelines
(25) and on specific communication techniques on all aspects of
the patient-centered approach. Dietary recommendations were
based on the PAHO/WHO Guiding Principles for Complemen-
tary Feeding of the Breastfed Child (26) and the WHO Guiding
Principles for Feeding Non-Breastfed Children 6–24 Months of
Age (27). The second phase was carried out over 3 d and in-
volved practical training that featured role-play and case studies.
A refresher training was organized at months 6 and 12 of the
intervention. Formative supervision sessions were carried out
quarterly by the district nutrition officers to address identified
weaknesses in service delivery and questions raised by health
workers.

During the first visit of the child, trained health workers
recorded the child’s medical history, feeding, care practices, and
characteristics of the family (family size, socioeconomic char-
acteristics, and hygiene practice). This information was then used
to identify, together with the caretaker, the most important causes
of the child’s poor health. A case-specific treatment strategy was
then developed and implemented. During subsequent weekly
consultations, health workers assessed how the strategy was im-
plemented, identified promoting or blocking factors, and adapted
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the treatment plan further in agreement with the caretakers. All
corresponding observations and discussions were reported in the
child’s individual file. A counseling session took approximately
1.5 h the first time and 45 min during follow-up visits.

After each weekly consultation, caretakers were also invited to
cooking sessions where recipes for optimizing child meals with
local ingredients were shared. Each child had an individual file in
which all medical information, advice received, issues with
implementation of the strategy, and identified alternatives to the
strategy were recorded.

In the second arm of the study, children received daily 65 g
CSB++. Mothers were advised to dilute this amount in 370 g
water (roughly equivalent to 5 measures of a traditional flour
ladle) and cook it until simmering for 5 to 10 min. CSB++ was
prepared from heat-treated maize (57–62%), dehulled soya beans
(15–20%), sugar (9%), dried skim milk (8%), refined soybean oil
(3%), vitamins and minerals (0.20%), calcium carbonate (1.19%),
monocalcium phosphate (0.80%), and potassium chloride (0.76%)
(Table 1). The CSB++ was provided by World Food Program and
distributed to children with MAM weekly.

In the third study arm, children received daily 50 g (3 ta-
blespoons) of a fortified spread (8), in which milk powder was
replaced by soy flour to reduce cost. This locally produced RUSF
was composed of peanut butter (26%), vegetable oil (12.5%),
sugar (25%), whole soy flour (33%), shea butter (2.0%), and
multiple micronutrients (1.5%). The micronutrient powder was
obtained from Nutriset. The nutritional composition of a daily
dose of RUSF is shown in Table 1. The local RUSF quality and
safety assessment was carried out by a food science engineer

from the Department of Food Safety and Food Quality at Ghent
University (LH).

Both food supplements, CSB++ and RUSF, provided similar
quantities of energy (250 kcal/d). They were intended as a booster
facilitating accelerated growth in a food secure population of
breastfed children. In both dietary supplement arms, it was duly
emphasized to caretakers that food supplements were intended
only for children with MAM. In the CSB++ and RUSF groups,
parents received the usual generic nutrition advice given by
health services, such as to continue breastfeeding, to increase
dietary diversity, and to frequently provide nutrient-dense snacks.

All children, regardless of group allocation, received vitamin
A (100,000 IU for children 6–12 mo of age, 200,000 IU for
children >1 y of age) and 100 mg mebendazole (1 tablet 2
times/d for 3 d). Those with anemia (hemoglobin <11 g/dL)
were given iron + folic acid syrup (100 mg; 1 dose 3 times/d) for
4 wk. Vaccinations were also administered according to the
national schedule.

Weekly follow-up visits were scheduled for up to 3 mo after
inclusion. Children missing a weekly visit in the health center
were home-visited to encourage parents to continue their par-
ticipation in the study. In the CSB++ and RUSF arms the home
visits were carried out by community health workers (CHWs),
who also brought along the food supplements. In the CCC arm,
the home visits were conducted by the nurses of the health center
so as to deliver CCC. In case of refusal to continue participation,
monitoring of the child was stopped. If a child missed 4 con-
secutive follow-up visits despite home visits by CHWs or nurses,
he or she was declared a defaulter, but was not excluded from the
trial. The definition of defaulter was relaxed from what was
planned in the protocol (missing 2 consecutives visits), because,
during the pilot phase in the rainy season, there were many cases
of involuntary absence (inaccessibility of areas, or unavailability
of parents) in up to 2 consecutive visits, with a return of the
child later in the trial. Reasons for defaulting were investigated
by interviewing a subsample of 45 mothers and 19 fathers.

Loss to follow-up was defined as no information for children
at the end of the trial. Recovery was defined as a WHZ ≥－2.
The definition of this outcome, initially set at WHZ ≥－1, also
changed after the trial pilot phase. Indeed, it required more time
for a child to reach WHZ ≥－1 and increased the cost of the
intervention, whereas the cutoff of WHZ ≥－2 is internationally
acknowledged. Failure to recover was defined by a WHZ <－2
after 3 mo of treatment. Failed children underwent a complete
clinical check-up to diagnose underlying pathologies and were
followed-up until recovery. Weight, length, and midupper arm
circumference (MUAC) were measured on enrollment and at
each follow-up visit. Weight was measured by using UNI-
SCALE electronic scales with an accuracy within 100 g (SECA
Germany). Length was measured with a rigid length board to the
nearest millimeter (Short Productions), and MUAC was mea-
sured with a nonstretchable tape with an accuracy of 1 mm
(model 201; SECA Germany). All measurements were done in
duplicate, and the mean of the measurements was used for
analysis. Information on child age, feeding practices, household
composition, socioeconomic status, child morbidity within the
2 wk preceding the visit, and the medical history of the child and
mother were also recorded at enrollment. A socioeconomic in-
dex was derived by using principal component analysis based on
the possession of animals, housing, furniture, and housing

TABLE 1

Nutrient content of the daily ration of CSB++ and RUSF1

CSB++ per 65 g RUSF per 50 g

Energy (kcal) 273.0 258.3

Protein (g) 10.4 8.7

Fat (g) 5.9 17.4

Calcium (mg) 390.0 322.4

Phosphorus (mg) 130.0 282.7

Potassium (mg) 260.0 NR

Magnesium (mg) NR 21.12

Iron (mg) 4.2 11.1

Zinc (mg) 3.3 10.2

Copper (mg) NR 0.22

Selenium (μg) NR 17.82

Manganese (mg) NR 0.22

Iodine (μg) 26.0 94.82

Vitamin A (μg) NR 480.2

Thiamin (mg) 0.1 1.2

Riboflavin 0.3 NR

Niacin (mg) 3.1 9.0

Pantothenic acid (mg) 4.4 2.62

Vitamin B-6 (mg) 1.1 0.7

Vitamin B-12 (μg) 1.3 1.1

Folic acid (μg) 39.0 225.8

Vitamin C (mg) 65.0 81.2

Vitamin D (μg) 2.6 NR

Vitamin E (mg) 5.4 8.12

Vitamin K (μg) 65.0 NR

1 CSB++, corn-soy blend with added micronutrients; NR, not reported;

RUSF, ready-to-use supplementary food.
2 No values for food matrix (only CMV, a mix of vitamins and minerals

in powder).
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characteristics (28). Attendance was calculated as the proportion
of the actual number of follow-up visits over the number of
visits expected between inclusion and exit dates. Adherent in-
dividuals were defined as individuals with an attendance ≥80%.

Data analysis

Duplicate data entry into EpiData version 3.1 (EpiData As-
sociation) and a validity cross-check were performed. Descriptive
statistics were used to describe the sample and to compare
children at baseline between arms.

Comparisons between arms of the primary outcomes (de-
faulter, recovery, SAM, MAM, and death), attendance, time to
recovery, weight, length, and daily MUAC gains were made by
using linear mixed-effects models for continuous outcomes,
whereas mixed-effects logistic regression models were used for
proportions, with health center and individual as random effects.
Individual outcomes underwent an intent-to-treat analysis. The
proportional hazard assumption was visually appraised by in-
specting the Kaplan-Meier plots. Censoring for death, default,
SAM or treatment failure was done at the time of the last in-
dividual clinic visit. A log-rank test was used to compare trends
over time between the 3 survival curves.

Differences in child recovery between trial arms were tested by
using a mixed-effects Poisson regression model, with health
center and child as random effects. The random effect at the
individual level accounted for cases of relapse with children
entering the trial at least twice. Concerning the importance of

counseling session attendance to receive the intervention in the
CCC arm, and the nonrandom distribution of defaulter cases, we
also conducted some exploratory analysis. First, we repeated the
analysis on the subgroup of nondefaulters. Second, we adjusted
the intent-to-treat analyses as recommended (29, 30) by using
attendance (in tertiles) as an instrumental variable. Statistical
significance was set at 5% for all tests. All statistical analyses
were conducted by using Stata 12.0 (StataCorp).

RESULTS

Between 12 July 2010 and 17 November 2011, 1974 episodes of
uncomplicated MAM were included in 1 of the 3 trial arms (Figure

1), corresponding to 1824 unique children. A total of 144 children

were included twice and 6 children 3 times, with no significant

difference between the arms: 38 (6.3%), 55 (8.1%), and 57 (8.2%),

respectively, in the CCC, CSB++, and RUSF arms. No difference

in baseline characteristics were found between children included

once and those who were re-enrolled (data not shown).
Baseline characteristics of all enrolled children appeared

balanced among the 3 trial arms, except that the nutritional status
of mothers (BMI) and children (as measured by MUAC and
height-for-age z score, but not WHZ) and child morbidity was
slightly better in the RUSF arm (Table 2). The mean (±SD) age
at enrollment was 13.4 ± 4.6 mo. Most of the mothers were
illiterate (82.6%). More than 65% of children had suffered from
a morbid episode in the preceding 2 wk.

FIGURE 1. Trial profile. Lost to follow-up was defined as no information for children at the end of the trial. Most of the children had left the area. Defaulter
was defined as an absence of information at 4 consecutive visits. Failure was defined as being still moderately malnourished (MAM; －3.00 ≤ WHZ < －2
SD; WHO 2006 reference) at the end of the observation period. Recovery was defined as a WHZ ≥－2 SD (WHO 2006 reference). CCC, child-centered
counseling; CSB++, corn soy blend with added micronutrients; MAM, moderate acute malnutrition; RUSF, ready-to-use supplementary food; SAM, severe
acute malnutrition (WHZ <－3.00 SD; WHO 2006 reference); WHZ, weight-for-height z score.
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The overall proportion of children who recovered was 69.3%,
whereas 9.8% deteriorated to SAM and 10.8% remained in MAM at
the end of the 3-mo intervention. We found an average recovery
proportion of 57.8% in the CCC arm, 74.5% in the CSB++ arm, and
74.2% in the soy-based RUSF arm (P < 0.0001) (Table 3). Both the

CSB++ and RUSF groups performed equally well. However, the
daily weight gain in children who recovered and the average time-to-
recovery were not significantly different between arms (Table 3).

The Kaplan-Meier survival curves showed that the proportion
of MAM decreased faster in the first 4 wk of treatment, slowed

TABLE 2

Baseline characteristics of the children and caretakers1

Characteristics

All

(n = 1824)

CCC

(n = 567)

CSB++

(n = 620)

RUSF

(n = 637)

Sex, female [n (%)] 853 (46.8) 252 (44.4) 301 (48.6) 300 (47.1)

Age (mo) 13.4 ± 4.62 13.5 ± 4.5 13.1 ± 4.7 13.4 ± 4.5

School achievement of caretaker [n (%)]

None 1507 (82.6) 474 (83.6) 510 (82.2) 523 (82.1)

Primary school 283 (15.5) 83 (14.6) 99 (16.0) 101 (15.9)

Secondary and high school 34 (1.9) 10 (1.8) 11 (1.8) 13 (2.0)

Caretaker age (y) 27 ± 6 27 ± 6 27 ± 7 27 ± 6

Caretaker BMI (kg/m2) 20.3 ± 2.3 20.1 ± 2.0 20.3 ± 2.1 20.6 ± 2.7

Socioeconomic level [n (%)]

Low 630 (34.5) 170 (30.0) 226 (36.4) 234 (36.7)

Intermediate 804 (44.1) 258 (45.5) 266 (42.9) 280 (44.0)

High 390 (21.4) 139 (24.5) 128 (20.7) 123 (19.3)

Breastfeeding at time of enrollment [n (%)] 1749 (95.9) 543 (95.8) 594 (95.8) 612 (96.1)

Sickness in prior 2 wk [n (%)] 1194 (65.5) 361 (63.7) 444 (71.6) 389 (61.1)

Diarrhea in prior 2 wk [n (%)] 654 (35.9) 196 (34.6) 249 (40.2) 209 (32.8)

Cough in prior 2 wk [n (%)] 527 (28.9) 144 (25.4) 211 (34.0) 172 (27.0)

Fever in prior 2 wk [n (%)] 777 (42.6) 242 (42.7) 283 (45.7) 252 (39.6)

WHZ －2.5 ± 0.3 －2.5 ± 0.3 －2.5 ± 0.3 －2.5 ± 0.3

HAZ －2.6 ± 1.2 －2.8 ± 1.2 －2.7 ± 1.3 －2.4 ± 1.2

MUAC (cm) 11.8 ± 0.7 11.7 ± 0.7 11.6 ± 0.7 12.0 ± 0.6

1 CCC, child centered counseling; CSB++, corn-soy blend with added micronutrients; HAZ, height-for-age z score; MUAC, midupper arm circumference;

RUSF, ready-to-use supplementary food; WHZ, weight-for-height z score.
2 Mean ± SD (all such values).

TABLE 3

Outcomes in the 3 intervention arms over 12 wk1

Outcomes

All

(n = 1974)

CCC

(n = 605)

CSB++

(n = 675)

RUSF

(n = 694) P value2

Defaulter [n (%)] 186 (9.4) 112 (18.5)3 27 (4.0) 47 (6.8) 0.003

Recovery [n (%)]4 1368 (69.3) 350 (57.8)3 503 (74.5) 515 (74.2) <0.0001

SAM [n (%)] 194 (9.8) 70 (11.6) 67 (9.9) 57 (8.2) 0.05

MAM [n (%)] 214 (10.8) 67 (11.0) 75 (11.1) 72 (10.4) 0.71

Death [n (%)] 12 (0.6) 6 (1.0) 3 (0.4) 3 (0.4) 0.21

Attendance5 83.0 ± 23.4 74.1 ± 26.73 86.5 ± 20.4 87.0 ± 21.1 <0.0001

Time to recovery (wk)6 5.0 ± 6.7 5.8 ± 7.4 4.2 ± 5.7 5.2 ± 7.2 0.36

WHZ on completion6 －1.5 ± 3.8 －1.6 ± 0.3 －1.4 ± 4.5 －1.4 ± 4.4 0.52

HAZ on completion6 －2.6 ± 4.0 －2.9 ± 1.27 －2.6 ± 4.7 －2.4 ± 4.6 0.03

Weight gain (g · kg－1 · d－1)6 4.0 ± 3.0 3.6 ± 2.9 4.2 ± 3.0 4.1 ± 3.0 0.05

Length gain (mm/d)6 0.20 ± 0.30 0.18 ± 0.25 0.21 ± 0.38 0.20 ± 0.20 0.48

MUAC gain (mm/d)6 0.26 ± 0.30 0.26 ± 0.34 0.24 ± 0.26 0.28 ± 0.31 0.28

1 We included in this analysis all episodes of MAM (n = 1974). CCC, child centered counseling; CSB++, corn-soy blend with added micronutrients;

HAZ, height-for-age z score; MAM, moderate acute malnutrition (－3.00 ≤ WHZ < －2 SD; WHO 2006 reference); MUAC, midupper arm circumference;

RUSF, ready-to-use supplementary food; SAM, severe acute malnutrition (WHZ <－3.00 SD; WHO 2006 reference); WHZ, weight-for-height z score.
2 Comparisons between arms were made by using linear mixed-effects models for continuous outcomes, whereas mixed-effects logistic regression models

were used for proportions.
3 Significant difference between CCC and both CSB++ and RUSF, P < 0.0001
4 Defined as WHZ ≥－2 SD (WHO 2006 reference).
5 Attendance was computed as the proportion of the actual number of visits over the number of visits expected between inclusion and exit dates. Weight,

length, and MUAC daily gains were computed as the differences between measurements made at inclusion and at recovery divided by the number of days to

reach recovery.
6 Among the recovered.
7 Significant difference between CCC and RUSF, P = 0.03.
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down between the fifth and eighth weeks, and decreased very
slowly afterward (Figure 2), with a significant difference be-
tween the 3 study arms (log-rank P = 24.40, P < 0.0001).

Results from multilevel survival analyses showed that in-
cidence rate ratios for recovery were 1.29 (95% CI: 1.12, 1.47)
and 1.28 (95% CI: 1.11, 1.46) for the CSB++ and RUSF
groups, respectively, compared with the CCC group (P < 0.0001)
(Table 4).

Of the overall 186 (9.4%) defaulters, 35 (18.8%) had recovered
when they returned for follow-up, 62 (33.3%) had progressed to
SAM, 3 (1.6%) refused the supplements or anthropometric
measurements, 3 (1.6%) had died, and 83 (44.6%) were lost to
follow-up. Defaulters had baseline characteristics similar to those
who were regular, except that they were marginally older (14.4 ±
4.6 mo compared with 13.6 ± 4.6 mo), they had a slightly lower
average WHZ at inclusion (－2.5 ± 0.3 compared with －2.4 ±
0.3), and their caretakers were 2 y younger on average (Table 5).
Defaulting rates differed between the trial arms, with the CCC
arm peaking at 18.5% (P < 0.003), with as much as 5% of
participants without a single visit in that trial arm. Although, in
absolute values, the CCC arm had more defaulters, the relative
distribution of defaulting subgroup in terms of the children’s
final result at the end of the trial (died, reverted to SAM, refused
participation, recovered, or were “lost to follow-up”) was
comparable between the 3 intervention arms. When the analysis
was restricted to nondefaulters, differences between recovery
proportions were smaller across trial arms: 71.0%, 77.6%, and
79.6% in the CCC, CSB++, and RUSF arms, respectively.
However, the analysis of individual recovery rates over time
restricted to the group of nondefaulters no longer showed a sig-
nificant difference between arms (P = 0.23): incidence rate ra-
tios of 1.09 (0.95, 1.25) and 1.12 (0.97, 1.28) for the CSB++ and
RUSF arms, respectively, compared with the CCC arm.

Attendance was significantly lower in the CCC arm (P <
0.0001) than in the other groups (Table 3). The subgroup anal-
ysis by level of attendance showed a gradual increase in the
recovery rate in all arms with an increased level of child at-

tendance, reflecting a dose-response effect (data no shown). The
mixed-effects Poisson regression model, adjusted for atten-
dance, did not show significant differences between the 3 arms,
with adjusted incidence rate ratios of 1.14 (0.99, 1.31) and 1.13
(0.98, 1.30) for the CSB++ and RUSF arms, respectively,
compared with the CCC arm (Table 4).

The proportion of children whose condition deteriorated into
SAM was higher (11.6%), albeit not statistically significant, in
the CCC arm. The children who developed SAM were signifi-
cantly younger than the other participants (12.2 ± 4.8 mo),
reported more episodes of illness in the weeks preceding their
inclusion (69.5%), had a lower initial WHZ (－2.7 compared
with －2.4), and had a poorer attendance concerning the in-
tervention than did the others. No difference was found in height
gain between the arms (Table 3).

DISCUSSION

Our results indicate that CSB++ and locally produced RUSF
are more effective than CCC in treating MAM cases by rural first-
line health services. Supplementation with CSB++ and RUSF
was found to be equally effective. Significantly lower attendance
was found for children in the CCC group, which suggests that the
low recovery rate for CCC might be related to a greater defaulting
rate and low attendance.

The child-centered approach was used to treat ≥58% of the
MAM cases. The counseling was individual, prescriptive, and
specific for the child. Advice was not limited to nutritional as-
pects alone, but also emphasized the importance of care and the
child’s health and psychomotor development. This was rein-
forced by cooking demonstrations and home visits. In addition,
refresher trainings and formative supervision probably contrib-
uted to the continuously improved skills of the health workers.
The recovery rate in the counseling arm of our study was sig-
nificantly higher than the 37% return-to-normal nutritional sta-
tus found in Roy et al’s (19) study conducted in Bangladesh,
where nutrition advice was not child-specific and was given
through group activities. The higher recovery rate observed in
our study might also have been attributable to the fair levels of
food security, which enabled the effective implementation of
nutritional advice at home.

The lower recovery rate in the CCC group was paralleled by
a significantly lower attendance rate and, by consequence,
a higher defaulter rate. In our explorative restricted analysis on
nondefaulter children and the adjusted analyses by attendance,
the differences between food-supplementation groups and CCC
became smaller. This finding leads to the hypothesis that if
caretakers in the CCC arm had adhered more to the prescribed
schedule of counseling sessions, the recovery rate of the children
would have been better. The CCC was provided through primary
health services, and women were asked to visit the centers on
a weekly basis. Interviews with a subsample of less-adherent or
defaulting women reported that many did not see the usefulness
of the advice and would have preferred to additionally receive
rations of cereals, oil, or sugar. Most mothers were entirely
dependent on their husbands to buy fish, meat, or oil to cook the
recommended recipes. Therefore, giving the ingredients would
have facilitated the implementation of the dietary advice and
recommended recipes. The long waiting time at the health center
on the day of counseling was also reported to be a demotivating

FIGURE 2. Recovery of children with moderate acute malnutrition over
time in the 3 arms. Children were censored if dead, if referred to the health
center because of severe acute malnutrition, or if they were a defaulter.
Recovery was defined as a WHZ ≥－2.00 SD (WHO 2006 reference).
Log-rank P = 24.40, P < 0.0001. CCC, child-centered counseling; CSB++,
corn soy blend with added micronutrients; RUSF, ready-to-use supplementary
food; WHZ, weight-for-height z score.

246 NIKIÈMA ET AL



factor for some mothers who were more concerned about their
agricultural or commercial activities. This is an important finding
because it implies that improving retention and regularity of
caregivers in a CCC program could result in recovery rates as
high as those obtained with food supplementation. Attendance
can be improved by using other delivery channels, such as CHWs
for community-level interventions, although it is uncertain if
poorly educated CHWs could implement a genuine CCC scheme.
Attendance could also be improved for health facility–level in-
terventions by increasing a beneficiary’s incentive to participate
in a CCC program. A practical example of such incentive
scheme might be to embed a CCC intervention in a cash-transfer
program, conditioned by a minimum number of health facility
visits actually realized by the caregiver. Such innovative pro-
grams merit further investigation in different contexts to assess
their effectiveness and, more importantly, their cost-effectiveness.

This study also showed that small quantities of CSB++ and
RUSF allow for a recovery rate of nearly 75% over a period of 3
mo. This rate is comparable with or even superior to that of other
trials in which higher quantities of food supplements were dis-
tributed (9–11, 31, 32). We used a small amount of supple-
mentary food because the objective was not to cover all the daily
nutritional needs of the child, but rather to provide a small
amount of food that would complement the usual diet and boost
recovery and growth. Economically, this is also more sustain-
able. The relative food security in the study area was an im-
portant prerequisite.

No significant differences were found between study outcomes
in the CSB++ and RUSF interventions. This finding is consistent
with that of a recent study carried out in Malawi (11), where the
efficacy of CSB++ was compared with that of 2 RUSF products in
treating MAM. In that study, the recovery rate for CSB++

TABLE 4

Recovery rate in the 3 trial arms (CCC compared with CSB++ compared with RUSF)1

Exposure2 Recovery3 rate Crude IRR (95% CI)4 P value Adjusted IRR (95% CI)5 P value

child-weeks per 100 child-weeks

CCC 3596 9.73 — — — —

CSB++ 3543 14.17 1.29 (1.12, 1.47) 0.0001 1.14 (0.99, 1.31) 0.05

RUSF 3958 12.99 1.28 (1.11, 1.46) 0.0001 1.13 (0.98, 1.30) 0.07

1 CCC, child-centered counseling; CSB++, corn-soy blend with added micronutrients; IRR, incidence rate ratio; RUSF,

ready-to-use supplementary food; WHZ, weight-for-height z score.
2 Defined as WHZ ≥－2 SD (WHO 2006 reference).
3 Children were censored when they became severely malnourished (WHZ < －3.00 SD; WHO 2006 reference), died,

or defaulted.
4 Computed by using a mixed-effects Poisson regression model, with health center and individual as random effects.

The reference category was the CCC group.
5 Computed by using a mixed-effects Poisson regression model adjusted for attendance in tertiles; the ranges for

attendance tertiles were as follows: low (0–78.6%), middle (80.0–91.7%), and high (100%).

TABLE 5

Comparison of baseline characteristics between defaulters and nondefaulters1

Child and caretaker characteristics

Defaulters2

(n = 186)

Nondefaulters

(n = 1788) P value

Sex, female [n (%)] 84 (45.2) 840 (47.0) 0.68

Age (mo) 14.4 ± 4.63 13.6 ± 4.6 0.08

School achievement of caretaker [n (%)] 0.16

None 145 (86.3) 1358 (82.2)

Primary school 21 (12.5) 262 (15.9)

Secondary and high school 02 (1.2) 32 (1.9)

Caretaker age (y) 25 ± 6 27 ± 6 0.002

Caretaker BMI (kg/m2) 20.2 ± 2.7 20.3 ± 2.3 0.41

Socioeconomic level [n (%)] 0.49

Low 52 (28.0) 578 (32.3)

Intermediate 80 (43.0) 724 (40.5)

High 54 (29.0) 486 (27.2)

Breastfeeding at time of enrollment [n (%)] 157 (93.5) 1592 (96.1) 0.05

Sickness in prior 2 wk [n (%)] 105 (62.5) 1089 (69.8) 0.69

Diarrhea in prior 2 wk [n (%)] 53 (31.5) 601 (36.3) 0.43

Cough in prior 2 wk [n (%)] 42 (25.0) 485 (29.3) 0.31

Fever in prior 2 wk [n (%)] 71 (42.3) 706 (42.6) 0.99

WHZ －2.5 ± 0.3 －2.4 ± 0.3 <0.001

HAZ －2.7 ± 1.2 －2.6 ± 1.2 0.83

MUAC (cm) 11.8 ± 0.7 11.8 ± 0.7 0.32

1 HAZ, height-for-age z score; MUAC, midupper arm circumference; WHZ, weight-for-height z score.
2 Defaulter was defined as a child missing 4 consecutive follow-up visits to the health center despite home visits by

community health workers or nurses.
3 Mean ± SD (all such values).
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(85.9%) was similar to that for soy RUSF (87.7%) and soy/whey
RUSF (87.9%). This higher recovery rate, compared with the
ones we obtained, may have been attributable to the provision of
a larger dose of supplement (75 kcal · kg－1 · d－1). We provided
supplements of 19 kcal · kg－1 · d－1. It must, however, be noted
that recovery rates in the high adherent group in our study were
comparable with those observed in Malawi.

The current study, to the best of our knowledge, was the first to
compare the effectiveness of child-centered nutritional coun-
seling compared with supplementary feeding programs and the
effectiveness of low quantities of 2 types of food supplements—
one of which was produced locally—in the treatment of children
with MAM. These 3 strategies can inspire further rehabilitation
programs. However, this trial was conducted in a relatively
privileged rural area of Burkina Faso that had good food security
and had a relatively low prevalence of wasting. Therefore, our
results need to be extrapolated with care and interpreted within
this specific context. It is also unclear whether such an approach
could be reproduced in areas where only undereducated CHWs
are available.

The study had some limitations. The main limitation, which is
typical of effectiveness trials, is that all of the covariables could
not be controlled for or measured. In the food arms, no as-
sessment was made of the quantity of supplementary food ef-
fectively consumed by the children. In the CCC arm, no objective
measurement was made of the quality and quantity of comple-
mentary foods prepared and consumed by children at home.
Furthermore, household behavioral changes with regard to child
care in general, and to child feeding in particular, were not
documented.

In conclusion, treatment of MAM with a low intake of fortified
complementary foods was found to be more effective than CCC.
However, CCC might prove to be a valuable alternative provided
that attendance to counseling sessions by caregivers is ensured.
Whether delivering such counseling at the household level
through CHWs or providing caretakers with incentives to attend
first-line health services more frequently would improve atten-
dance to counseling sessions still needs to be explored.
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248 NIKIÈMA ET AL



triceps skinfold-for-age and subscapular skinfold-for-age: methods and
development. Geneva, Switzerland: WHO, 2007.

24. Stewart M, Brown JB, Weston WW, McWhinney IR, McWilliam C,
Freeman TR. Patient-centered medicine: transforming the clinical
method. 2nd ed. Abingdon, VA: Radcliffe Medical Press Ltd, 2003.

25. World Health Organization. UNICEF: counsel the mother: manage-
ment of childhood illnesses. Geneva, Switzerland: WHO, 1997.

26. PAHO/WHO, Division of Health Promotion and Protection/Food and
Nutrition Program. Guiding principles for complementary feeding of
the breastfed child. Washington, DC: PAHO/WHO, 2003.

27. WHO. Guiding principles for feeding non-breastfed children 6-24 months
of age. Geneva, Switzerland: WHO, 2005.

28. Vyas S, Kumaranayake L. Constructing socio-economic status indices:
how to use principal components analysis. Health Policy Plan 2006;21:
459–68.

29. Sussman JB, Hayward RA. An IV for the RCT: using instrumental

variables to adjust for treatment contamination in randomised con-

trolled trials. BMJ 2010;340:c2073.
30. Hernán MA, Hernandez-Diaz S. Beyond the intention-to-treat in

comparative effectiveness research. Clin Trials 2012;9:48–55.
31. Matilsky DK, Maleta K, Castleman T, Manary MJ. Supplementary

feeding with fortified spreads results in higher recovery rates than

with a corn/soy blend in moderately wasted children. J Nutr 2009;139:

773–8.
32. Nackers F, Broillet F, Oumarou D, Djibo A, Gaboulaud V, Guerin PJ,

Rusch B, Grais RF, Captier V. Effectiveness of ready-to-use therapeutic

food compared to a corn/soy-blend-based pre-mix for the treatment of

childhood moderate acute malnutrition in Niger. J Trop Pediatr 2010;

56:407–13.

CHILD-CENTERED COUNSELING IN MAM MANAGEMENT 249



Evidence for increased catabolism of vitamin B-6 during systemic
infiammation1–3

Arve Ulvik, Øivind Midttun, Eva R Pedersen, Simone JPM Eussen, Ottar Nygård, and Per M Ueland

ABSTRACT
Background: Plasma concentrations of PL 5＇-phosphate (PLP),
which is the active coenzyme form of vitamin B-6, are reduced during
inflammation. The underlying mechanisms may include altered tissue
distribution or increased catabolism via pyridoxal (PL) to pyridoxic
acid (PA). Recently, we showed that catabolic enzyme activity could
be assessed by substrate product ratios measured in plasma.
Objective: We evaluated the ratios PA:PL, PA:PLP, and PA:(PL +
PLP) as possible markers of vitamin B-6 catabolism.
Design: Cross-sectional and longitudinal data were derived from the
Western Norway B-Vitamin Intervention Trial. We analyzed asso-
ciations of ratios with inflammatory markers and other clinical vari-
ables by using multiple linear regression and partial correlation. In
addition, intraclass correlation coefficients (ICCs) were used to as-
sess the ability of plasma indexes to differentiate between subjects.
Results: PA:(PL + PLP) had the highest ICC of all vitamin B-6
metabolites and ratios tested. In regression models, the inflamma-
tory markers C-reactive protein, white blood cell count, neopterin,
and kynurenine:tryptophan collectively accounted for 28% of the
total and > 90% of the explained variation in PA:(PL + PLP). For
individual B-6 metabolites, corresponding numbers were 19–25%
and 20–44%, respectively, with vitamin supplement intake, smok-
ing, and kidney function (estimated glomerular filtration rate) as
additional predictors. In an analysis of receiver operating character-
istics, PA:(PL + PLP) discriminated high inflammatory concentra-
tions with an area under the curve (95% CI) of 0.85 (0.81, 0.89).
Conclusions: Broad-specificity enzymes upregulated to reduce
oxidative and aldehyde stress could explain increased catabolism
of vitamin B-6 during inflammation. The ratio PA:(PL + PLP) may
provide novel insights into pathologic processes and potentially
predict risk of future disease. Am J Clin Nutr 2014;100:250–5.

INTRODUCTION

Vitamin B-6 is involved in >100 enzymatic reactions in the
body including the metabolism of amino acids, neurotransmit-
ters, nucleic acids, heme, and lipids. Vitamin B-6 is also in-
volved in energy homeostasis through glycogen degradation and
gluconeogenesis. The active coenzyme form of vitamin B-6 is
pyridoxal 5＇-phosphate (PLP)4, and its concentration in plasma
is the most frequently used measure of vitamin B-6 status (1, 2).
The dephosphorylated form pyridoxal (PL) and the main ca-
tabolite 4-pyridoxic acid (PA) are also present in plasma, but
normally at lower concentrations.

A number of epidemiologic studies have shown reduced
concentrations of circulating PLP in association with chronic or

acute disease (3–6). Inverse associations have been shown be-
tween plasma PLP and the acute phase marker C-reactive pro-
tein (CRP) (5, 7–9) but also to a wider panel of inflammatory
markers (10, 11). Most evidence points to an altered tissue
distribution as the main mechanism (5, 6, 8, 9), whereas no
conclusive evidence have been provided for increased catabo-
lism (5, 9). Recently, we noted positive associations between PA
and 2 markers of T-helper 1 type immune activation neopterin
and kynurenine:tryptophan (KTR) both before and during vita-
min B-6 treatment. These results suggested an increased ca-
tabolism of vitamin B-6 during activated cellular immunity (9).

The enzyme indoleamine 2,3-dioxygenase (IDO) converts
tryptophan to kynurenine in hematopoietic and epithelial tissue. On
stimulation by inflammatory signals, most importantly interferon-γ,
IDO activity increases, leading to an increase in KTR in plasma
(12). Recently, we showed the utility of 3＇-hydroxykynurenine:
xanthurenic acid as an indicator of the PLP-dependent activity of
kynurenine aminotransferase (13). These examples illustrate the
concept of substrate product ratios as measures of enzyme activity.
Conceivably, ratios could be used as indicators of the catabolism of
PLP via PL to PA.

In this study, we used data from the Western Norway
B-Vitamin Intervention Trial (WENBIT), which included
measurements of biomarkers in plasma collected at specified
time intervals (14). Repeated measurements allow for the evalu-
ation of associations on a longitudinal as well as cross-sectional
basis. They also enable the calculation of intraclass correlation
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coefficients (ICC) for metabolites and ratios. The ICC is a measure
of between-subject variation relative to the total (including within-
subject) variation and has been used to assess reliability and
within-person reproducibility. The reliability indicates the degree
of differentiation between subjects (ie, the ability to tell subjects
apart from each other within a population) (15).

The aim of this work was to further explore the possibility of
an increased catabolism of PLP during inflammation. Specifi-
cally, we evaluated ratios between PA, PL, and PLP concen-
trations in plasma that could serve as indicators of catabolic
enzyme activity. ICCs were calculated and used as an in-
dependent assessment of established and novel indexes.

SUBJECTS AND METHODS

Subjects

The WENBIT included 3088 adults (>98% white) who un-
derwent a coronary angiography between 1999 and 2004 at the
Haukeland University Hospital (Bergen, Norway) and Stavanger
University Hospital (Stavanger, Norway). Details of the WENBIT
have been published elsewhere (14). In the current study, partic-
ipants (n = 460) classified as having acute coronary syndrome
were excluded, which left 2628 eligible subjects for the final
analyses. Of included subjects, 2584 participants had stable an-
gina pectoris, and 44 participants had aortic stenosis. We used
data at baseline and after 28 d follow-up for participants randomly
allocated to 4 treatment groups in a 2 × 2 factorial design. The 4
treatment groups consisted of 1) vitamin B-6 (40 mg pyridoxine
hydrochloride), folic acid (0.8 mg), and vitamin B-12 (0.4 mg); 2)
folic acid and vitamin B-12; 3) vitamin B-6; and 4) a placebo.

Written informed consent was obtained from all participants.
The study protocol was in accordance with the principles of the
Declaration of Helsinki, and the trial was approved by the Re-
gional Committee for Medical and Health Research Ethics, the
Norwegian Medicines Agency, and the Data Inspectorate.

Clinical data and laboratory analyses

Nurses or physicians interviewed patients at baseline by using
trial-specific questionnaires. Smoking status was assessed by
asking participants if they were current or former smokers. Vitamin
supplementation was assessed by asking about the regular use of
over-the-counter vitamin supplements. Plasma samples obtained at
baseline and after 28 d vitamin treatment were stored at －80°C for
a mean duration of 5.6 y before analysis. Concentrations of PLP,
PL, PA, neopterin, kynurenine, tryptophan, and creatinine were
measured by using Liquid chromatography-tandem mass spec-
troscopy in the laboratory of Bevital AS (16, 17). KTR was
calculated by dividing the plasma concentration of kynurenine
(nmol/L) by the concentration of tryptophan (μmol/L). The es-
timated glomerular filtration rate (eGFR)/1.73 m2 was calculated
on the basis of the Chronic Kidney Disease Epidemiology Col-
laboration formula (18). CRP was determined in serum by using
an ultrasensitive immunoassay with the Behring nephelometer II
system (Latex CRP mono; Behring Diagnostics).

Statistical methods

All metabolites and derived ratios had right-skewed distri-
butions in plasma and were, therefore, log-transformed before

inclusion in statistical analyses. Summary scores of inflammatory
markers were obtained by summing standardized, log-transformed
variables. Associations between variables were assessed by
using multiple linear regression and partial Pearson’s correla-
tion with adjustment for age, sex, and study center (Haukeland
or Stavanger University Hospitals, model 1) and, in addition,
for eGFR, smoking [current smoker (yes or no)], and use of
vitamin-containing supplements (yes or no) (model 2). Interactions
were evaluated by the inclusion of product-terms in multiple linear
regression models. ICCs were calculated on the basis of a 2-way
mixed-effects model. With observations at days 0 and 28 in a 2-
column matrix, the ICC was estimated by the formula

[Mean square (row)－mean square (error)]÷[mean square (row)
+ means quare (error)] (1)

in accordance with ICC(C,1) (19). We had complete records
for 2559 of 2628 study participants (97.4%). Results of analyses
on the basis of the handling of missing data by listwise deletion
and the use of multiple imputation were similar. Data are pre-
sented by using listwise deletion. Because of the partly explor-
ative nature of the study, we applied a 2-sided significance level
(α) of 0.01 for all main effects and interaction terms. Analyses
were performed with R for Macintosh version 3.01 software and
packages pROC for receiver operating characteristic (ROC)
analysis, psych for ICC calculations, and mice for multiple
imputation (The R-Foundation for Statistical Computing).

RESULTS

Characteristics of the study population

The median (5th–95th percentile) age of the study population
was 62.2 y (45.3–77.5 y), and 79.2% of subjects were men. The
median (5th–95th percentile) BMI (in kg/m2) was 26.5 (21.5–
33.5), and 12.5% of subjects used B-vitamin–containing sup-
plements. Furthermore, 24.3% of subjects were current smokers,
11.9% of subjects had diabetes, and 6.3% of subjects had a CRP
concentration >10 mg/L. Additional characteristics are shown
in Table 1.

ICCs

We considered the ratios PA:PL, PA:PLP, and PA:(PL + PLP)
as possible markers of vitamin B-6 catabolism. On the basis of
measurements at baseline and day 28, we calculated intraclass
coefficients for these ratios as well as for each vitamin B-6
metabolite, kynurenine, and tryptophan by using data from the
placebo group (n = 664; Table 2).

For single metabolites, ICCs ranged from 0.46 (PA and PL) to
0.70 (kynurenine). The highest ICC overall was shown for KTR
(0.77). For vitamin B-6 indexes, highest ICCs were 0.74 and 0.75
for PA:PLP and PA:(PL + PLP), respectively. When calculated in
pyridoxine treatment groups, ICCs for vitamin B-6 indexes were
expected to be low because of substantial alterations (increases)
in concentrations of vitamin B-6 metabolites at day 28. Notably,
the ICC for PA:(PL + PLP) was also comparatively high in these
groups (0.44; Table 2). Consequently, we focused on PA:(PL +
PLP) in subsequent analyses.
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KTR and neopterin were highly correlated (r = 0.68).
Therefore, we made a summary score of neopterin and KTR to
be used as an additional marker of cellular immune activation.
With the use of data from all subjects (n = 2628), the ICC of the
summary score was slightly higher than the ICCs of KTR and
neopterin (0.75 compared with 0.74 and 0.70, respectively).

Association of vitamin B-6 metabolites and PA:(PL + PLP)
with inflammatory markers

We modeled vitamin B-6 metabolites and PA:(PL + PLP) by
using multiple linear regression. The variables CRP, white blood
cell count (WBC), neopterin, and KTR collectively accounted for
a modest part of the variation in PA, PL, and PLP (7.4%, 3.8%, and

9.4%, respectively). In contrast, the 4 inflammatory markers
explained 27.9% of the variation in PA:(PL + PLP) (Table 3).
Moreover, although the variables eGFR and smoking explained
an additional 3–4% of the variation in PA, PL, and PLP; they
contributed an additional 0.1%, only in the model explaining
PA:(PL + PLP). Intake of vitamin supplements was the most-
important single predictor of PA, PL, and PLP but only a weak
predictor of PA:(PL + PLP) (Table 3). When supplement users
were excluded, the 4 inflammatory markers explained 29.7% of the
variation in PA:(PL + PLP), and the total explained was 32.3%.

The correlation between vitamin B-6 indexes and the 4 in-
flammatory markers are shown in Table 4. PA was positively as-
sociated with neopterin and KTR, PL was negatively associated,
mainly with CRP and the WBC, and PLP was negatively associ-
ated with all 4 inflammatory markers. The association of PA:(PL +
PLP) with inflammatory markers was, in all cases, stronger than for
individual B-6 metabolites. Strongest correlations were shown
between PA:(PL + PLP) and neopterin, KTR, and their summary
score (r = 0.36, 0.37, and 0.41, respectively, according to model I).

PA:(PL + PLP) as a marker of systemic inflammation

The ability of PA:(PL + PLP) to discriminate high circulating
concentrations of inflammatory markers was further analyzed by
using an ROC analysis. All data at baseline were used for this
analysis. AUCs for detecting high (>95th percentile) CRP,
WBC, KTR, neopterin, and KTR plus neopterin summary scores
were 0.73, 0.58, 0.80, 0.80, and 0.82, respectively. We also made
a summary score of neopterin plus KTR plus CRP. PA:(PL +
PLP) detected high concentrations (>95th percentile) of this
score with an AUC (95% CI) of 0.85 (0.81, 0.89) (Figure 1). In
groups who received 40 mg pyridoxine hydrochloride for 28 d,
the corresponding AUC (posttreatment) was 0.74 (0.69, 0.78).

Longitudinal associations

We related the change in PA:(PL + PLP) from days 0 to 28 in
the placebo group (n = 664) to corresponding changes in in-
flammatory markers with the change (Δ) defined as

Log(variable at day 28－ log(variable at day 0) (2)

Correlations of ΔPA:(PL + PLP) with ΔCRP, ΔKTR,
Δneopterin, and Δ(neopterin + KTR summary score) were 0.19,

TABLE 1

Baseline characteristics of the study population (n = 2628)1

Values

Sex (M) [n (%)] 2082 (79.2)

Age (y) 62.2 (45.3–77.5)2

BMI (kg/m2) 26.5 (21.5–33.5)

Diabetes [n (%)] 314 (11.9)

Hypertension [n (%)] 1242 (47.3)

Current smoker [n (%)] 638 (24.3)

Vitamin-supplement user [n (%)] 329 (12.5)

Cardiovascular history [n (%)]

Acute myocardial infarction 1151 (43.8)

Percutaneous coronary intervention 568 (21.6)

Coronary artery bypass graft 366 (13.9)

Carotid artery stenosis, TIA, or stroke 174 (6.6)

Other peripheral artery disease 246 (9.4)

Creatinine (μmol/L) 73.4 (53.0–103)

CRP (mg/L) 1.7 (0.3–12.0)

WBC (count/mL) ×109 6.9 (4.5–10.7)

KTR (nmol/μmol) 23.8 (15.8–39.4)

Neopterin (nmol/L) 7.8 (5.2–14.5)

PLP (nmol/L) 39.9 (18.6–101)

PL (nmol/L) 9.3 (5.0–23.6)

PA (nmol/L) 24.1 (14.2–68.7)

Tryptophan (μmol/L) 68.0 (47.3–92.5)

Kynurenine (μmol/L) 1.7 (1.1–2.6)

1 CRP, C-reactive protein; KTR, kynurenine:tryptophan; PA, pyridoxic

acid; PL, pyridoxal; PLP, pyridoxal 5＇-phosphate; TIA, transient ischemic

attack; WBC, white blood cell count.
2 Median; 5th–95th percentiles in parentheses (all such values).

TABLE 2

ICCs1

Placebo group (n = 664) Pyridoxine-treatment groups (n = 1313)

PA PL Kynurenine PA PL Kynurenine

0.46 0.46 0.70 0.06 0.01 0.67

PL 0.46 0.612 — 0.53 0.01 0.262 — 0.04

PLP 0.67 0.742 0.59 0.72 0.30 0.30 0.12 0.39

PLP + PL 0.63 0.752 — 0.69 0.08 0.442 — 0.16

Tryptophan 0.48 0.51 0.48 0.771 0.41 0.11 0.04 0.722

1 All values are ICCs calculated from measurements at baseline and 28 d into the vitamin-treatment period. Calcu-

lations were performed separately for placebo and pyridoxine treatment groups. ICCs for individual metabolites are shown

in the first row and first column. The remaining numbers are ICCs for ratios defined by column:row. ICC, intraclass

correlation coefficient; PA, pyridoxic acid; PL, pyridoxal; PLP, pyridoxal 5＇-phosphate.
2 ICC was significantly higher for the ratio than its component metabolites (P < 0.05).
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0.24, 0.20, and 0.25, respectively (all P < 0.0001). There was no
significant correlation between ΔPA:(PL + PLP) and ΔWBC
(r = －0.02, P = 0.23). In regression analyses, ΔCRP, ΔKTR, and
Δneopterin collectively explained 7.9% of the variation in ΔPA:
(PL + PLP) compared with 2.4 (P = 0.0008), 0.1 (NS), and 0.4%
(NS) of the variation in ΔPLP, ΔPL, and ΔPA, respectively.

DISCUSSION

Principal findings

We investigated the possibly increased catabolism of vitamin
B-6 during inflammation. Our main focus was to evaluate product
substrate ratios (measured in plasma) as markers of enhanced
catabolic enzyme activity. The ratio PA:(PL + PLP) had, like the
previously established KTR, a high ICC (≥0.75), which is
measure of the ability to differentiate between subjects. In
multiple linear regression models, PA:(PL + PLP) was almost
exclusively explained by the 4 inflammatory markers CRP,
WBC, neopterin, and KTR. In the ROC analysis, PA:(PL + PLP)
discriminated a summary score of neopterin plus KTR plus CRP
with an AUC (95% CI) of 0.85 (0.81–0.89).

Product substrate ratios as indicators of enzyme activity

Metabolic control theory predicts that a change in flux through
a metabolic pathway is dependent on the coordinate regulation of
all enzymes in that pathway (20). In such cases, concentrations
of intermediates are minimally affected. However, metabolite
concentrations may be substantially affected if only a part of
a pathway (eg, a single enzyme) is activated or repressed (20).
Generally, increased activity leads to decreases in upstream and
increases in downstream metabolites and vice versa. Hence, the
ratio between a downstream metabolite and upstream metabolite
could be used as indicator of the state (activation or suppression)
of that enzyme. The KTR is one such example (12). In addition,
we recently showed that 3-hydroxykynurenine:xanthurenic acid
may be an indicator of the intracellular PLP availability, and,
hence, the activity of kynurenine aminotransferase (13).

PL:PLP compared with PA:(PL + PLP)

PLP has limited ability to cross cell membranes (21).
Therefore, PLP has to be dephosphorylated to PL by various

membrane-bound phosphatases before entering the cell. Once
inside the cell, PL is metabolically trapped by PL kinase which
reforms PLP (22). Intracellular PLP-specific phosphatases also
exist in most tissues (23). Thus, the interconversion between PL
and PLP is reversible and widely distributed. Because the ratio
PL:PLP would reflect several enzymes with opposing activities,
a low ICC for this ratio could be expected. The oxidation of PL to
PA is, in contrast, irreversible. From the previous discussion, it
seems reasonable to view plasma PL + PLP as a single pool of
vitamin B-6. Therefore, we considered PA:(PL + PLP) as
a possible a priori candidate indicator of the oxidation of PL to
PA. Notably, this ratio showed the highest ICC and was the only
vitamin B-6 index that had an ICC well above 0.40 after the
challenge of the pyridoxine intervention.

PA:(PL + PLP) and PL-oxidizing enzymes

PA:(PL + PLP) was most strongly associated with neopterin and
KTR. These plasma indexes are markers of activated cellular
immunity and increased metabolic and oxidative stress (12). As
a case in point, KTR is determined by both as T-helper 1–type

TABLE 3

The variation in vitamin B-6 indexes explained by groups of variables by using multiple linear regression1

PA PL PLP PA:(PL + PLP)

CRP + WBC + KTR + neopterin 7.4 3.8 9.4 27.9

eGFR + smoking2 4.0 2.7 3.5 0.1

Age + sex + center2 3.2 3.0 1.5 2.3

Use of vitamin supplements2 10.7 9.8 6.8 0.2

Total explained 25.3 19.2 21.2 30.6

Percentage of explained variation attributable to

inflammatory markers3
29.4 19.7 44.6 91.3

1 All values are percentages (according to an adjusted R2). CRP, C-reactive protein; eGFR, estimated glomerular

filtration rate; KTR, kynurenine:tryptophan; PA, pyridoxic acid; PL, pyridoxal; PLP, pyridoxal 5＇-phosphate; WBC, white

blood cell count.
2 Increments in R2 (percentage points) after the sequential addition of groups of variables indicated.
3 Obtained by the following equation: (row 1 ÷ row 5) × 100.

TABLE 4

Correlations of vitamin B-6 indexes with inflammatory markers1

PA PL PLP PA:(PL + PLP)

Model 1

CRP NS －16 －25 30

WBC NS －14 －20 21

Neopterin 19 NS －12 36

KTR 16 NS －16 37

KTR + neopterin2 19 NS －15 41

Model 2

CRP NS －14 －24 28

WBC NS －8 －15 19

neopterin 11 －5 －17 32

KTR 7 －9 －22 34

KTR + neopterin2 10 －8 －22 37

1 All values are partial correlation coefficients (Pearson’s) × 100.

Model 1 included adjustment for age, sex, and study center. Model 2 was

adjusted as for model 1 and for the estimated glomerular filtration rate,

smoking, and vitamin supplementation. CRP, C-reactive protein; KTR,

kynurenine:tryptophan; NS, nonsignificant association; PA, pyridoxic acid;

PL, pyridoxal; PLP, pyridoxal 5＇-phosphate; WBC, white blood cell count.
2 Sum of standardized variables.
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cytokines stimulate the expression of IDO, and the oxygen radical
superoxide is the preferred co-substrate for the enzyme (24, 25).

The oxidation of PL to PA is believed to mainly take place in the
liver by aldehyde oxidase 1 (26, 27). However, the expression of
aldehyde oxidase 1 has also been detected in other tissues, including
epithelial tissue (26). Recently, the AOX1 gene was shown to be
regulated by oxidative stress-related signal pathways in rats (28).
The enzyme has broad specificity, and in many cases, subtypes of
aldehyde dehydrogenase (ALDH) share the same substrates. Spe-
cifically, the oxidation of PL by ALDH was detected in a range of
mouse tissues (29). ALDHs are cytoprotective enzymes that are
upregulated during oxidative or aldehyde stress (30). Taken to-
gether, this points to mechanisms whereby several enzymes may
contribute to the catabolism of PL, both in the liver and extra-
hepatically, and activities may increase during immune activation.

Longitudinal associations

Changes in PA:(PL + PLP) over 28 d correlated with corre-
sponding changes in inflammatory status measured as CRP, neo-
pterin, and KTR but not with changes in WBC. Weaker associations
with WBC were also shown in the cross-sectional analyses. The
WBC changes rapidly in response to sporadic infections, stress, and
wounds and is also sensitive to medications including antibiotics and
aspirin (31), which might dilute the association between the WBC
and PA:(PL + PLP). Notwithstanding the lack of association with the
ΔWBC, these analyses showed that PA:(PL + PLP) was consid-
erably more sensitive to short-term changes in inflammatory status
than were individual vitamin B-6 metabolites.

Increased catabolism of PLP compared with altered tissue
distribution

Although an increase in PA relative to PL plus PLP could
simply be interpreted as evidence of increased vitamin B-6

catabolism, a positive association with PA was shown only for
neopterin and KTR. PLP, in contrast, was negatively associated
with all inflammatory markers but, like PL, more strongly with
the acute-phase reactants CRP and WBC. Thus during the acute-
phase response, the increase in PA:(PL + PLP) would appear to be
explained by decreases in plasma PL and PLP, which would
presumably reflect increased tissue uptake of these metabolites
(8, 9). Notably, CRP and WBC were more strongly related to PA:
(PL + PLP) than to PL or PLP, which indicated that catabolism
also plays a significant but minor role during this inflammatory
mode. Similarly, both mechanisms could contribute to the in-
crease in PA:(PL + PLP) during activated cellular immunity. If
this reasoning is correct, PA:(PL + PLP), rather than being
a specific marker of vitamin B-6 catabolism, appears as a more
general marker of alterations in vitamin B-6 metabolism that
occurs during inflammation.

Strengths and limitations

The study population consisted of middle-aged to elderly
subjects, most of whom were men with coronary artery disease.
The majority of subjects used medications including platelet
inhibitors, antihypertensives, and statins. Statins are known to
affect inflammation status; however, associations of vitamin B-6
metabolites or ratios with inflammatory markers were not
changed or modified by these treatments.

Strengths of the study included a large and homogenous study
population and the measurement of several inflammatory
markers. Most biomarkers were analyzed in a single laboratory
by using multiplexing methods. The stability of plasma metab-
olites according to sample handling and storage conditions was
validated previously (32, 33). Vitamin B-6 treatment was part of
the study protocol of the parent study, and repeated measure-
ments allowed us to calculate ICCs and analyze associations on
a longitudinal basis. With the exclusion of WENBIT participants
diagnosed with acute coronary syndrome, inflammatory markers
were at close to normal concentrations. Therefore, results may
extend to healthy populations of similar age.

In conclusion, we have shown evidence to suggest the increased
catabolism of vitamin B-6 during inflammation. After the eval-
uation of different substrate product ratios as markers of catabolic
enzyme activity, PA:(PL + PLP) emerged as the most promising
candidate. This ratio had a high ICC and was determined almost
exclusively by the inflammatory markers CRP, WBC, neopterin,
and KTR in multiple linear regression models. By comparison,
individual vitamin B-6 metabolites were modestly associated with
inflammation and showed stronger associations with vitamin in-
take, smoking, and kidney function (eGFR). PA:(PL + PLP) may
reflect the activity of one or several enzymes upregulated in re-
sponse to oxidative or aldehyde stress but may also increase as
a result of the redistribution of plasma PLP to tissue compartments.
With the measurement of PL and PA in addition to PLP, re-
searchers are provided with indicators of vitamin B-6 status and
metabolism as well as a sensitive marker of systemic inflammation.
PA:(PL + PLP) presents as a promising candidate to be evaluated
for disease incidence or other clinical endpoints and could provide
new insights into pathogenic processes.

Data used in this study were derived from the clinical trial registered at

www.clinicaltrials.gov as NCT00354081. Funding of the trial was received

from the Advanced Research Program and Research Council of Norway,

FIGURE 1. Nonparametric receiver operating characteristic plot for the
diagnostic accuracy of pyridoxic acid:(PL + PL 5＇-phosphate) (solid line)
and PL 5＇-phosphate (dashed line) to detect a high (>95th percentile) sum-
mary score of C-reactive protein, neopterin, and kynurenine:tryptophan.
Corresponding AUCs (95% CIs) were 0.85 (0.81, 0.89) and 0.67 (0.62,
0.73), respectively. PL, pyridoxal.
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Nut consumption and risk of type 2 diabetes, cardiovascular disease,
and all-cause mortality: a systematic review and meta-analysis1–4

Cheng Luo, Yan Zhang, Yusong Ding, Zhilei Shan, Sijing Chen, Miao Yu, Frank B Hu, and Liegang Liu

ABSTRACT
Background: Epidemiologic studies have shown inverse associa-
tions between nut consumption and diabetes, cardiovascular disease

(CVD), and all-cause mortality, but results have not been consistent.
Objective: We assessed the relation between nut intake and inci-
dence of type 2 diabetes, CVD, and all-cause mortality.
Design: We searched PubMed and EMBASE for all prospective
cohort studies published up to March 2013 with RRs and 95%

CIs for outcomes of interest. A random-effects model was used to

pool risk estimates across studies.
Results: In 31 reports from 18 prospective studies, there were 12,655
type 2 diabetes, 8862 CVD, 6623 ischemic heart disease (IHD), 6487

stroke, and 48,818 mortality cases. The RR for each incremental

serving per day of nut intake was 0.80 (95% CI: 0.69, 0.94) for type

2 diabetes without adjustment for body mass index; with adjustment,

the association was attenuated [RR: 1.03; 95% CI: 0.91, 1.16; NS].

In the multivariable-adjusted model, pooled RRs (95% CIs) for each

serving per day of nut consumption were 0.72 (0.64, 0.81) for IHD,

0.71 (0.59, 0.85) for CVD, and 0.83 (0.76, 0.91) for all-cause mor-

tality. Pooled RRs (95% CIs) for the comparison of extreme quan-

tiles of nut intake were 1.00 (0.84, 1.19; NS) for type 2 diabetes, 0.66

(0.55, 0.78) for IHD, 0.70 (0.60, 0.81) for CVD, 0.91 (0.81, 1.02; NS)

for stroke, and 0.85 (0.79, 0.91) for all-cause mortality.
Conclusions: Our meta-analysis indicates that nut intake is in-
versely associated with IHD, overall CVD, and all-cause mortality

but not significantly associated with diabetes and stroke. The in-

verse association between the consumption of nuts and diabetes

was attenuated after adjustment for body mass index. These find-

ings support recommendations to include nuts as part of a healthy

dietary pattern for the prevention of chronic diseases. Am J

Clin Nutr 2014;100:256–69.

INTRODUCTION

Cardiovascular disease (CVD)5 is a major public health concern
in both developed and developing countries. The American College
of Cardiology predicts that the number of people diagnosed with
CVD will double to 25 million in the United States alone by 2050
(1). In individuals with CVD, stroke is associated with permanent
disability, mortality, and major direct and indirect costs because

of functional impairments (2, 3). The increase in diabetes over the
past 20 y has been dramatic; the current prevalence is now esti-
mated to be nearly 6.4% worldwide (4). For these reasons, the
primary prevention of these chronic diseases is imperative.

Dietary factors are one of the major determinants of both type 2
diabetes and CVD. Of various dietary factors, nuts have received
increasing attention because they are a good source of macronutrients
and micronutrients. Nuts are rich in unsaturated fatty acids, fiber,
high-quality vegetable protein, and minerals (eg, magnesium and
potassium). Nuts also have high contents of bioactive compounds,
such as polyphenols, tocopherols, phytosterols, and phenolics (5–7).
Walnuts are especially rich in polyunsaturated acids, including
α-linolenic acid. Previous clinical trials and epidemiologic studies
have shown that nuts have beneficial effects on various mediators of
chronic diseases, including lipid concentrations (8), inflammation
(9), insulin resistance (10), and blood pressure (BP) (11).

A previous review concluded that the consumption of nuts
≥5 times/wk was associated with a reduced incidence of coronary
heart disease (IHD) (12). In the past several years, additional
studies have been published on CVD, diabetes, and all-cause mor-
tality. However, the epidemiologic evidence has not been consistent.
Therefore, we conducted this meta-analysis on all published cohort
studies to date to quantify the relation between nut consumption and
risk of type 2 diabetes, CVD, and all-cause mortality.

METHODS

Data sources and searches

We searched PubMed (http://www.ncbi.nlm.nih.gov/pubmed/) and
EMBASE (http://www.embase.com/) databases for all English-language
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prospective cohort studies published in peer-reviewed journals
through March 2013. Search terms included human and nuts or
almond or cashew or peanut or pecan or pine nut or pistachio nut
or macadamia nut or hazelnut or walnut and diabetes or CVD
or myocardial infarction (MI) or coronary or stroke or death or
mortality or mortalities or fatal and risk or Cox or hazard or
odds. We also reviewed references from retrieved articles to find
additional studies.

Study selection

We selected studies on the basis of the following criteria: 1)
a prospective cohort study, 2) nut-consumption exposure, 3) the
outcome of interest (ie, type 2 diabetes, CVD, or all-cause
mortality), and 4) RRs with 95% CIs. On the basis of reviews of
titles and abstracts, we identified 122 pertinent articles (Figure 1).
We excluded reviews, case-control studies, editorials, nonhuman
studies, dietary pattern reports, and articles that examined asso-
ciations with foods other than nuts. If data were published more
than once, we included the largest number of incident cases
from the study.

We included the following 18 studies in the meta-analysis:
5 studies (13–17) stratified analyses by sex; one study (18) used

2 independent cohorts; one study (19) reported findings for IHD,
CVD, and mortality; 3 studies (20–22) had 2 different outcomes;
one study (23) had results for hemorrhagic and ischemic strokes;
2 studies (24, 25) had outcomes for fatal IHD and nonfatal MI;
and 5 studies (26–30) had one outcome. One study stratified
diabetes by BMI (in kg/m2) (31). We pooled data on fatal IHD
and nonfatal MI to get an overall estimate. In total, 31 reports
from 18 studies were included in the meta-analysis as follows: 5
reports were on diabetes, 6 reports were on IHD, 5 reported were
on stroke, 4 reports were on total CVD, and 11 reports were on
all-cause mortality.

Data extraction and quality assessment

Two independent investigators extracted data, including the
name of the first author, year of publication, study title, sample
size, sex and age range, type of nut (eg, with and without peanut
butter), length of follow-up, country of study, inclusion and
exclusion criteria, specific outcomes, number of cases, types of
nuts consumed (ie, walnuts and total tree nuts), covariates that
were adjusted, and RRs with corresponding 95% CIs for all
categories of nut consumption. We extracted fully adjusted es-
timates. In addition, we extracted multivariable-adjusted esti-
mates without adjustment for BMI when available.

We used the Meta-analysis of Observational Studies in Epi-
demiology (32) for quality assessment. This scoring system
awards a maximum of 5 points as follows: study eligibility
(1 point if inclusion and exclusion criteria are included), exposure
(1 point if dietary assessment is validated and 1 point if nut intake
is appropriately categorized), outcome (1 point for the assessment
of outcome according to accepted clinical criteria), and statistical
analysis (1 point for the control of confounding factors).

Statistical analysis

Results stratified by sex and stroke subgroups were treated as 2
separate reports. A random-effects model was used to calculate
summary RRs and 95% CIs for a 1-serving/d increase of nut
intake. For each study that used different cutoffs for nut cate-
gories, we evaluated the dose-response relation by computing
RRs with 95% CIs for a 1-serving/d increment of nut con-
sumption. For studies that provided results in servings per day, we
used the original data to estimate RRs with 95% CIs for the
1-serving/d increase in nut intake. If outcomes were only shown
by categories of nut intake, we used the method proposed by
Greenland and Longnecker (33) and Orsini et al (34) to estimate
RRs with 95% CIs for the 1-serving/d increase in nut intake. When
the median or mean consumption per category was not reported,
we assigned the midpoint of upper and lower boundaries in each
category as the median consumption. For the highest consumption
category, we assumed that the lower boundary plus a 25% increment
was the median intake. For studies that reported categorical data
in grams, we first converted nut intake into servings per day with
a standard conversion (1 serving = 28 g) (35). We also used a
random-effects model to calculate summary RRs and 95% CIs for
highest compared with lowest intakes of nut consumption.

We used the I2 statistic to assess heterogeneity. Low, mod-
erate, and high degrees corresponded to I2 values of 25%, 50%,
and 75% (36, 37), respectively. The Egger test was used to as-
sess publication bias (38). We performed subgroup analyses on

FIGURE 1. Flowchart of study selection. PubMed, http://www.ncbi.nlm.
nih.gov/pubmed/; EMBASE, http://www.embase.com/. CVD, cardiovascular
disease; IHD, ischemic heart disease.
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possible sources of heterogeneity [ie, sex, type of nut, IHD
subtypes (fatal IHD or nonfatal MI), and stroke subtypes (is-
chemic and hemorrhagic)]. Sensitivity analyses were used to
evaluate the effect of removing a single study from the analysis.
Results of subgroup analyses are RRs (95% CIs) for comparison
of highest with lowest categories of nut consumption because of
a lack of data for person-years in some studies.

BMI might mediate the relation between nut consumption and
respective health outcomes. Whenever possible, we separately per-
formed a meta-analysis on the multivariable-adjusted model with
and without adjustment for BMI to explore the possible mediating
effect of BMI on the relation of nut intake with health outcomes.

In addition, we used restricted cubic splines with 4 knots at
percentiles 5%, 35%, 65%, and 95% to evaluate potential linear
curve associations between nut consumption and risk of diabetes,
CVD, and all-cause mortality. Two-sided analyses were con-
ducted with Stata 12.0 software (StataCorp). P < 0.05 was
considered statistically significant.

RESULTS

Study characteristics

We used a total of 31 reports from 18 studies in our main
analysis; 14 studies were conducted in the United States, 1 study
was conducted in China, 1 study was conducted in the Nether-
lands, 1 study was conducted in the United Kingdom, and 1 study
was conducted in Spain. We identified 12,655 cases of type 2
diabetes, 8862 cases of CVD, 6623 cases of IHD, 6487 cases of
stroke, and 48,818 cases of mortality. Characteristics of these
studies are presented in Table 1 (13–30). Follow-up periods
ranged from 4 to 30 y, and the age range was from 20 to 87 y.
Nut consumption was assessed by food frequency questionnaires
in all studies. Highest categories of nut intake ranged from
≥2 to ≥7 servings/wk; the lowest category of nut intake ranged
from 0 to ≤1 serving/wk.

Most of the studies included other dietary variables, such as
protein sources and total caloric intake. All but 2 reports from one
study (20) used multivariate models without adjustment for di-
etary factors, which could have caused confounding. Two studies
(19, 21) examined the relation between intakes of peanut butter as
well as all nuts and disease outcomes. Other studies examined
peanuts and/or nuts without peanut butter. Seven studies (13, 18,
21–23, 25, 28) reported the relation between nut intake and other
dietary and lifestyle factors at baseline. Participants who con-
sumed more nuts were leaner, exercised more frequently, smoked
less, and ate more fruit and vegetables, fish, whole grains, and
dairy. Study quality scores ranged from 3 to 5. The mean quality
score was 4.6.

Nut consumption and diabetes

Four reports reported age-adjusted estimates. Pooled results
from these 4 reports suggested an inverse association between nut
intake and diabetes (RR: 0.88; 95% CI: 0.84, 0.92; I2 = 0.0%, P =
0.60) for a 1-serving/d increment in nut consumption (see
Supplemental Figure 1 under “Supplemental data” in the online
issue). Two reports (one study with 2 large cohorts) reported
multivariable-adjusted estimates without BMI. When we repeated
the meta-analysis and used multivariable-adjusted estimatesT
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without BMI, results were not substantially changed (RR: 0.80;
95% CI: 0.69, 0.94; I2 = 51.4%, P = 0.15) (Figure 2). Four
reports reported multivariable-adjusted estimates with adjustment
for BMI. When the primary meta-analysis was repeated by using
fully adjusted estimates, the summary estimate was attenuated to
null) RR: 1.03; 95% CI: 0.91, 1.16; I2 = 63.9%, P = 0.04; NS)
(Figure 2).

Pooled RRs for the comparison of extreme quantiles of nut
intake for type 2 diabetes are also shown in Figure 2. Subgroup
analyses were performed by sex, BMI, and type of nuts. From
stratified analyses by type of nuts, we showed an inverse asso-
ciation between nut intake and diabetes in the multivariate model
without BMI. In the BMI-adjusted model, the only remaining
inverse association was with walnuts. When studies were strat-
ified by BMI, studies conducted in populations with lower BMI
(<25) suggested a borderline inverse association (RR: 0.68;
95% CI: 0.45, 1.01; I2 = 11.9%, P = 0.29). In studies conducted
in populations with higher BMI (≥25), the pooled RR was 0.78
(95% CI: 0.64, 0.95; I2 = 0%, P = 0.66) (Table 2).

In the cubic spline model, we showed a nonlinear association
between nut consumption and risk of type 2 diabetes by using
data with multivariable-adjustment without adjustment for BMI
(Figure 3A; P-nonlinearity < 0.001). However, with the use
of data with full adjustment, we showed no significant associ-
ation between nut consumption and risk of diabetes (Figure 3B;
P-nonlinearity = 0.746).

Nut intake, IHD, and CVD

Results from the random-effects meta-analysis of the relation
between nut intake and incidences of IHD and CVD are shown in
Figure 4. For a 1-serving/d increment in nut consumption,
pooled RRs (95% CIs) were 0.72 (0.64, 0.81) for IHD with no
between-study heterogeneity (I2 = 0%, P = 0.64) and 0.71 (0.59,
0.85) for overall CVD with modest between-study heterogeneity
(I2 = 48.8%, P = 0.12) (Figure 4). After the removal of estimates
that included peanut butter and all nuts, pooled RR estimates
were 0.73 (95% CI: 0.64, 0.83) for IHD and 0.64 (95% CI: 0.43,
0.97) for CVD, respectively. With the exclusion of estimates
without adjustment for dietary factors, the pooled RR for IHD
was 0.73 (95% CI: 0.64, 0.83).

Pooled RRs for the comparison of extreme quantiles of nut
intake were 0.66 (95% CI: 0.55, 0.78; I2 = 62.5%, P = 0.02) for
IHD and 0.70 (95% CI: 0.60, 0.81; I2 = 22.8%, P = 0.27) for
CVD (Figure 4). In stratified analyses by sex, an inverse relation
between nut consumption and IHD was shown in women (RR:
0.68; 95% CI: 0.61, 0.76), with the I2 value decreasing from
62.5% to 0.0%, but not in men (RR: 0.87; 95% CI: 0.59, 1.28;
I2 = 71.5%, P = 0.06; NS). For the type of IHD, nut intake was
inversely associated with fatal IHD (RR: 0.68; 95% CI: 0.62,
0.75; I2 = 0.0%, P = 0.54) but not nonfatal MI (RR: 0.70; 95%
CI: 0.43, 1.17; I2 = 75.7%, P = 0.02; NS). Similar results were
shown in studies with and without peanut butter (Table 2). In

FIGURE 2. Pooled RRs and 95% CIs for type 2 diabetes. We obtained pooled estimates by using a random-effects model. Dots indicate adjusted RRs by
comparing high with low quantiles or per 7-serving/wk increase in nut intakes; the dashed line indicates no significant association between exposure and
outcome; the diamonds indicate the pooled RRs; the size of the shaded square is proportional to the percentage weight of each study; horizontal lines indicate
95% CIs. NHS, Nurses’ Health Study; ref, reference.
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the cubic spline model, we showed a nonlinear association
between nut consumption and risk of CVD (Figure 3C;
P-nonlinearity < 0.001).

Nut intake and stroke

The pooled RR of total stroke for the comparison of extreme
quantiles of nut intake was 0.91 (95% CI: 0.81, 1.02; I2 = 20.4%,
P = 0.285; NS) (Figure 4). In a stratified analysis, an inverse
association between nut consumption and stroke was shown in
women (RR: 0.87; 95% CI: 0.77, 0.98; I2 = 0%, P = 0.84) but
not men (RR: 0.95; 95% CI: 0.82, 1.11; I2 = 0%, P = 0.40; NS).
In addition, pooled RRs were not statistically significant for
either stroke type (Table 2).

Nut intake and all-cause mortality

For all-cause mortality, the pooled RR with a 1-serving/d in-
crement in nut intake was 0.83 (95% CI: 0.76, 0.91) with
moderately high heterogeneity (I2 = 62.1%, P = 0.032) (Figure 5).
After the exclusion of estimates that included peanut butter as
well as all nuts, the pooled RR was 0.80 (95% CI: 0.71, 0.90).
When we excluded estimates without adjustment for dietary
factors, the pooled RR was 0.84 (95% CI: 0.76, 0.92).

The pooled RR for the comparison of extreme quantiles of nut
intake was 0.85 (95% CI: 0.79, 0.91) for all-cause mortality with
moderately high heterogeneity (I2 = 60.2%, P = 0.005) (Figure
5). Similar results were shown in studies conducted in women
and men and in studies with and without peanut butter (Table 2).

TABLE 2

Subgroup analyses (highest compared with lowest categories)1

Homogeneity

Source No. of reports RR (95% CI) P-heterogeneity I2 (%)

Subgroup analyses for type 2 diabetes

Multivariate-adjusted model without BMI

Type of nuts

Total tree nuts 2 0.85 (0.75, 0.95) — —

Walnuts 2 0.67 (0.54, 0.82) — —

Multivariate-adjusted model + BMI

Type of nuts

Total tree nuts 2 0.98 (0.87, 1.10) — —

Walnuts 2 0.76 (0.62, 0.94) — —

Sex

F 3 0.94 (0.77, 1.15) 0.03 70.8

M 1 0.87 (0.61, 1.24) — —

BMI

<25 kg/m2 2 0.68 (0.45, 1.01) 0.29 11.9

≥25 kg/m2 2 0.78 (0.64, 0.95) 0.66 0

Subgroup analyses for IHD

Multivariate-adjusted model + BMI

IHD subgroup

Fatal IHD 5 0.68 (0.62, 0.75) 0.54 0

Nonfatal MI 3 0.70 (0.43, 1.17) 0.02 75.7

Sex

F 3 0.68 (0.61, 0.76) 0.74 0

M 2 0.87 (0.59, 1.28) 0.06 71.5

Type of nuts

Peanut butter + nuts 2 0.66 (0.52, 0.84) <0.01 75.7

Nuts 4 0.70 (0.55, 0.89) 0.59 0

Subgroup analyses for stroke

Multivariate-adjusted model + BMI

Stroke subgroup

Ischemic stroke 3 0.95 (0.84, 1.08) 0.87 0

Hemorrhagic stroke 2 1.17 (0.54, 2.54) 0.04 77.3

Sex

F 2 0.87 (0.77, 0.98) 0.84 0

M 2 0.95 (0.82, 1.11) 0.40 0

Subgroup analyses for all-cause mortality

Multivariate-adjusted model + BMI

Sex

F 5 0.88 (0.81, 0.96) 0.07 54.2

M 4 0.85 (0.75, 0.95) 0.05 60.7

Type of nuts

Peanut butter + nuts 1 0.89 (0.81, 0.99) — —

Nuts 10 0.85 (0.79, 0.91) <0.01 60.2

1 Pooled estimates were obtained by using a random-effects model. IHD, ischemic heart disease; MI, myocardial

infarction.
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In the cubic spline model, we showed a nonlinear association
between nut consumption and risk of all-cause mortality (Figure 3D;
P-nonlinearity = <0.001).

Sensitivity analysis

When we recalculated the overall homogeneity and effect size
by removing one report at a time, we showed that none of the
single studies substantially changed the pooled estimates for
IHD, overall CVD, and mortality (see Supplemental Table 1
under “Supplemental data” in the online issue). For stroke, the
pooled estimate changed from 0.91 (95% CI: 0.81, 1.02) to 0.89
(95% CI: 0.80, 0.98; I2 = 0.0%, P = 0.932) when the hemor-
rhagic stroke result from the Physicians’ Health Study (23) was
excluded. For diabetes, the pooled estimate was not substantially
influenced with the omission of the study of Parker et al (26),
which was from correspondence and not a peer-reviewed pub-
lication. The omission of the other studies one at a time did not
materially change the pooled estimate.

Assessment of publication bias

No significant evidence of substantial publication bias was
observed [P = 1.00 for diabetes, P = 1.00 for IHD, P = 0.31 for

CVD, P = 0.46 for mortality (high compared with low analyses)
and P = 0.81 for diabetes, P = 1.00 for IHD, P = 0.09 for CVD,
P = 0.31 for stroke, and P = 0.21 for mortality (dose-response
analyses)]. The assessment of publication bias was based on the
fully adjusted model.

DISCUSSION

This meta-analysis indicated that nut intake is inversely asso-
ciated with IHD, overall CVD, stroke in women, and all-cause
mortality but not with diabetes and total stroke in the fully adjusted
model. A significant inverse association seen between nut intake
and type 2 diabetes was attenuated by adjustment for BMI, which
indicated that the association was largely mediated through BMI.

Frequent nut intake may improve health outcomes via multiple
mechanisms. First, nuts are high in fat, but most of the fat is
unsaturated fatty acids (39) that can reduce risk of CVD and
diabetes (40, 41). Second, nuts contain few carbohydrates and,
thus, contribute little to postprandial glycemia (42). Third, in-
flammation has been linked to risk of CVD and diabetes (43), and
evidence has suggested that frequent nut consumption has an
inverse association with circulating inflammatory cytokines and
a positive relation with plasma adiponectin (44). Fourth, nuts
have high amounts of protein, L-arginine, folate, fiber, and

FIGURE 3. Dose-response relation plots between nut intakes (servings/wk) and risk of type 2 diabetes (A and B), cardiovascular disease (C), and all-cause
mortality (D) were estimated by using random-effects metaregression. Dotted lines represent the 95% CIs for the fitted trend. RR estimates with multivariable-
adjustment except adjustment for BMI were used in panel A; RR estimates with multivariable-adjustment were used in panels B–D. CVD, cardiovascular disease.
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phytosterols (39). Unsalted varieties of nuts have low sodium
contents. Nuts are also rich in minerals (eg, calcium, magne-
sium, and potassium) (39), which are associated with decreased
overall cardiovascular risk (45).

In addition, frequent nut intake can improve lipid profiles. A
recent pooled analysis of 25 clinical studies on various kinds of
nuts showed a dose-response cholesterol-lowering effect. With an
average daily intake of 67 g nuts, mean reductions in total and
LDL cholesterol were 11 mg/dL and 10 mg/dL, respectively (8).
Another meta-analysis of 13 clinical trials indicated that diets
supplemented with walnuts were associated with a 13.7% decrease
in LDL cholesterol (46). Because a large body of consistent evi-
dence has supported the beneficial effects of frequent nut intake on
various intermediate mediators of chronic diseases, it is plausible
that nuts protect against IHD, overall CVD, and all-cause mortality.

Heterogeneity was present in our analyses. The heterogeneity
for IHD and stroke were partly explained, and some meaningful

results were obtained in subgroup analyses. For both IHD and
stroke, results were stronger in women than men. These observed
differences may be the result of a different hormonal milieu
between sexes or just due to chance because of limited study. By
IHD type, the result was stronger for fatal IHD than for MI. Data
from Albert et al (25) showed a significant inverse relation be-
tween nut intake and sudden cardiac death but no significant
inverse relation between nut intake and nonsudden IHD death or
nonfatal MI. Separate analyses by stroke type did not show
significant effects for either ischemic or hemorrhagic stroke.
Greater intake of nuts has been associated with improved BP in
a previous meta-analysis (47). If nuts decrease BP, it seems
logical that frequent nut consumption would reduce the incidence
of ischemic stroke. Our nonsignificant finding on ischemic stroke
may have been attributable to the small number of cases in in-
cluded studies, which limited the power of the analysis. In addition,
stroke is a heterogeneous disease that is difficult to accurately

FIGURE 4. Pooled RRs and 95% CIs for IHD, stroke, and CVD. We obtained pooled estimates by using a random-effects model. Dots indicate adjusted
RRs by comparing high with low quantiles or per 7-serving/wk increase in nut intakes; the dashed line indicates no significant association between exposure
and outcome; the diamonds indicate the pooled RRs; the size of the shaded square is proportional to the percentage weight of each study; and horizontal lines
indicate 95% CIs. CVD, cardiovascular disease; IHD, ischemic heart disease; ref, reference; W, women.
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diagnose. Additional studies are warranted to investigate the as-
sociation between the consumption of nuts and ischemic stroke and
investigate the inverse relation between nut intake and stroke in
women.

Long-term, double-blind, randomized controlled trials provide
the best evidence on the effect between nutrients and disease. In
the PREvención con DIeta MEDiterránea (PREDIMED) trial,
Mediterranean diets supplemented with 30 g nuts/d (almonds,
hazelnuts, and walnuts) significantly reduced systolic BP (48),
risk of metabolic syndrome (49), and incidence of diabetes (50)
compared with a low-fat diet. Recently, long-term results from
this trial showed reduced risk of stroke, total CVD, and all-cause
mortality for the group assigned to the Mediterranean diet with
mixed nuts compared with the control group (51).

A recent meta-analysis showed no association between nut
consumption and diabetes (47). However, the results did not
consider models with and without adjustment for BMI. Obesity is
the most-important determinant of type 2 diabetes. Previous
studies have shown that frequent nut consumption is associated
with less weight gain (52). Thus, BMI can be considered a me-
diating variable in the association between nut intake and di-
abetes. The inverse association between walnut consumption and
diabetes risk remained significant even after adjustment for BMI.
Note that walnuts have the highest α-linolenic acid content of all
nuts (53). In addition, Guasch-Ferré et al (22) showed an inverse
relation between walnuts and cancer mortality but not with other
nuts in the PREvención con DIeta MEDiterránea trial and
concluded this effect could be attributable to the rich free and
total polyphenols contents in walnuts compared with other nuts.

More studies are needed to elucidate the effect of different types
of nuts separately on multiple health outcomes. Note the inverse
associations between frequent nut consumption and risk of CVD
and total mortality were not altered substantially after adjust-
ment for BMI.

We included prospective cohort studies with high-quality
scores, large sample sizes, and long-term follow-ups. We con-
ducted several sensitivity analyses to evaluate the robustness of
our findings. In addition, we obtained as much data as possible for
dose-response analyses, which complemented the results from
categorical analyses.

Our meta-analysis had several limitations. First, we may have
overlooked some studies and did not include unpublished or non–
English-language reports. Second, there are many kinds of nuts,
with varying effects on health outcomes. However, we could
only single out walnuts and peanuts. Our findings should be
interpreted as the average associations with different types of
nuts. Third, various preparation and processing methods may
alter the availability of bioactive compounds in nuts (54), but it
is beyond the scope of large epidemiologic studies to assess
these factors in modifying health effects of nuts. Fourth, sig-
nificant heterogeneity was present for the meta-analyses of nut
consumption and mortality. Sources of heterogeneity were not
completely clear, but they might be due to different types and
amounts of nuts consumed in different populations. Finally,
observational studies cannot exclude the effects of some un-
known confounding factors or residual confounding attributable
to other dietary and lifestyle factors because nut eaters tend to
follow a healthy dietary pattern. Therefore, it is difficult to tease

FIGURE 5. Pooled RRs and 95% CIs for all-cause mortality. We obtained pooled estimates by using a random-effects model. Dots indicate adjusted RRs
by comparing high with low quantiles or per a 7-serving/wk increase in nut intakes; the dashed line indicates no significant association between exposure and
outcome; the diamonds indicate the pooled RRs; the size of the shaded square is proportional to the percentage weight of each study; and horizontal lines
indicate 95% CIs. ref, reference; W, women.
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out the independent effects of nut consumption from other di-
etary factors in observational analyses. For this reason, our re-
sults should be interpreted in the context of mechanistic studies
and human intervention studies.

In conclusion, our meta-analysis indicates significant inverse
associations between frequent nut intake and IHD, overall CVD,
and all-cause mortality. These findings support recommendations
to include nuts as part of healthy dietary patterns for the pre-
vention of chronic diseases.
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FB, Mozaffarian D. Omega-3 fatty acids and incident type 2 diabetes:
a systematic review and meta-analysis. Br J Nutr 2012;107(suppl 2):
S214–27.

42. Josse AR, Kendall CW, Augustin LS, Ellis PR, Jenkins DJ. Almonds
and postprandial glycemia–a dose-response study. Metabolism 2007;
56:400–4.

43. Pradhan AD, Ridker PM. Do atherosclerosis and type 2 diabetes share
a common inflammatory basis? Eur Heart J 2002;23:831–4.

44. Ros E. Nuts and novel biomarkers of cardiovascular disease. Am J Clin
Nutr 2009;89:1649S–56S.

268 LUO ET AL



45. Cordain L, Eaton SB, Sebastian A, Mann N, Lindeberg S, Watkins BA,
O’Keefe JH, Brand-Miller J. Origins and evolution of the Western diet:
health implications for the 21st century. Am J Clin Nutr 2005;81:341–54.

46. Banel DK, Hu FB. Effects of walnut consumption on blood lipids and
other cardiovascular risk factors: a meta-analysis and systematic re-
view. Am J Clin Nutr 2009;90:56–63.

47. Guo K, Jiang Y, Zhou Z, Li Y. RETRACTED: Nut consumption with risk
of hypertension and type 2 diabetes mellitus: a meta-analysis of prospective
cohort studies. Eur J Prev Cardiol, (Epub ahead of print 30 August 2013).

48. Estruch R, Martinez-Gonzalez MA, Corella D, Salas-Salvadó J, Ruiz-
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Nut consumption in relation to cardiovascular disease risk and
type 2 diabetes: a systematic review and meta-analysis of
prospective studies1–5

Donghao Zhou, Haibing Yu, Fang He, Kathleen Heather Reilly, Jingling Zhang, Shuangshuang Li, Tao Zhang,
Baozhen Wang, Yuanlin Ding, and Bo Xi

ABSTRACT
Background: Many prospective cohort studies have investigated
the association between nut consumption and risk of coronary artery
disease (CAD), stroke, hypertension, and type 2 diabetes (T2D).
However, results have been inconsistent.
Objective: We aimed to investigate the association between nut
consumption and risk of CAD, stroke, hypertension, and T2D.
Design: PubMed and EMBASE databases were searched up to October
2013. All prospective cohort studies of nut consumption and risk of
CAD, stroke, hypertension, and T2D were included. Summary RRs with
95% CIs were estimated by using a fixed- or random-effects model.
Results: A total of 23 prospective studies (9 studies for CAD, 4 studies
for stroke, 4 studies for hypertension, and 6 studies for T2D) from 19
publications were included in the meta-analysis. There were 179,885
participants and 7236 CAD cases, 182,730 participants and 5669 stroke
cases, 40,102 participants and 12,814 hypertension cases, and 342,213
participants and 14,400 T2D cases. The consumption of each 1 serving
of nuts/d was significantly associated with incident CAD (RR: 0.81;
95% CI: 0.72, 0.91; P < 0.001) and hypertension (RR: 0.66; 95% CI:
0.44, 1.00; P = 0.049). However, there was no association between the
consumption of each 1 serving of nuts/d and risk of stroke (RR: 0.90;
95% CI: 0.71, 1.14) or T2D (RR: 0.80; 95% CI: 0.57, 1.14).
Conclusions: A higher consumption of nuts was associated with
reduced risk of CAD and hypertension but not stroke or T2D. Large
randomized controlled trials are warranted to confirm the observed
associations. Am J Clin Nutr 2014;100:270–7.

INTRODUCTION

Nuts contain a variety of nutrients, including unsaturated fatty
acids, fiber, vitamins E and riboflavin, folate, minerals (potas-
sium, copper, selenium, calcium, and magnesium), and other
bioactive compounds such as phytosterols and polyphenols (1).
Many prospective cohort studies have investigated the associa-
tion between nut consumption and risk of coronary artery disease
(CAD)6 (2–9). In 1992, Fraser et al (2) first reported an inverse
relation between nut consumption and risk of CAD in a pro-
spective study of 31,208 non-Hispanic whites. Since then, many
cohort studies have attempted to replicate this association.
However, results have been inconsistent (3–9). A previous meta-
analysis of 4 cohort studies suggested an average risk reduction
of CAD death by 37% for the highest compared with lowest
amounts of nut consumption and a reduction of 8.3% in risk of

CAD death for each weekly serving of nuts (10). However, 2 of
the included 4 cohort studies have updated the data with a longer
duration of follow-up and more incident cases for each study (6,
7). Furthermore, several additional, large cohort studies have
been published on nut consumption and CAD risk (5, 8, 9).
Thus, a sufficient statistical power has been achieved to further
clarify the association. In addition, a great number of large co-
horts have investigated the association of nut consumption with
stroke (11–13), hypertension (14–17), and type 2 diabetes (T2D)
(18–22). However, these results have also been mixed. Although
one recent meta-analysis assessed the association of nut con-
sumption with risk of hypertension and T2D (23), the article was
later retracted by the authors, and readers cannot access the full
text of the related results again. Thus, it is necessary to further
clarify the association.
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Therefore, in this study, we performed a systematic review and
meta-analysis of prospective cohort studies to clarify the association
of nut consumption with risk of CAD, stroke, hypertension, and T2D.

METHODS

Literature and search strategy

Literature databases including PubMed (http://www.ncbi.nlm.
nih.gov/pubmed) and EMBASE (http://www.elsevier.com/online-
tools/embase) were searched. Search terms were (coronary
disease OR myocardial infarction OR stroke OR hypertension
OR type 2 diabetes) and (nut OR nuts). Reference lists of
retrieved articles were manually searched. The literature search
was limited to the English language. If more than one article was
published that used the same cohort, only the study with the
largest sample size was included. The literature search was
updated on 10 October 2013.

Inclusion criteria and data extraction

Studies included in the meta-analysis met all of the following
inclusion criteria: 1) evaluated the association between nut
consumption and CAD, stroke, hypertension, or T2D; 2) used
a prospective cohort design; and 3) provided the amount of nut
consumption, distributions of cases and person years, and RRs
or HRs with 95% CIs for ≥3 exposure categories. The following
information was extracted from each study: 1) name of the first
author, 2) year of publication, 3) study name, 4) origin of
country, 5) sex of participants, 6) age of the study population at
baseline, 7) follow-up period, 8) number of cases and study
population, 9) endpoints, 10) the amount of nut consumption for
each category, 11) RRs or HRs with 95% CIs for all categories
of nut consumption, and 12) covariates used in adjustments. Two
authors (BX and SL) independently assessed the articles for
compliance with the inclusion and exclusion criteria and re-
solved disagreements through discussion.

The quality of each study was assessed by using the Newcastle-
Ottawa quality scale (24), which is a validated scale for non-
randomized studies in a meta-analysis. This scale was used to assign
a maximum of 9 points for each study. Three broad perspectives
were considered: the selection of the cohorts, comparability of
cohorts; and ascertainment of the exposure and outcome of interest.

Statistical analysis

A fixed-effects (25) or random-effects (26) model, on the basis
of whether there was heterogeneity, was used to calculate pooled
RRs with 95% CIs for highest compared with lowest amounts of
nuts consumption and the dose-response analysis. Heterogeneity
was assessed by using the Q test and I2 statistic (27). The sig-
nificance for the Q test was defined as P < 0.10. The I2 statistic
represents the amount of total variation that could be attributed
to heterogeneity. I2 values >25%, >50%, and >75% indicated
little, moderate, and significant heterogeneity, respectively.

For the dose-response analysis, the method reported by
Greenland et al (28) and Orsini et al (29) was used to calculate
study specific slopes (linear trends) on the basis of results across
categories of nut consumption. We extracted data on the amount
of nut consumption, distributions of cases and person years, and
RRs or HRs with 95% CIs for ≥3 exposure categories. The

median or mean amount of nut consumption in each category
was assigned to the corresponding RR or HR with the 95% CI
for each study. When nut consumption was reported by ranges of
intakes, the midpoint of the range was used. When the highest
category was open ended, we assumed the width of the category
to be the same as the adjacent category. When the lowest cat-
egory was open ended, we set the lower boundary to zero. If
a linear dose-response result was already provided by the in-
cluded study, it was used directly. A potential curvelinear dose-
response relation between nut consumption and risk of CAD,
stroke, hypertension, or T2D was examined by using restricted
cubic splines with 3 knots at percentiles 10%, 50%, and 90% of
the distribution (30). A P value for curvelinearity or nonlinearity
was calculated by testing the null hypothesis that the coefficient
of the second spline was equal to zero.

A meta-regression analysis was performed to identify the
source of heterogeneity (31). A sensitivity analysis after the ex-
clusion of one study at a time was performed to assess the
stability of results. Publication bias was assessed by using Begg’s
(32) and Egger’s (33) tests (P < 0.05 was considered signifi-
cant). The statistical analysis was conducted with STATA ver-
sion 11 software (StataCorp LP).

RESULTS

Characteristics of included prospective studies

After the literature search and selection, a total of 23 pro-
spective studies from 19 publications were included in the meta-
analysis of the association between nut consumption and risk of
CAD, stroke, hypertension, and T2D (Figure 1). Note that 2
publications (2, 34) were excluded because neither study pro-
vided sufficient data for dose-response analyses. The duration of
follow-up ranged from 3.8 to 26 y. For CAD, 3 studies were
from Europe, and 6 studies were from the United States. For
stroke, all 4 studies were from the United States. For hyper-
tension, 3 studies were from the United States and 1 study was
from Spain. For T2D, 5 studies were from the United States and
1 study was from China. Included studies have adjusted for most
important covariates, but some studies did not adjust for energy
intake, BMI, and age. Characteristics of included prospective
studies are listed in Table 1 (also see Supplemental Table 1 under
“Supplemental data” in the online issue).

Association between nut consumption and risk of CAD

Highest compared with lowest intakes

Nine cohort studies from 7 publications, including 179,885
participants and 7236 CAD cases, were included. The highest intake
of nuts was inversely associated with risk of CAD (RR: 0.83; 95%
CI: 0.74, 0.93; see Supplemental Figure 1 under “Supplemental
data” in the online issue) compared with the that of the lowest
intake with modest evidence of heterogeneity (I2 = 59.9%, P =
0.010). After the sensitivity analysis, RRs (95% CIs) ranged from
0.86 (0.77, 0.96) to 0.81 (0.71, 0.91). There was no evidence of
a publication bias (Begg’s test: P = 0.076; Egger’s test: P = 0.142).

Dose-response analysis

We did not find a curvelinear association between nut con-
sumption and risk of CAD (P-nonlinearity > 0.05). The summary
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RR for each 1-serving/d intake was 0.81 (95% CI: 0.72, 0.91;
P < 0.001; Figure 2) with modest evidence of heterogeneity
(I2 = 56.8%, P = 0.018). A sensitivity analysis was performed
after the exclusion of one study at a time. Summary RRs (95%
CIs) ranged from 0.84 (0.74, 0.94) to 0.78 (0.69, 0.89). No
publication bias was detected by using Begg’s (P = 0.251) or
Egger’s (P = 0.141) test.

Association between nut consumption and risk of stroke

Highest compared with lowest intakes

Four cohort studies from 3 publications, 182,730 participants,
and 5669 stroke cases were included. There was no association
between nut intake and risk of stroke (highest compared with
lowest categories: RR, 0.87; 95% CI, 0.74, 1.03; see Supple-
mental Figure 2 under “Supplemental data” in the online issue),
with no evidence of heterogeneity (I2 = 15.0%, P = 0.317).
There was no evidence of a publication bias (Begg’s test:
P = 0.734; Egger’s test: P = 0.550).

Dose-response analysis

We showed no evidence of a curvelinear association between
nut consumption and risk of stroke (P-nonlinearity > 0.05).
There was no significant association between higher nut con-
sumption and risk of stroke [RR: 0.90 (95% CI: 0.71, 1.14) for

each 1-serving/d consumption, Figure 3) with modest evidence
of heterogeneity (I2 = 49.6%, P = 0.114). No publication bias
was detected by using Begg’s (P = 0.308) or Egger’s (P =
0.273) test. We did not perform additional subgroup analyses by
the type of stroke (hemorrhagic compared with ischemic) be-
cause there were only a few stroke studies.

Association between nut consumption and risk of
hypertension

Highest compared with lowest intakes

Four cohort studies from 4 publications, including 40,102
participants and 12,814 hypertension cases, were included. The
highest intake of nuts was inversely associated with risk of
hypertension (RR: 0.85; 95% CI: 0.79, 0.92; see Supplemental
Figure 3 under “Supplemental data” in the online issue) com-
pared with that for the lowest intake with no evidence of het-
erogeneity (I2 = 0.0%, P = 0.927). After the sensitivity analysis,
RRs (95% CIs) ranged from 0.86 (0.79, 0.94) to 0.84 (0.76,
0.93). There was no evidence of a publication bias (Begg’s test:
P = 0.734; Egger’s test: P = 0.537).

Dose-response analysis

We showed no evidence of a curvelinear association between
nut consumption and risk of hypertension (P-nonlinearity > 0.05).
The summary RR for each 1-serving/d intake was 0.66 (95% CI:
0.44, 1.00; P = 0.049; Figure 4) with evidence of heterogeneity (I2

= 75.9%, P = 0.006). A sensitivity analysis was performed after
the exclusion one study at a time. Summary RRs (95% CIs) ranged
from 0.67 (0.38, 1.17) to 0.55 (0.38, 0.82). No publication bias was
detected by using Begg’s (P = 0.734) or Egger’s (P = 0.195) test.

Association between nut consumption and risk of T2D

Highest compared with lowest intakes

Six cohort studies from 5 publications, including 342,213
participants and 14,400 T2D cases, were included. The highest
intake of nuts was not associated with risk of T2D (RR: 0.92; 95%
CI: 0.78, 1.09; see Supplemental Figure 4 under “Supplemental
data” in the online issue) compared with that for the lowest
intake with high evidence of heterogeneity (I2 = 78.7%, P <
0.001). There was no evidence of a publication bias (Begg’s test:
P = 1.000, Egger’s test: P = 0.806).

Dose-response analysis

We showed no evidence of a curvelinear association between nut
consumption and risk of T2D (P-nonlinearity > 0.05). There was
no significant association between higher nut consumption and
risk of T2D (for each 1-serving/d consumption: RR: 0.80 (95% CI:
0.57, 1.14); P = 0.217; Figure 5) with significant evidence of
heterogeneity (I2 = 87.1%, P < 0.001). No publication bias was
detected by using Begg’s (P = 0.707) or Egger’s (P = 0.697) test.

Potential between-study heterogeneity

Because there was evidence of between-study heterogeneity
for CAD, stroke, and T2D, a meta-regression was performed to
examine the source of heterogeneity. The introduced independent
variables included the publication year, subtype endpoint, sex of
participants, duration of follow-up, and quality score of studies.

FIGURE 1. Flowchart of publications included in the systematic review.
PubMed: http://www.ncbi.nlm.nih.gov/pubmed; EMBASE: http://www.
elsevier.com/online-tools/embase. CAD, coronary artery disease; CVD, car-
diovascular disease.
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However, none of these variables were identified as the source of
heterogeneity for all 4 outcomes (all P > 0.05).

DISCUSSION

The current meta-analysis supported an inverse association
between nut consumption and risk of CAD and hypertension, but
we did not show any significant association between nut con-
sumption and risk of stroke or T2D.

Comparison with other studies

A previous meta-analysis that consisted of 4 cohort studies
suggested that individuals who consume nuts ≥4 times/wk had
a 37% reduction in risk of CAD in comparison with individuals
who consumed nuts seldom or never with an average reduction
of 8.3% for each weekly serving of nuts (10). In the current
meta-analysis, we calculated summary RR with 95% CIs for
each 1-serving/d increment of nut consumption. Our dose-
response meta-analysis suggested a 19% average risk reduction

FIGURE 3. Meta-analysis of nut consumption with risk of stroke (for 1-serving/d increment). Size of the symbol is proportional to inverse of variance of
RR; the horizontal line represents 95% CI. HPS, Health Professionals Study; ID, identifier; NHS, Nurses’ Health Study.

FIGURE 2. Meta-analysis of nut consumption with risk of coronary heart disease (for 1-serving/d increment). Size of the symbol is proportional to inverse
of variance of RR; the horizontal line represents 95% CI. CAD, coronary artery disease; ID, identifier; MI, myocardial infarction.
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of CAD for each 1-serving/d consumption of nuts. In other
words, our findings confirmed the beneficial effect of nut con-
sumption on risk of CAD. In addition, the inverse association
between nut consumption and hypertension was also observed.
Note that the study by Djoussé et al (15) accounted for the
largest proportion in weights of all 4 studies (35.15%). However,
after the exclusion of the study in the sensitivity analysis, the
inverse association remained, which suggested the stability of the
result. For stroke, although only 4 cohort studies were identified,
the numbers of participants and incident stroke cases were

182,730 and 5669, respectively. Therefore, the null significant
association of nut consumption with risk of stroke could not be
attributed to the statistical power, and the possible reasons need
additional investigation. It was also surprising to us that nut
consumption was not shown to be significantly associated with
T2D, although an inverse trend was observed. Because there was
significant heterogeneity between studies, the pooled negative
result should be interpreted with caution.

More recently, 2 large cohort studies (35, 36) showed that an
increased frequency of nut consumption was associated with

FIGURE 5. Meta-analysis of nut consumption with risk of type 2 diabetes (for 1-serving/d increment). Size of the symbol is proportional to inverse of
variance of RR; the horizontal line represents 95% CI. ID, identifier.

FIGURE 4. Meta-analysis of nut consumption with risk of hypertension (for 1-serving/d increment). Size of the symbol is proportional to inverse of
variance of RR; the horizontal line represents 95% CI. ID, identifier.
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significantly reduced risk of all-cause mortality, although the
significant association did not persist in some cause-specific
mortality groups in one study (35). In the Prevención con Dieta
Mediterránea (PREDIMED) nutrition intervention trial (median
follow-up: 4.8 y), a total of 7216 participants aged 55–80 y were
randomly assigned to 1 of 3 interventions (Mediterranean diets
supplemented with nuts or olive oil and a control diet). The
multivariable-adjusted HR of main cardiovascular events was
0.72 (95% CI: 0.54, 0.96) for the group assigned to a Mediter-
ranean diet with nuts compared with the control group (37). An
additional analysis showed that the Mediterranean diet with nuts
was only protective against the development of stroke but not
myocardial infarction or deaths from CVDs (37). However, our
findings in the current meta-analysis suggested that nut intake
was not inversely associated with risk of stroke, but it was
beneficial to CAD. This difference was not surprising to us
because the PREDIMED trial was not powered for individual
outcomes of the composite endpoint. The potential explanation
was unknown. In the PREDIMED trial cohort, considered as
a longitudinal study, individuals who consumed nuts ≥1 times/wk
had significantly lower cardiovascular mortality than did in-
dividuals who never ate nuts (36). In addition, the Mediterranean
diet enriched with nuts showed a beneficial effect on risk of T2D
compared with for the control group in the PREDIMED nutri-
tion intervention trial (RR: 0.48; 95% CI: 0.24, 0.96) (38).
However, in our current meta-analysis, we did not show the
protective effect of nuts on T2D. Additional large-scale ran-
domized controlled trials are necessary to validate the findings
of the PREDIMED nutrition intervention trial.

Potential mechanisms

It has been well established that nuts are rich in MUFAs,
PUFAs, fiber, minerals, vitamins, and many bioactive com-
pounds. These healthy nutritional components contained in nuts
may explain the inverse association with CAD and hyper-
tension. The possible mechanisms include improving the blood
lipid profile, decreasing insulin resistance, and modulating
inflammation, oxidative stress, and endothelial function. For
instance, in a cohort of participants at high risk of CAD, nut
consumption was inversely associated with vascular cell adhesion
molecule-1, intracellular adhesion molecule-1, C-reactive pro-
tein, and IL-6 serum concentrations, although this association
was only significant for intracellular adhesion molecule-1 (39). In
a clinical trial, a healthy diet supplemented with nuts decreased
the insulin response by 22% from the initial value, and the re-
sponse was significantly different from that of the control group
(40). Additional experimental studies and clinical trials are
necessary to clarify the mechanisms on protective effect of nut
consumption on CAD and hypertension.

Strengths and limitations

The main strength of the current study was that the long
duration of follow-up, high follow-up rate, and large number of
participants in included studies provided sufficient power to
detect the association. However, several limitations should be
considered. First, because of the observational nature of the
cohort study, the effect of unmeasured or residual confounding on
the observed findings could not be ruled out. Second, most in-

cluded studies did not provide data on types of nuts consumed and
their preparation including salted, spiced, roasted, or raw nuts.
Thus, we are unable to examine the influence of types of nuts or
preparation methods on outcomes. Third, the majority of studies
used the nut consumption at baseline as the dietary exposure.
However, during the follow-up period, some individuals might
have changed their diet habits. Thus, the misclassification of
exposure might have biased the results. This possibility may help
explain the null association with stroke or T2D but could not
explain the significant results for CAD or hypertension because
a misclassification is expected to bias the results toward the null.
In a previous study, a diet rich in unsaturated fat that is the main
component of nuts had a large beneficial effect on blood pressure
and serum lipids (41). Fourth, there was evidence of between-
study heterogeneity for CAD, stroke, and T2D. Although a
meta-regression model was applied to examine the source of
heterogeneity for these diseases, none of the introduced variables
could explain the heterogeneity, which suggested other unknown
factors might have confounded these associations. Fifth, included
studies adjusted for important covariates (see Table S1 under
“Supplemental data” in the online issue) but not all studies ad-
justed for all covariates. For example, some but not all studies
adjusted for energy intake, BMI, and age. Thus, the combined
results should be interpreted with caution.

In conclusion, our meta-analysis suggests a dose-response
association between nut consumption and decreased risk of CAD
and hypertension. The results do not support any significant
association between nut consumption and risk of stroke or T2D.
Large random controlled trials are warranted to confirm the
observed association.
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39. Salas-Salvadó J, Garcia-Arellano A, Estruch R, Marquez-Sandoval F,
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Consumption of nuts and legumes and risk of incident ischemic
heart disease, stroke, and diabetes: a systematic review and
meta-analysis1–4

Ashkan Afshin, Renata Micha, Shahab Khatibzadeh, and Dariush Mozaffarian

ABSTRACT
Background: Relations between the consumption of nuts and le-
gumes and risk of ischemic heart disease (IHD), stroke, and diabetes
have not been well established.
Objective: We systematically investigated and quantified associa-
tions of nut and legume consumption with incident IHD, stroke, and
diabetes.
Design: We systematically searched multiple databases to identify
randomized controlled trials or observational studies that examined
the relations. Studies were excluded if they reported only inter-
mediate physiologic measures, soft cardiovascular outcomes, or
crude risk estimates. Data were extracted independently and in
duplicate. We assessed pooled dose-response relations by using a
generalized least-squares trend estimation, and prespecified sources of
heterogeneity were assessed by using metaregression. The potential for
publication bias was explored by using funnel plots, Begg’s and
Egger’s tests, and Duval and Tweedie trim-and-fill methods.
Results: Of 3851 abstracts, 25 observational studies (23 prospective
and 2 retrospective studies) and 2 trial reports met inclusion criteria
and comprised 501,791 unique individuals and 11,869 IHD, 8244
stroke, and 14,449 diabetes events. The consumption of nuts was
inversely associated with fatal IHD (6 studies; 6749 events; RR per
4 weekly 28.4-g servings: 0.76; 95% CI: 0.69, 0.84; I2 = 28%),
nonfatal IHD (4 studies; 2101 events; RR: 0.78; 0.67, 0.92; I2 =
0%), and diabetes (6 studies; 13,308 events; RR: 0.87; 0.81,0.94;
I2 = 22%) but not stroke (4 studies; 5544 events). Legume consump-
tion was inversely associated with total IHD (5 studies; 6514 events;
RR per 4 weekly 100-g servings: 0.86; 0.78, 0.94; I2 = 0%) but not
significantly associated with stroke (6 studies; 6690 events) or di-
abetes (2 studies; 2746 events). A meta-regression did not identify
the effect modification by age, duration of follow-up, study location,
or study quality. Mixed evidence was seen for publication bias, but
analyses by using the Duval and Tweedie trim-and-fill method did
not appreciably alter results.
Conclusion: This systematic review supports inverse associations
between eating nuts and incident IHD and diabetes and eating legumes and
incident IHD. Am J Clin Nutr 2014;100:278–88.

INTRODUCTION

Although nuts and legumes (beans) have nutrient profiles that
may reduce cardiometabolic risk, their associations with major
clinical cardiometabolic endpoints have not been well established
(1, 2). Nuts are rich in unsaturated fatty acids, plant protein,

dietary fiber, antioxidant vitamins (eg, vitamin E and tocoph-
erols), minerals (eg, magnesium and potassium), and phyto-
chemicals (eg, flavonoids). Legumes are rich in protein, complex
carbohydrates, fiber, and various micronutrients (eg, phyto-
chemicals) (1). Controlled trials have shown beneficial effects of
the consumption of nuts and legumes on cardiovascular disease
(CVD)5 risk factors (1), and a recent trial in high risk adults
showed that advice to consume a Mediterranean diet supple-
mented with nuts significantly reduced CVD events ~30% (3).
However, to our knowledge, only one previous meta-analysis
has reviewed the relation between nut consumption and ische-
mic heart disease (IHD) and showed an inverse relation with
fatal (but not nonfatal or total) IHD (4), and relations of nut or
legume consumption with other cardiometabolic endpoints such
as stroke or type 2 diabetes have not been systematically re-
viewed. Furthermore, the previous meta-analysis (4) included
only 4 studies, did not use most–covariate-adjusted risk esti-
mates from each study, and did not assess the potential dose-
response relation. To address these key gaps in knowledge, we
performed a systematic review and meta-analysis of associations
between nut and legume intakes and incident IHD, stroke, and
diabetes.
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METHODS

We followed the Meta-analysis of Observational Studies in
Epidemiology (5) guidelines for observational studies and Pre-
ferred Reporting Items for Systematic reviews and Meta-Analyses
(6) guidelines for randomized control trials during all stages of
design, implementation, and reporting of this meta-analysis.

Primary exposures and outcomes

Primary exposures of interest were the consumption of nuts,
which was defined as intake of tree nuts (eg, walnut, almond,
hazelnuts, pecan, cashew, and pistachio) and peanuts (including
peanut butter), and legumes, which was defined as intake of
beans, peas, lentil, and tofu, with the exclusion of studies focused
on soy, soy milk, or soybean oil. Primary outcomes of interest
were incident IHD, stroke, and type 2 diabetes. Subtypes of IHD
and stroke were further evaluated including fatal and nonfatal
IHD and ischemic and hemorrhagic strokes.

Search strategy

We searched multiple databases including PubMed (www.ncbi.
nlm.nih.gov/pubmed), Ovid (www.ovid.com), the Cochrane Library
(www.thecochranelibrary.com), the Web of Science (www.wokinfo.
com), Cumulative Index to Nursing and Allied Health Literature
(www.ebscohost.com/biomedical-libraries/the-cinahl-database), Fac-
ulty of 1000 (www.f1000.com), and Gray Literature sources (www.
opengrey.eu). In addition, of full-text articles selected for review, we
hand searched citation lists and performed additional electronic
searches of the first 20 related articles on PubMed. We also directly
contacted experts to identify recently published or potentially un-
published studies. Searches of databases were conducted through 25
December 2013. Search terms included nut, seeds, almond, pecan,
cashew, pistachio, macadamia, legume, bean, soybeans, lentil, peas,
peanut, Mediterranean diet, cardiovascular disease, heart disease,
myocardial infarction, heart attack, sudden death, stroke, cerebro-
vascular accident, and diabetes; see supplemental text under “Sup-
plemental data” in the online issue for full search terms. Titles and
abstracts of all identified articles were screened by one investigator;
full-texts of potentially relevant articles were assessed for eligibility
independently and in duplicate by 2 investigators.

Study selection

Inclusion criteria

We included all randomized controlled trials (RCTs), pro-
spective cohorts, or case-control studies that evaluated nut or
legume consumption and risk of IHD, stroke, or diabetes in
generally healthy adults. Studies were included if they provided
corresponding multivariable-adjusted risk estimates such as RRs,
HRs, or ORs with corresponding data to calculate the variance.

Exclusion criteria

We excluded studies with concomitant major interventions that
could not be separated from nut or legume consumption. Studies
were also excluded if they only reported soft CVD outcomes (eg,
angina) or intermediate risk factors (eg, blood lipids, insulin re-
sistance, or metabolic syndrome), only providing crude (un-
adjusted) risk estimates if observational, focused on comparing
vegetarians with nonvegetarians, or had a follow-up duration

<3 mo. When duplicate publications from the same study were
identified, we included the report that included the largest number
of cases for each endpoint of interest. We excluded commentaries,
reviews, and case reports after reviewing their related articles and
citation lists for relevant original investigations.

Data extraction

Data were extracted by using a standardized electronic format
independently and in duplicate by 2 investigators. Information
included the first author name, contact information, publication
year, study name, location, design, population (age, sex, race, and
sample size), duration of follow-up, exposure definition, exposure
assessment, exposure categories, dose in each category, outcome
definition, outcome ascertainment, statistical analysis method,
and covariates. Also, for each exposure category, we collected
data on the median exposure, number of participants, person-
years, number of events, and risk estimate and its corresponding
uncertainty. For nuts, analyses were standardized to 4 weekly
servings [28.4 g (1 oz)/serving (7)] on the basis of intakes as-
sociated with lowest risk in observational studies (8) and dietary
targets set by advocacy organization (9). For consistency, anal-
yses for legumes were also standardized to 4 weekly servings
[100 g/serving (7)]. Differences in data extraction between in-
vestigators were unusual and were resolved by consensus.

Quality assessment

We assessed study quality on the basis of 5 criteria including
the appropriateness and reporting of inclusion and exclusion
criteria, assessment of exposure, assessment of outcome, control
of confounding, and evidence of bias as previously reported (10).
Each study received a score of zero or one (one being better) for
each criterion, and an overall quality score was calculated as the
sum of individual scores. For descriptive purposes, quality scores
from 0 to 3 were generally considered lower quality, and scores
from 4 to 5 were considered higher quality.

Statistical analysis

To maximize the use of information across all categories of
exposure in each study, we conducted dose-response meta-analyses
by using the 2-step generalized least-squares trend model (11, 12).
Study-specific dose-response risk estimates were computed from
the ln of risk estimates across categories of nut and legume intakes,
with the consumption level in each category accounted for; and
these study-specific risk estimates were pooled to derive an overall
risk estimate. HRs and ORs were considered approximations of
RRs. For each category of exposure, required inputs were the
multivariable-adjusted risk estimate, its corresponding SE, person-
years of follow-up (for RCTs and prospective cohorts) or number of
subjects (for case-control studies), median exposure, and number of
cases. When only sex-stratified results were reported by a study,
these estimates were first pooled within each study by using the
2-step generalized least-squares trend method to derive the overall
study-specific risk estimate. Analyses were performed by using
random-effects inverse-variance weights. We compared these
findings to fixed-effects inverse-variance weights in sensitivity
analyses.

The between-study heterogeneity was assessed by using
Cochran’s Q and the I2 statistic. I2 values of 25%, 50%, and 75%
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were considered to represent low, moderate, and high heteroge-
neity, respectively (13). Potential explanatory sources of hetero-
geneity were explored by using meta-regression including age
(continuous; and categorical <50 compared with ≥50 y), follow-
up duration (continuous), study location (United States compared
with non–United States), and study-quality score (continuous).
Publication bias was assessed statistically by using Egger’s
and Begg’s tests (14) and visual inspection of funnel plots.
The influence of a potential publication bias on findings was
explored by using the Duval and Tweedie trim-and-fill pro-
cedure (15). Analyses were conducted with STATA 13.0 soft-
ware (StataCorp).

RESULTS

Of 3851 articles identified, 27 studies met inclusion and ex-
clusion criteria (Figure 1), including 2 RCT reports, 23 pro-
spective cohort reports, and 2 retrospective case-control studies.
These represented one unique trial, 13 unique prospective cohorts,
and 2 unique retrospective case-control studies that comprised

501,791 unique participants. The weighted mean (±SD) age of
populations was 53.4 ± 4.0 y, with a weighted mean follow-up
of 13.1 ± 6.3 y (Tables 1 and 2). Sixteen studies were from
North America, 8 studies were from Europe, and 3 studies were
from Asia. Median intakes of nuts across categories within each
study ranged from 0 to 213 g/wk and of legumes from 0 to
938 g/wk. Nearly all studies adjusted for major potential con-
founders including age, sex, tobacco use, physical activity,
alcohol intake, and intakes of saturated fat, trans fat, fiber,
vegetables, and fruit. Several studies also adjusted for factors
that could be either confounders or intermediates in the causal
pathway (eg, blood pressure and hypercholesterolemia) (16–21);
such adjustment could inappropriately attenuate observed risk
estimates. Nearly all studies received a high-quality score (≥4).

Nut consumption and cardiometabolic endpoints

Five prospective cohorts and one RCT evaluated the relation of
nut intake with fatal IHD (206,114 participants; 6749 events), and
3 prospective cohorts and one RCT assessed nut intake and

FIGURE 1. Screening and selection process of studies evaluating the consumption of nuts or legumes and incidence of ischemic heart disease, stroke, or
diabetes. CVD, cardiovascular disease.
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nonfatal IHD (141,390 participants; 2101 events) (Figure 2, A
and B). Pooling all studies, 4 weekly 28.4-g servings of nuts
were associated with 24% lower risk of fatal IHD (RR: 0.76;
95% CI: 0.69, 0.84) and 22% lower risk of nonfatal IHD (RR:
0.78; 95% CI: 0.67, 0.92).

Three prospective cohorts and one RCT study reported on nut
consumption and stroke (155,685 participants; 5544 events).
When we pooled these studies, nut intake was not significantly
associated with total stroke (RR: 0.89; 95% CI: 0.74, 1.05)
(Figure 2C) or stroke subtypes (see Supplemental Figure 1, A
and B, under “Supplemental data” in the online issue). In 5
prospective cohorts and one RCT that assessed nut intake and
incident diabetes (230,216 participants; 13,308 events), an in-
verse association with risk was seen (per 4 weekly servings, RR:
0.87; 95% CI: 0.81, 0.94) (Figure 2D).

All findings were similar with a fixed-effects inverse-variance
weighting. For example, 4 weekly servings of nuts was associated
with 22% lower risk of fatal IHD (95% CI: 16%, 27%), 22%
lower risk of nonfatal IHD (95% CI: 8%, 33%), and 12% lower
risk of diabetes (95% CI: 7%, 17%) and was not associated with
total stroke (RR: 0.95; 95% CI: 0.87, 1.03).

Legume consumption and cardiometabolic endpoints

When 5 prospective cohorts (198,904 participants; 6514 events)
were pooled, 4 weekly 100-g servings of legumes was associated
with 14% lower risk of total IHD (RR: 0.86; 95% CI: 0.78, 0.94)
(Figure 3A). Six prospective cohorts evaluated legume con-
sumption and stroke (254,628 participants; 6690 events). Pooling
all studies, legume intake was not significantly associated with
total stroke (RR: 0.98; 95% CI: 0.84, 1.14) (Figure 3B) or stroke
subtypes (see Supplemental Figure 2, A and B, under “Supple-
mental data” in the online issue). Two prospective cohorts re-
ported on legume consumption and incident diabetes (100,179
participants; 2746 events) (Figure 3C). When these studies were
pooled, legume consumption was not significantly associated with
incident diabetes (RR: 0.78; 95% CI: 0.50, 1.24).

Findings with fixed-effects inverse-variance weighting were
similar for IHD (RR: 0.86; 95% CI: 0.78, 0.94) and stroke (RR:
1.00; 95% CI: 0.90, 1.12). In contrast, with fixed-effects inverse-
variance weighting, legume consumption was inversely associ-
ated with diabetes (RR: 0.79; 95% CI: 0.71, 0.87).

Evaluation of heterogeneity

For several diet-disease relations, at least a moderate statistical
heterogeneity was evident (Figures 2 and 3). However, no sta-
tistically significant source of heterogeneity was identified in
a meta-regression analysis of age, follow-up duration, study
location, and study-quality score (P > 0.05 for each).

Publication bias

The visual inspection of funnel plots (see Supplemental Figure 3
under “Supplemental data” in the online issue) and Begg’s and
Egger’s tests provided mixed evidence for a publication bias to-
ward small, protective studies for the relation of nut consumption
with fatal IHD (Begg’s P = 0.260, Eggers’s P = 0.059) and total
stroke (Begg’s P = 0.089, Eggers’s P = 0.006) and legume con-
sumption with total stroke (Begg’s P = 0.06, Eggers’s P = 0.009).
When we explored the influence of a potential publication biasT
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TABLE 2

Characteristics of the participants and quality scores of the identified studies1

First author (year

of publication) (ref) Population

Age

range

Sample

size

Follow-

up

Person-

years

No. of

events

Degree of

covariate

adjustment

Quality

score

y y

Nuts

IHD

Albert (2002) (17) US male physicians 40–84 21,454 17 366,751 1603 +++ 5

Bao (2013) (22) US female registered nurses 34–59 76,464 30 2,135,482 2208 +++ 5

US male health care professionals 40–75 42,498 24 903,371 2698 +++ 5

Bernstein (2010) (23) US female registered nurses 30–55 84,136 26 2,050,071 3162 +++ 5

Estruch (2013) (3) Adults at high risk of CVD in Spain 55–80 7447 4.8 31,980 106 ++ 5

Fraser (1992) (24) US non-Hispanic white Adventists

in California

25+ 26,473 6 158,838 463 ++ 5

Hu (1998) (16) US female registered nurses 34–59 86,016 14 1,132,229 1255 +++ 5

Blomhoff (2006) (25) US postmenopausal women in Iowa 55–69 31,778 15 472,354 948 +++ 5

Stroke

Bao (2013) (22) US female registered nurses 34–59 76,464 30 2,135,482 878 +++ 5

US male health care professionals 40–75 42,498 24 903,371 687 +++ 5

Bernstein (2012) (26) US female registered nurses 30–55 84,010 26 2,041,679 2633 +++ 5

US male health care professionals 40–75 43,150 22 833,660 1397 +++ 5

Djoussé (2010) (27) US male physicians 40–86 21,078 21.1 455,246 1424 +++ 5

Estruch (2013) (3) Adults at high risk of CVD in Spain 55–80 7447 4.8 31,980 139 ++ 5

He (2003) (28) US male health care professionals 40–75 43,732 14 612,248 578 +++ 5

Diabetes

Jiang (2002) (29) US female registered nurses 34–59 83,818 16 1,283,547 3206 +++ 5

Kochar (2010) (30) US male physicians 40–87 20,224 19.2 388,301 1828 +++ 5

Montonen (2005) (31) Finnish men and women 40–69 4304 23 98,992 383 ++ 4

Pan (2013) (32) US female registered nurses 52–77 58,063 10 1,164,248 5121 +++ 5

US female registered nurses 35–52 79,893 10 1,599,667 4098 +++ 5

Salas-Salvadó (2014) (33) Adults at high risk of CVD in Spain 55–80 3541 4 14,173 273 ++ 5

Villegas (2008) (34) Chinese women residing in Shanghai 40–70 64,191 4.6 297,744 1605 +++ 5

Legumes

IHD

Bazzano (2001) (21) US NHANES I participants 25–74 9632 19 159,599 1802 +++ 5

Bernstein (2010) (23) US female registered nurses 34–59 84,136 26 2,050,071 3162 +++ 5

Buckland (2009) (35) Healthy volunteers living in Spain 29–69 40,757 10.4 423, 873 606 ++ 4

Dilis(2012) (36) Adults with no CVD or cancer in Greece 20–86 23,929 10 229,894 636 +++ 5

Kabagambe (2005) (37) Hispanic Americans in the central valley

of Costa Rica

— 4238 — — 2119 +++ 3

Kelemen (2005) (38) US postmenopausal women in Iowa 55–69 29,017 17 475,755 739 +++ 4

Kokubo (2007) (19) Japanese men and women 40–59 40,450 12.5 503,998 308 +++ 5

Martı́nez-González

(2002) (18)

Spanish male or female admitted to

hospitals of Pamplona

— 342 — — 171 +++ 3

Nagura (2009) (39) Japanese men and women who

participated in

municipal health screening

examinations

40–79 59,485 12.7 756,054 452 +++ 5

Stroke

Bernstein (2012) (26) US female registered nurses 34–59 84,010 26 2,041,679 633 +++ 5

US male health care professionals 40–75 43,150 22 833,660 1397 +++ 5

Kokubo (2007) (19) Japanese men and women 40–59 40,450 12.5 503,998 578 +++ 5

Misirli (2012) (40) Adults with no CVD or cancer in Greece 20–86 23,601 10.6 227,448 395 +++ 5

Mizrahi (2009) (20) Finnish men and women 40–74 3932 24 94,368 625 ++ 4

Nagura (2009) (39) Japanese men and women who

participated in municipal health

screening examinations

40–79 59,485 12.7 756,054 1053 +++ 5

Diabetes

Meyer (2000) (41) US postmenopausal women in Iowa 55–69 35,988 6 202,673 1141 ++ 4

Villegas (2008) (34) Chinese women residing in Shanghai 40–70 64,191 4.6 297,744 1605 +++ 5

1 Degrees of adjustment for confounders were as follows: sociodemographics (+), sociodemographics plus either other risk factors or dietary variables (++), and

sociodemographics plus other risk factors and dietary variables (+++). For quality scores, a quality assessment was performed by a review of the study design,

including inclusion and exclusion criteria, assessment of exposure, assessment of outcome, control of confounding, and evidence of bias. Each criterion of the 5

quality criteria was evaluated and scored on an integer scale (zero or one, with one being better) and summed; quality scores from 0 to 3 were considered lower

quality, and quality scores from 4 to 5 were considered higher quality. CVD, cardiovascular disease; IHD, ischemic heart disease; ref, reference.
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using the trim-and-fill method, findings were generally similar
with inverse associations of nut consumption with fatal IHD and
no significant association of nut consumption or legume con-

sumption with total stroke (see Supplemental Figure 4 under
“Supplemental data” in the online issue). Evidence of a publica-
tion bias was not seen for studies that examined nut consumption

FIGURE 2. Nut consumption and risk of cardiometabolic endpoints. Nut intake and risk of fatal IHD (A), nonfatal IHD (B), stroke (C), and diabetes (D). The
figure shows pooled estimates (dashed line) and 95% CIs (open diamond) of risk per 4 weekly servings (28.4 g) of nuts (left) and plots of pooled (solid black lines)
and study-specific (solid gray lines) RRs (right). AHS, The Adventist Health Study; CHD, coronary heart disease; FMCHES, Finnish Mobile Clinic Health
Examination Survey; HPFS, Health Professionals Follow-Up Study; IHD, ischemic heart disase; IWHS, Iowa Women’s Health Study; NHS, Nurses’ Health Study;
PHS, Physicians’ Health Study; PREDIMED, Prevencion con Dieta Mediterranea; ref, reference; SWHS, Shanghai Women’s Health Study.
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and nonfatal IHD or diabetes or legume consumption and total
IHD or diabetes. However, such testing could have had limited
power in the setting of relatively few studies.

DISCUSSION

For the first time to our knowledge, we systematically
reviewed the relations between consumption of nuts and legumes
and incidence of IHD, stroke, and diabetes. Our investigation
identified 27 studies that included 501,791 unique individuals

from 3 continents, including 11,869 IHD, 8244 stroke, and
14,449 diabetes events. We showed that 4 weekly 28-g servings
of nuts were associated with 24% lower risk of fatal IHD, 22%
lower risk of nonfatal IHD, and 13% lower risk of diabetes. Also,
the consumption of 4 weekly 100-g servings of legumes was
associated with 14% lower risk of IHD. Conversely, neither nut or
legume intake was significantly associated with incident stroke,
and legume consumption was not significantly associated with
incident diabetes, although each assessment was based on rel-
atively few studies.

FIGURE 3. Legume intake and risk of cardiometabolic endpoints. Legume intake and risk of total IHD (A), stroke (B), and diabetes (C). In each panel, the left
figure shows the pooled estimates (dashed line) and 95% CIs (open diamond) of the risk per 4 weekly servings (100 g) of legumes, and the right figure shows the plot
of the pooled (solid black line) and study-specific (solid gray lines) RRs. EPIC-G, European Prospective Investigation into Cancer and Nutrition-Greece; EPICH,
European Prospective Investigation into Cancer and Nutrition-Heart; FMCHES, Finnish Mobile Clinic Health Examination Survey; HPFS, Health Professionals
Follow-Up Study; IHD, ischemic heart disease; IWHS, Iowa Women’s Health Study; JACC, Japan Collaborative Cohort Study; JPHC, The Japan Public Health
Center–Based Study; NHEFS, NHANES Epidemiologic Follow-up Study; NHS, Nurses’ Health Study; ref, reference; SWHS, Shanghai Women’s Health Study.
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Most findings were robust to the choice of random- or fixed-effects
weights and fill-and-trim methods to explore the potential influence
of a publication bias. The exception was legume consumption and
diabetes risk, for which results varied on the basis of weight;
therefore, significant fixed-effects findings, which were derived from
only 2 studies, should be interpreted with caution. Otherwise, each
pooled analysis included hundreds of thousands of participants and
thousands of clinical events. Thus, our study represents the most
complete available evidence to-date on how intakes of these foods
relate to the incidence of major cardiometabolic events.

Cardiovascular and metabolic benefits of nut consumption have
been supported by several lines of evidence. Nuts contain many
healthful components including unsaturated fatty acids, vege-
table proteins, fiber, folate, minerals, antioxidants, and phyto-
chemicals, which, in isolation or as part of enriched foods,
improve cardiometabolic risk factors (42–45). For example, in
a pooled analysis of 25 controlled trials, daily nut consumption
reduced the total cholesterol concentrations by 10.9 mg/dL, the
LDL-cholesterol concentration by 10.2 mg/dL, the LDL-to-
HDL ratio by 0.22, and the total-to-HDL ratio by 0.24 (46). The
consumption of nuts has also reduced triglycerides in subjects
with high baseline concentrations (>150 mg/dL) (46). Further-
more, a recent meta-analysis of 8 controlled feeding trials
showed that nut consumption lowered systolic blood pressure
(－2.25 mm Hg; 95% CI: －4.22, －0.28 mm Hg) and mean
blood pressure (－0.75 mm Hg; 95% CI: －1.44, －0.06 mm Hg)
(45). The consumption of nuts may also improve the antioxidant
capacity and reduce systemic inflammation (47). In addition,
low carbohydrate and high unsaturated fat contents of nuts
produce lower postprandial glucose and insulin responses when
consumed alone or in combination with carbohydrate-rich foods
(48, 49). Nuts are also a rich source of magnesium, which may
have antiarrhythmic effects (50). Notably, although nuts are
relatively calorie-dense (20–30 kJ/g) because of their higher
total fat content (46–76%), nut consumption has been associated
with less adiposity in observational studies (51) and did not con-
tribute to weight gain in trials (47, 51). In sum, improvements in
CVD risk factors in trials, benefits of a nut-focused dietary in-
tervention rich in the Prevencion con Dieta Mediterranea
(PREDIMED) trial (3), and our current results together provide
compelling evidence that nut consumption is cardioprotective.

Like nuts, legumes contain multiple bioactive constituents that
could improve cardiometabolic health, including fiber, folate, and
phytochemicals (52). In a meta-analysis of 11 clinical trials, the
consumption of nonsoy legumes lowered total cholesterol, LDL
cholesterol, and triglycerides by 7%, 6%, and 17%, respectively,
without significant changes in body weight (52). Legumes also
produce lower glycemic responses, which may protect against
diabetes (53). Although the identified studies did not attempt to
model specific food replacements, it is plausible that metabolic
benefits of legume consumption could at least partly be related to
the replacement of iron-containing meats or higher glycemic
grains, starches, and sugars (10, 54). Our results showed an
inverse association between eating legumes and risk of IHD
while also highlighting the paucity of studies on legumes and
stroke or diabetes.

A previous meta-analysis of 4 prospective cohorts reported an
inverse association between nut consumption and fatal IHD (4).
However, the study did not assess nonfatal IHD, stroke, diabetes,
or legume consumption. Also, only data in highest compared with

lowest categories of intakes were used rather than the use of all
categories; and extracted risk estimates in 3 of 4 studies (16, 17,
24) were not the most multivariable adjusted (ie, including di-
etary covariates). Our findings have built on and substantially
expanded these previous results by evaluating a range of car-
diometabolic endpoints, assessing legume consumption, using
fully multivariable-adjusted estimates; and incorporating all
categories of data to quantify the overall pooled dose response.

Compared with the PREDIMED trial (3), our pooled risk
estimates for nuts were of similar magnitude for IHD and diabetes
and were not significant for stroke. Because total CVD was the
primary outcome of the PREDIMED trial, the specific findings in
that trial for secondary endpoints such as IHD, stroke, and di-
abetes should be interpreted cautiously, and our pooled results
may provide the most robust overall estimate of how nut con-
sumption influences these endpoints. Conversely, PREDIMED
participants achieved other small dietary changes that could alter
stroke risk, which perhaps accounted for a larger benefit than seen in
our meta-analysis. In addition, some of the observational studies in
our analysis adjusted for potential mediating pathways (eg, blood
pressure) that might have attenuated the true magnitude of the effect.

An insufficient consumption of nuts has been estimated to be
a major contributor to global cardiometabolic mortality (8). On
the basis of risk estimates from a preliminary version of this
meta-analysis (55), nearly 2.5 million global deaths in 2010 were
estimated to be attributable to low nut intake (8). Compared with
our previous preliminary results (55), our current findings showed
modestly smaller inverse associations of nut consumption with
IHD and diabetes. Future analyses should incorporate these new
findings to provide the best estimates of the global burden of
diseases attributable to insufficient nut consumption.

Our analysis had several strengths. We systematically searched
multiple databases to identify relevant studies. Our pooled
findings included and were consistent with results of a large
randomized trial (3, 33). We used available information across all
exposure categories to estimate the pooled dose response. We
evaluated and accounted for potential heterogeneity by several
characteristics including study quality. Although relatively few
studies were identified for each diet-disease association, large
numbers of participants and events were included, which in-
creased the statistical power to detect clinically meaningful as-
sociations. We identified studies from North America, Europe,
and Asia, which increased the generalizability.

Potential limitations should be considered. We did not identify
any controlled trials that evaluated legumes and incident IHD,
stroke, or diabetes. Although all observational studies in our
analysis adjusted for multiple major risk factors, the possibility of
residual confounding by imprecisely or unmeasured factors could
not be excluded. Yet, our findings were consistent with car-
diometabolic benefits of nuts and legumes in short-term trials
and, for nuts, with a clinical endpoint trial. Dietary habits were
self-reported, definitions of nuts and legumes were not identical
across studies, and most studies did not account for nuts or le-
gumes consumed as an ingredient within other foods. These
limitations would have caused an exposure misclassification,
which could have attenuated the true effects toward the null.

In conclusion, we showed inverse associations of nut con-
sumption with fatal IHD, nonfatal IHD, and diabetes and of
legume consumption with incident IHD. Our findings also
highlight key knowledge gaps, such as for stroke subtypes and
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legumes and diabetes. In light of their constituents and benefits on
cardiometabolic risk factors in trials, our results support a role for
nuts and possibly legumes as part of a cardiometabolically
healthy diet.
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3. Estruch R, Ros E, Salas-Salvadó J, Covas MI, Corella D, Aros F,
Gomez-Gracia E, Ruiz-Gutierrez V, Fiol M, Lapetra J, et al. Primary
prevention of cardiovascular disease with a Mediterranean diet. N Engl
J Med 2013;368:1279–90.
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24. Fraser GE, Sabaté J, Beeson WL, Strahan TM. A possible protective
effect of nut consumption on risk of coronary heart-disease - the Ad-
ventist Health Study. Arch Intern Med 1992;152:1416–24.

25. Blomhoff R, Carlsen MH, Andersen LF, Jacobs DR Jr. Health benefits
of nuts: potential role of antioxidants. Br J Nutr 2006;96(suppl 2):S52–60.

26. Bernstein AM, Pan A, Rexrode KM, Stampfer M, Hu FB, Mozaffarian
D, Willett WC. Dietary protein sources and the risk of stroke in men
and women. Stroke 2012;43:637–44.
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Single-nucleotide polymorphisms in SLC22A23 are associated with
ulcerative colitis in a Canadian white cohort1–4

Alejandra Serrano León, Mandana Amir Shaghaghi, Natalia Yurkova, Charles N Bernstein, Hani El-Gabalawy,
and Peter Eck

ABSTRACT
Background: SLC22A23 is an orphan gene in the SLC22 family of
organic membrane transporters, and its single-nucleotide polymor-
phism rs17309827-T was recently nominally associated with intes-
tinal inflammation in a genome-wide association study. Other
polymorphisms in the SLC22A23 gene have been associated with
diseases with an inflammatory component, and polymorphisms in
related genes in the SLC22 family have been repeatedly associated
with inflammatory bowel disease (IBD).
Objective: In a candidate-gene study using a well-phenotyped,
highly monitored, Manitoban white cohort, we investigated whether
variations in SLC22A23 were associated with intestinal inflammation.
Design: Selected genetic variations were genotyped by using fluorescent-
based assays or a polymerase chain reaction–restriction fragment length
polymorphism analysis in 160 individuals with Crohn disease, 149 in-
dividuals with ulcerative colitis, and 142 healthy control subjects to de-
termine genetic associations.
Results: Homozygocity for single-nucleotide polymorphisms
rs4959235-TT and rs950318-GG was associated with IBD, whereby
6% of patients (18 of 311 cases) carried these genotypes, but they
were not seen in healthy controls.
Conclusion: Associations reported in this article add to the emerg-
ing evidence that SLC22A23 variants could modify IBD risk. How-
ever, the biology of the gene and impact of variations on the gene’s
functions need to be tested to validate a causative role. Am J
Clin Nutr 2014;100:289–94.

INTRODUCTION

Inflammatory bowel disease (IBD)5 is characterized by chronic
inflammation of the gastrointestinal tract with the principal forms
Crohn disease (CD) and ulcerative colitis (UC). Mostly unknown
environmental and genetic factors contribute to the immune
dysregulation, which determine the development, maintenance,
and severity of the disease (1, 2).

Recent advances in genome-wide association studies (GWASs)
have contributed to the understanding of genetic factors in
intestinal inflammation. Although most genetic variations as-
sociated with IBD are in immunoregulatory pathways (3, 4),
polymorphisms in 2 genes that encode organic cation transporters
SLC22A4 and SLC22A5 have been repeatedly associated with
IBD (5–18). Organic cation transporter proteins are involved in
the absorption, distribution, and excretion of therapeutic drugs,
xenobiotics, and food compounds (19). Functional variations in
organic cation transporter genes could affect the cellular uptake,

pharmacokinetics, and, thus, the bioactivity of unknown organic
ions, which might modulate the susceptibility and severity of
IBD or other related common and complex diseases. Hence, we
hypothesized that an organic ion imbalance as a consequence of
polymorphisms in transporter genes contributes to the cause
of IBD.

The single-nucleotide polymorphism (SNP) rs17309827-T,
which is located in a gene in the SLC22 transporter family
SLC22A23, has been associated with IBD in a GWAS (3, 20),
which has strengthened the hypothesis that imbalances of or-
ganic ions might modulate IBD risk. In addition to IBD, poly-
morphisms in the SLC22A23 gene have been associated with
other complex diseases that have an inflammatory component,
such as endometriosis-related infertility (21), and the clearance
of antipsychotic drugs (22). SLC22A23 SNP rs17136561 was
nominally associated with the development of asthma in in-
dividuals with impaired allergic status, although the results did
not reach an overall genome-wide significance (OR: 1.64; 95%
CI: 1.33, 2.02; P = 2.3 × 10－6) (23). SLC22A23 was also 1 of 6
genes in which expressions could be used to predict the re-
currence of triple-negative breast cancer in a cohort of Taiwanese
women (24).

On the basis of the emerging evidence associating genetic
variations in SLC22A23 with IBD and other diseases having an
inflammatory component, and because the gene is related to
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SLC22A4 and SLC22A5, which have repeatedly been associ-
ated with IBD, additional study of the gene and its poly-
morphisms is warranted. In this article, we report the results of
a candidate-gene study that we conducted in a well-phenotyped,
Manitoban white IBD cohort, which showed that polymorphisms
of the SLC22A23 gene were associated with UC, CD, and IBD
overall.

SUBJECTS AND METHODS

Study population

The study population included IBD patients from the Canadian
Manitoba Inflammatory Bowel Disease Cohort initiated in
2002 and described previously (25). A total of 311 age- and
sex-matched white IBD patients (162 CD and 149 UC patients)
and 142 healthy control subjects drawn from the general
population who did not have personal or first-degree relatives
with any chronic immune disease were included in the study.
CD and UC status was determined on the basis of radiologic,
endoscopic, and histologic data, and phenotypes were assigned
according to the Montreal classification (26) and are shown in
Table 1.

Genotyping

Genomic DNA was isolated from blood as described pre-
viously (27). Polymorphism rs17309827 was genotyped by using
a polymerase chain reaction–restriction fragment length poly-
morphism analysis, and rs9503518, rs6923667, and rs4959235
were genotyped by using TaqMan SNP genotyping assays
(Applied Biosystems).

To determine rs17309827 genotypes, 219 nucleotides were
amplified between the sense primer GGAACGTACAATTCTGCA
and antisense primer GCATGTGAGCGTTTGATG by using Taq

Polymerase (New England BioLabs) according to the manufac-
turer’s protocol and following cycling conditions: initial de-
naturation at 95°C for 30 s followed by 35 cycles of denaturation
at 95°C for 15 s, annealing at 50°C for 15 s, extension at 68°C for
2 min, and final extension at 68°C for 5 min. Amplicons were
digested with the restriction endonuclease NlaIII (New England
BioLabs) by using the manufacturer’s recommendations, whereby
the enzyme cuts the G variant in fragments of 171 and 48 nu-
cleotides, whereas the T variant does not possess an NlaIII re-
striction site. Restriction patterns of individual samples were
determined after gel electrophoresis with a 2% UltraPure agarose
gel (Invitrogen) via ethidium bromide staining under UV light
and imaged in a UV imaging system (Gel Doc; BIO-RAD). The
efficiency of the amplification and restriction digest was de-
termined by incorporating positive and negative controls ampli-
fied from previously the subcloned amplicon of known genotype
in each set of restriction fragment length polymorphism analysis.
In addition, rs9503518, rs6923667, and rs4959235 were geno-
typed with TaqMan SNP genotyping assays (catalog nos.
4351379, 4351379, 4351379, respectively; Applied Biosystems)
by using the TaqMan GTXpress Master Mix (Applied Bio-
systems) and assays recommended by the manufacturer.

Statistical analyses

Polymorphisms were tested for Hardy-Weinberg equilibrium.
The case-control association of genotypes for each SNP with CD,
UC, and overall IBD risks was tested by using logistic regression.
ORs and 95% CIs of ORs were determined for 2 of 3 genotypes
(the carrier of the minor alleles) relative to the third genotype
(homozygote for the major allele) as a reference genotype. The
analysis was carried out with SAS 9.2 software (SAS Institute).
Linkage disequilibrium and haplotype blocks were performed
with Haploview 4.2 software (Broad Institute) (28) by using the
default method (29).

TABLE 1

Phenotypic characteristics of the white IBD cohort population1

Variable Crohn disease (n = 162) Ulcerative colitis (n = 149)

Sex [n (%)]

F 97 (59.9) 87 (58.4)

M 65 (40.1) 62 (41.6)

Age at diagnosis [n (%)]

A1 (<17 y) 17 (10.5) 12 (8.1)

A2 (17–40 y) 101 (62.3) 78 (52.3)

A3 (>40 y) 44 (27.2) 59 (39.6)

Location [n (%)]

L1 (ileal) 69 (42.6) —

L2 (colonic) 37 (22.8) —

L3 (ileocolonic) 51 (31.5) —

L4 (isolated upper disease) 5 (3.1) —

E1 (UP limited to rectum) — 11 (7.4)

E2 (left sided, distal) — 68 (45.6)

E3 (extensive, pancolitis) — 70 (47.0)

Behavior [n (%)]

B1 (inflammatory) 69 (42.6) —

B2 (stricturing) 54 (33.3) —

B3 (penetrating/fistulizing) 39 (24.1) —

1 Disease cohorts were matched for sex and age with a total of 142 nonrelated healthy controls (80 F, 62 M). No

significant difference was shown between baseline characteristics of the study populations. IBD, inflammatory bowel

disease.
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Predicted functional impact of SNPs and population
distributions

The predicted functional impact of individual SNPs was
assessed via the SNP Function Prediction tool FuncPred (30),
which includes the assessment of functional implications of
nonsynonymous SNPs, splicing regulation, stop codon changes,
polymorphism phenotyping (PolyPhen; Harvard), SNPs3D
(OMICtools), transcription-factor binding sites, microRNA
binding sites, regulatory potential, and conservation. HapMap
(31) data were assessed via the Ensembl Genome browser (32)
and processed with the Microsoft Excel 2013 program (Microsoft
Corp). All database analyses were conducted between 10 and 22
July 2013.

RESULTS

Genotype distributions conformed to the Hardy-Weinberg
equilibrium for all groups, and frequencies are listed in Tables 2
and 3. All frequencies were in the range reported for white
populations in HapMap (31) and SNP500 (33) databases.

Homozygote individuals for genotypes rs4959235-TT and
rs9503518-GG were exclusively shown in UC and CD patients
and significantly associated with the respective phenotypes
(Table 2). Because of an overrepresentation in UC patients, the
rs9503518-G allele was also associated with this phenotype
(Table 2).

Moreover, rs4959235-TT and rs9503518-GG homozygosity
was associated with IBD overall because both genotypes were
exclusive to patients and not healthy controls (Table 3). The OR
for disease-associated genotypes as calculated by logistic re-
gression were called infinite (∞), which decisively established
significance even though P values could not be called for the
observed genotype distribution, because a comparison with

a group equaling zero was not permissive. Therefore, we ex-
trapolated significance through the following rationale: when
the genotype distribution between IBD and control pop-
ulations was considered, the overall probability of IBD was as
follows:

311÷(311 + 142) = 0.69 (1)

Nine distinct-disease individuals but no healthy controls
carried genotypes rs4959235-TT and rs9503518-GG, and the
likelihood for such a distribution was as follows:

0.69－9 = 0.0354 (2)

From this very low likelihood we made the conjecture that
homozygotes for both SNPs had a significantly higher rate of
affliction. In addition, rs6923667-CT heterozygosity was sig-
nificantly associated with CD but not UC compared with the
controls (Table 2). None of the SNPs were associated with any
phenotypic subtype of CD or UC.

TABLE 2

Association of SLC22A23 SNPs with ulcerative colitis and Crohn disease1

SNP

Crohn disease

(n = 162)

Ulcerative colitis

(n = 149)

Controls

(n = 142)

rs4959235 [n (%)]

CC 141 (87) 125 (83.9) 119 (83.8)

CT 18 (11.1) 18 (12.1) 23 (16.2)

TT 3 (1.9)2 6 (4.0)2 0 (0)2

T carrier 21 (12.9) 24 (16.0) 23 (16.2)

rs6923667 [n (%)]

CC 51 (31.5) 62 (41.6) 57 (40.1)

CT 92 (56.8)2 66 (44.3) 61 (43)

TT 19 (11.7) 21 (14.1) 24 (16.9)

T carrier 111 (68.5) 87 (58.4) 85 (59.8)

rs9503518 [n (%)]

AA 139 (85.8) 113 (75.8) 118 (83.1)

AG 22 (13.6) 28 (18.8) 24 (16.9)

GG 1 (0.6)2 8 (5.4)2 0 (0)2

G carrier 23 (14.2) 36 (24.2)2 24 (16.9)

rs17309827 [n (%)]

GG 21 (13.1) 23 (15.4) 20 (14.1)

GT 81 (50.6) 60 (40.3) 70 (49.3)

TT 58 (36.3) 66 (44.3) 52 (36.6)

T carrier 139 (85.8) 126 (84.6) 122 (85.9)

1 SNP, single-nucleotide polymorphism.
2 Association was determined by using logistic regression (P < 0.05).

TABLE 3

Associations of SLC22A23 SNPs with IBD overall1

SNP IBD (n = 311) Controls (n = 142) OR (95 % CI)

rs4959235 [n (%)]

CC 266 (85.5) 119 (83.8) Reference

CT 36 (11.6) 23 (16.2) 0.70 (0.39–1.23)

TT 9 (2.9)2 0 (0)2 ∞2

T carrier 54 (8.7) 23 (8.1) 1.21 (0.86, 1.70)

rs6923667 [n (%)]

CC 113 (36.3) 57 (40.1) Reference

CT 158 (50.8) 61 (43) 1.31 (0.85, 1.52)

TT 40 (12.9) 24 (16.9) 0.84 (0.46, 1.53)

T carrier 238 (38.3) 109 (38.3) 1.08 (0.85, 1.38)

rs9503518 [n (%)]

AA 252 (81.0) 118 (83.1) Reference

AG 50 (16.1) 24 (16.9) 0.97 (0.57, 1.66)

GG 9 (2.9)2 0 (0)2 ∞2

G carrier 68 (10.9) 24 (8.4) 1.32 (0.95, 1.85)

rs17309827 [n (%)]

GG 44 (14.2) 20 (14.1) Reference

GT 141 (45.6) 70 (49.3) 0.91 (0.50, 1.67)

TT 124 (40.2) 52 (36.6) 1.08 (0.58, 2.01)

T carrier 389 (62.9) 174 (61) 1.14 (0.89, 1.45)

1 Associations were determined by using logistic regression, and signif-

icant associations were determined as follows: ORs calculated by using

logistic regression were called infinite (∞) for disease-associated genotypes,

which decisively established significance even though P values could not be

called for the observed genotype distribution because a comparison with

a group equaling zero was not permissive. Significance was established

through the following rationale: when the genotype distribution between

IBD and control populations was considered, the overall probability of

IBD was 311 ÷ (311 + 142) = 0.69. Nine distinct-disease individuals but

no healthy controls carried genotypes rs4959235-TT and rs9503518-GG, and

the likelihood for such a distribution was 0.69－9 = 0.0354. From this very

low likelihood, we made the conjecture that the homozygotes for both SNPs

have a significantly higher rate of affliction. The 9 cases of rs4959235-TT

and rs9503518-GG homozygosity were in distinct individuals. IBD, inflam-

matory bowel disease; SNP, single-nucleotide polymorphism.
2 Significant association.
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DISCUSSION

Genotypes rs4959235-TT and rs950318-GG in the SLC22A23
gene were associated with UC, CD, and IBD overall in our Man-
itoban white cohort. Both genotypes were exclusively present in
IBD patients but not healthy controls. Previously, another SLC22A23
allele rs17309827-T was nominally associated with IBD in a GWAS
meta-analysis (3) and independently of risk of stricturing phenotypes
in CD (34). Thus, our data add to the emerging evidence for asso-
ciations of SLC22A23 genotypes with IBD.

Although the results of our study are in agreement with results
of the aforementioned GWAS meta-analysis (3), they contrast
with results from reports in a Swedish white cohort (35–37) and
British UC cohort (38). The discrepancy between results may be
explained by differences in the nature of the cohorts as well as
interstudy discrepancies that produced different confounders,
such as the selection of tag SNPs, different ethnic backgrounds,
phenotyping methodologies, or underpowered data sets. Although
our cohort was moderately sized, the validity of our results was
supported by the closely monitored, well-phenotyped nature of
the cohort and further shown by the high number of studies this
cohort has produced that have replicated GWAS findings of IBD
associations (39).

Significantly, our studies were distinguished from others
studies that investigated associations with IBD by our decisive
results that homozygotes for the novel SNPs rs4959235-TT and
rs950318-GG were exclusively present in the Manitoban white
IBD patients but not at all in healthy controls (Tables 2 and 3). In
addition, our studies indicated that both SNPs affect IBD risk
independently because they are in distinct linkage blocks (Figure
1) and show distinct pattern of inheritance. Homozygotes for SNP
rs4959235-TT have elevated disease risk (Table 2), which is in-
dicative of recessive inheritance. In contrast, both rs9503518-GG
homozygosity as well as the presence of the G allele elevated
disease risk relative to the allelic presence (Table 2).

Because of the indication of recessive inheritance, we further
investigated if SNP rs4959235-TT homozygosity could play
a role in disease risk across ethnicities by using existing HapMap
data. The IBD risk allele rs4959235-T was not shown in Asian
and sub-Saharan populations, in whom IBD incidence rates are
lowest (Table 4) (40). The rs4959235-T allele reaches allelic
frequencies #19% in European cohorts (Table 4) known to have

a higher IBD burden (41). Significantly, homozygotes for
rs4959235-TT have not been documented in healthy individuals
of 4 of 5 European subpopulations, despite the presence of the
T-allele in 15–19% of individuals (Table 4). The findings in the
European HapMap cohorts are in concordance with data in our
cohort of Manitoban whites, whereby we did not observe
rs4959235-TT homozygotes in healthy individuals. In contrast,
rs4959235-TT homozygotes have been reported in cohorts of
American ancestry, in whom C/T heterozygosity is similar to
that of Europeans (Table 4). The presence of healthy TT ho-
mozygotes in American ancestry might indicate a less-severe
disease phenotype because of the distinct genetic background,
which could explain the retention of both alleles throughout
human evolution.

Although current prediction tools do not indicate a functional
impact for either SNP rs4959235 (which is noncoding in intron 4)
or SNP rs9503518 (which is synonymous in exon 10) (30),
additional study is warranted to determine whether these SNPs
tag causative variations. Next-generation sequencing data have
confirmed this possibility because 8 rare nonsynonymous vari-
ations and one frame-shift mutation predicted to be detrimental
have been identified within the linkage region of these SNPs
(Table 5) (42). The presence of rare nonsynonymous SNPs
should be considered in future genetic and functional in-
vestigations.

SLC22A23 is an orphan gene in the SLC22 family of organic
cation and anion transporters. Its genomic organization and
variations have not been comprehensively described, and its

FIGURE 1. Linkage of 4 SNPs in the SLC22A23 gene presented as D
indicating the coefficient of the linkage disequilibrium for 162 Crohn disease
(A) and 149 ulcerative colitis (B) patients. SNP, single-nucleotide polymorphism.

TABLE 4

rs4959235 allele and genotype frequencies in selected HapMap cohorts1

Allele Genotype

Ancestry and population C T C/C C/T T/T

European

CEU 0.912 0.088 0.824 0.176 —

FIN 0.898 0.102 0.806 0.183 0.011

GBR 0.927 0.073 0.854 0.146 —

IBS 0.929 0.071 0.857 0.143 —

TSI 0.98 0.02 0.959 0.041 —

American

CLM 0.867 0.133 0.75 0.233 0.017

MXL 0.856 0.144 0.758 0.197 0.045

PUR 0.918 0.082 0.836 0.164 —

Sub-Saharan

LWK 1 — 1 — —

YRI 1 — 1 — —

African in the United States

ASW 0.951 0.049 0.918 0.066 0.016

Asian

JPT 1 — 1 — —

CHS 1 — 1 — —

CHB 1 — 1 — —

1 ASW, Americans of African ancestry in Southwestern United States;

CEU, Utah residents with Northern and Western European ancestry; CHB,

Han Chinese in Beijing, China; CHS, Southern Han, Chinese; CLM, Co-

lombian from Medellin; FIN, Finnish in Finland; GBR, British in England

and Scotland; IBS, Iberian population in Spain; JPT, Japanese in Tokyo,

Japan; LWK, Luhya in Webuye, Kenya; MXL, Mexican ancestry from

Los Angeles, United States; PUR, Puerto Ricans from Puerto Rico; TSI,

Toscani in Italy; YRI, Yoruba in Ibadan, Nigeria.
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substrate is unknown (43). However, our results implied that
SLC22A23’s unknown substrate could be an intracellular anti-
oxidant. As noted, variations in the 2 related genes SLC22A4
and SLC22A5, which encode for membrane transporters of er-
gothioneine (44–46) and carnitine (47–50), respectively, have
consistently been associated with IBD (5, 7, 10, 14–16, 18).
Because both carnitine and ergothioneine are intracellular anti-
oxidants (51–53), we hypothesize that altered transport kinetics
could lead to a disturbed intracellular redox state and, thus, el-
evated IBD susceptibility. Our, to our knowledge, novel hypoth-
esis that intracellular redox status could be compromised through
the altered membrane transport of antioxidants has been further
supported by the recent association of SNPs in the ascorbic acid
transporter SLC23A1 with CD (54).

In conclusion, we present evidence that genetic variations in
the SLC22A23 locus contribute to the susceptibility to IBD in
a small fraction of white patients. With consideration of the
existing association and biological studies, we theorize that
genetic variations in membrane transporters contribute to a dis-
turbed intracellular redox status through an altered antioxidant
uptake. If future biological studies validate the proposed mech-
anism or mechanisms of redox disturbance, a specific dietary
intervention can be developed for individuals who carry risk
genotypes. A genotype-specific nutritional intervention could
offer a cost-effective alternative to existing immunomodulation
therapy with significantly reduced adverse effects. However, we
caution that current knowledge suggests that applicability might
be very specific and likely limited. Of 163 independent IBD risk
loci identified to date (55), effect sizes of individual SNPs ex-
plain, at best, 14% of the disease phenotype (56). At present,
SLC22A23 variations or variations in other membrane trans-
porters account for a significantly less effect size. Nevertheless,
future investigations could reveal transporter variations that have
a greater impact. Because individuals with risk genotypes can be
identified cost effectively, and IBD incidences are rising
worldwide, growing numbers of individuals could benefit from
novel nutritional interventions in the future.
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Letters to the Editor

Clinical implication of vitamin D threshold

Dear Sir:

We read with great interest the recent article by Aloia et al (1) that
aimed to address the question of whether there is a vitamin D
threshold for calcium absorption. The authors indicate that their
findings argue against there being a vitamin D threshold for calcium
absorption, but we are concerned about the strength of the evidence.

It has been assumed that there is a nonlinear relation between se-
rum concentrations of 25-hydroxyvitamin D [25(OH)D] and various
endpoints (2), and studies have shown statistically a nonlinear re-
lation between 25(OH)D concentrations and serum parathyroid hor-
mone concentrations (3, 4) and insulin sensitivity (5). None of these
relations fit the quadratic or cubic spline models. Furthermore, given
the nature of the quadratic and cubic spline models, it is unlikely that
a threshold or plateau effect would be shown. Thus, the authors’ re-
jection of the quadratic spline model does not exclude the possibility of
a threshold or plateau effect for vitamin D on calcium absorption.

The adjusted model shown in their Figure 3 only shows a margin-
ally significant linear effect (P = 0.05); however, the P value for the
unadjusted model was not provided, suggesting that it may be insig-
nificant. Considering the highest 25(OH)D concentration achieved was
only ~130 nmol/L, the current data set might not have adequate power
to show a plateau effect on calcium absorption at 25(OH)D serum
concentrations of ≥80 nmol/L. As an alternative, comparing the
slope (correlation coefficient) between subjects who had 25(OH)D
concentrations less than and greater than 80 nmol/L, or of the value
of the presumed deflection point, could provide insight into whether
there is a linear or a nonlinear relation. If the slopes are similar
between 2 groups, then it is likely there is a linear relation, but if
there is a significant difference in the slopes, a linear relation is very
unlikely. Our experience in determining the relation between serum
25(OH)D concentrations and insulin sensitivity initially led us to
conclude that there was a linear relation (6); however, after addi-
tional analysis, we observed a nonlinear relation between serum
25(OH)D concentrations and insulin sensitivity (5).

For the data shown in the authors’ Figure 2, a linear relation be-
tween calcium absorption and vitamin D dose groups was not seen in
the unadjusted analysis (P = 0.18), and only a marginal linear re-
lation (P = 0.03) was seen after adjusting for covariates, mainly
baseline calcium absorption. As depicted in Figure 2, calcium ab-
sorption for each vitamin D dose group was not normally distrib-
uted. Thus, an analysis based on the arithmetic mean of each group
might not be meaningful.

On the basis of their Table 2 and Figure 2, the authors expected
a fixed effect of vitamin D dose given, specifically 0.8 for 800 IU, 2.0
for 2000 IU, and 4.0 for 4000 IU. The authors observed a 3.9% in-
crease in calcium absorption in the 800-IU group, a 5.0% increase in
the 2000-IU group, and a 6.7% increase in the 4000-IU group. The
unit increment of calcium absorption per vitamin D dose was 4.875%
(3.9%/0.8) per 1000 IU in the 800-IU group, 2.500% (5.0%/2) per

1000 IU in the 2000-IU group, and 1.675% (6.7%/4) per 1000 IU
in the 4000-IU group. These results show that as the vitamin D dose
increased there was a diminishing increase in calcium absorption per
1000-IU increase in vitamin D dose, suggesting a plateau effect on cal-
cium absorption as the vitamin D dose increased. If there was a true
linear relation, the amount of the increase in calcium absorption per
1000-IU increase in vitamin D dose should be the same for all 3 vitamin
D dose groups. Therefore, we think the results suggest a threshold effect
or a nonlinear relation between vitamin D and calcium absorption.

The authors’ Table 3 indicates that changes in calcium absorption
did not correlate with changes in serum 25(OH)D concentrations.
However, the authors did observe a linear correlation between cal-
cium absorption and vitamin D dose group, albeit this correlation was
only marginally significant (P = 0.05) after adjusting for covariates,
especially baseline calcium absorption (Figure 3). As the authors
show in Table 2, baseline calcium absorption is the stronger pre-
dictor for calcium absorption after supplementation with vitamin D.
Thus, the influence of baseline calcium absorption (P < 0.001;
Table 2) on 10-wk calcium absorption is much more significant,
at least statistically, than vitamin D intake (P = 0.03; Table 2).
Furthermore, these results indicate that baseline calcium absorption
is the major confounding factor in this study. On the basis of the
SDs provided in Table 1, there was significant interindividual var-
iation in baseline calcium absorption, together with significant het-
erogeneity in calcium absorption within each vitamin D dose group.
The heterogeneity in baseline calcium absorption could play a major
role in reducing the power of this study to detect a true relation
between vitamin D intake and calcium absorption. Thus, the authors
may better detect the effect of vitamin D by stratifying the data by
baseline calcium absorption before analysis.

There are some inconsistencies that make interpreting the study
difficult. Their Table 1 indicates that across all vitamin D dose groups
and the control group, the baseline mean calcium absorption ranged
from 0.4 to 0.5. In contrast, in the Results section, the authors indi-
cated that the baseline calcium absorption was 32 ± 14%, which con-
tradicts the values listed in Table 1. In the legend for Figure 4, the
authors first indicated that 10-wk serum 25(OH)D concentrations
were related to ‘‘initial calcium absorption,’’ yet included ‘‘baseline
25(OH)D absorption’’ in the equation provided in the legend. Should
‘‘baseline 25(OH)D concentration’’ be used in both instances?

The sentiment is the recommendation of increasing calcium in-
take or vitamin D supplementation. If the relation between calcium
absorption and serum 25(OH)D concentration is a true linear re-
lation, the rationale is that increasing vitamin D intake will improve
calcium absorption. The authors’ argument is that because the effect
of vitamin D on calcium absorption is relatively small, it would be
more practical to increase calcium intake; however, the efficacy of
this approach remains to be shown. Furthermore, the use of calcium
supplements has its own concerns and could be associated with
various issues (7), whereas lactose intolerance is fairly common,
especially in certain racial-ethnic groups. Thus, the recommenda-
tion to increase dairy calcium intake may not be practical, at least
for certain groups. Finally, the observation of a threshold effect of vi-
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tamin D on calcium absorption or diminished increases in calcium
absorption as vitamin D intake increases would provide a scientific
rationale against excessive vitamin D supplementation and avoid
pushing serum 25(OH)D concentrations to unnecessarily high levels.

None of the authors had any conflicts of interest with respect to the work
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Reply to J Huang et al

Dear Sir:

We thank Huang et al for their interest in our work and for their stim-
ulating comments regarding the evidence of a vitamin D threshold on
calcium absorption. The exploration or discovery of a threshold effect is
statistically complex. Generally, there is no single approach that is suf-
ficient (1). We presented several approaches to exploring the question
of threshold, and nonlinearity in general. First (and most important), we
visually examined and presented raw data via scatterplots and evaluated
the nature of the relation via smoothing (loess) techniques to determine
heuristically whether there was any evidence of a nonlinear effect.
Second, linear, quadratic, and cubic spline models with a priori
knots selected were fitted. The results from these models were not
treated as sufficient to conclude a lack of a threshold, but rather they
provided additional evidence that a nonlinear relation was not sup-
ported by the data at hand. Although the authors provide 2 refer-
ences where polynomial parameterization and spline methods were
not used, this clearly does not preclude the usefulness of this type of
approach in exploring nonlinearity (2).

We state in the article that our data do not support a threshold ef-
fect, not that there is no threshold effect. There are factors in any study
that hinder the detection of effects. Sample size is one such factor, and
we acknowledge this. Small samples increase the probability of type II
error and restrict the exploration of effects in certain subgroups of in-
terest. Furthermore, as the authors point out, our range of vitamin D dose
and concentration of 25-hydroxyvitamin D [25(OH)D] was limited to
a specific range; thus, we cannot be certain whether a threshold effect
may indeed exist on the edge or outside of this range. These kinds of
limitations are shared across most studies of this type.

As we described in our methods, we examined piecewise linear
models for calcium absorption, treating a 10-wk 25(OH)D concentration
of 80 nmol/L as our a priori threshold and examining whether the
relation between calcium absorption and 25(OH)D changes at this
threshold. On the basis of the results of this exploration and the fact
that the P values corresponding to the test for a change in slope at
80 nmol/L in both unadjusted and adjusted models were insignificant
(P = 0.20 and 0.17, respectively), we strongly stand by our original
reported model: 10-wk calcium absorption was observed to be a lin-
ear function of 10-wk 25(OH)D in our measured range of 25(OH)D.

As the authors correctly point out, the estimated linear relation
between dose group and 10-wk calcium absorption was only margin-
ally significant in the adjusted models (P= 0.03). However, we strongly
disagree (on the basis of model residual and Q-Q plots, rather than
relying solely on the scatterplot) that the data are nonnormal. We
found no evidence of lack of fit; therefore, calcium absorption may
be properly modeled with least-squares regression as presented.

We observed a unit increment of calcium absorption that shows a some-
what diminished absorption rate across dose, from 4.85% in the lowest
dose group to 1.675% in the highest dose group. However, point estimates
cannot be interpreted as fixed and known, and certainly cannot be inter-
preted as definitive evidence of a threshold effect; we need to consider
them in the context of variability. This is why we perform statistical mod-
eling in the first place, to determine whether observed differences in means
are statistically meaningful given the inherent noise in the data.

We agree that baseline calcium absorption is the strongest predic-
tor of 10-wk calcium absorption. However, we strongly disagree that
baseline absorption is a confounder in the analysis. Patients were ran-
domly assigned to each dose group as part of a clinical trial, and we
observed similar baseline calcium absorption values within each dose
group. A necessary condition for confounding to occur is an imbal-
ance across dose groups, which is simply not the case. Given the
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strong correlation with 10-wk absorption, we used baseline calcium
absorption as a covariate in all of our models for 10-wk calcium ab-
sorption. The reason to do this is exactly as the authors point out:
we wanted to account for as much of the heterogeneity in outcome
(10-wk calcium absorption) as possible, which means the inclusion of
all informative predictors into the regression, because this will reduce
the variance of the estimate for the effect of dose or vitamin D status.

A different question is whether there is a statistical interaction be-
tween vitamin D dose or 25(OH)D concentrations and baseline calcium
absorption, meaning, is the effect of dose different for individuals with
low baseline absorption values compared with those with high baseline
values? We examined this as much as the data would allow by dividing
the patients into baseline calcium absorption strata by quartiles, and we
did not see a significant interaction in either analysis.

We stand by our original conclusions that our data fail to support
a nonlinear or threshold effect with respect to calcium absorption
in the range studied (40–130 nmol/L) with supplementation of
800–4000 IU vitamin D3/d.

Finally, it is important to understand the context of our study. Cal-
cium absorption declines when there is insufficient 25(OH)D as sub-
strate to generate sufficient calcitriol (<30 nmol/L). If subjects with
severe deficiency had been included in our study, the response curve
would undoubtedly be curvilinear with a decline in calcium absorption
with concentrations <30 nmol/L (3). However, the hypothesis that
there is a threshold at a higher serum 25(OH)D concentration (80
nmol/L) has now been shown from our study and others to be false
(4–9). This finding is important for public policy in vitamin D recom-
mendations. The statement by the authors about the harms of calcium
is odd because it should be the calcium absorbed that matters, whether
it is accomplished through calcium intake or vitamin D intake.

Finally, we appreciate the authors pointing out the inconsistency be-
tween our reported overall mean for baseline calcium absorption and the
group means by dose presented in Table 1. A corrected version of Table
1 appears in an erratum published in this issue of the Journal.

Neither of the authors reported a conflict of interest.
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Dietary sodium and cardiovascular health
strategies

Dear Sir:

We were very interested to read the recent article by Hendriksen
et al (1) on the potential effect on health of salt reduction in processed
foods and their predications for the future decreases in cardiovascular
disease and stroke if such reductions could be put in place. This would
be the ideal situation of any country trying to deal with the current
problems of salt and overall health (2). However, despite efforts around
the world to decrease dietary salt and the recommendations for these
reductions at an individual level, there does not appear to be much
change in the incidence of overall cardiovascular disease (3). We think
the problem is more at the level of human-motivated behavior and its
possible physiologic regulation than with industry’s use of salt in pro-
cessed foods. The ingestive behavior of humans with respect to salt, and
of course water, is one very important aspect of what appears to have
been overlooked in this report as well as in most studies involving salt
intake. If humans are consuming far more sodium than appears to be
needed, as indicated by Hendriksen et al (1), then could there be a phys-
iologic reason for this?

The appropriate physiologic response to increased sodium intake
would be an increase in plasma sodium concentrations, thus an increase
in osmolality, which via osmoreceptors in the brain stimulates the re-
lease of the hormone vasopressin and thirst—that is, drinking. An in-
creased fluid intake would lead temporarily to a decrease in osmolality
(thus a decrease in vasopressin) and a temporary increase in blood vol-
ume and pressure, producing a temporary pressure diuresis and natri-
uresis. The same temporary pressure increase should reduce plasma
concentrations of other hormones such as angiotensin and aldosterone.
Urine excretion of sodium and water would therefore return volume
and osmolality to within the normal range. This has been corroborated
in humans and rats in studies in which high-salt diets decreased plasma
renin activity, plasma angiotensin, and aldosterone (4, 5).

A decrease in plasma sodium concentrations is seen usually as
a hypovolemia, a decrease in blood volume, and is associated with
stimulation of the release into the blood of the regulatory hormone
vasopressin and the enzyme renin. The latter stimulates the production
of another regulatory hormone, angiotensin, which then stimulates the
release of yet another regulatory hormone, aldosterone. To recover this
loss of blood volume, both water and salt are needed and the normal
physiologic mechanisms for this are thirst, ie, water intake, and salt
appetite (6). Angiotensin, like increased osmolality, is a potent stim-
ulus of thirst in all animals tested (6). Although there is good evi-
dence in rodents that angiotensin and aldosterone actively stimulate
sodium appetite (7), there is no clear evidence in humans that this is
the case (8). However, it may be that the physiologic mechanisms of
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motivated salt appetite found in rodents do actually apply in humans
because, as Hendriksen et al (1) report, sodium intake of humans is
very high. However, humans do not appear to increase drinking in
response to the increased osmolality that should follow an increase in
sodium intake. This is a confounding problem because blood volume
can be restored easily by drinking sufficient quantities of water.

Furthermore, until blood volume is restored, the regulatory hor-
mones mentioned above will continue to be released. Interestingly,
the overwhelming majority of medications used to combat cardiovas-
cular disease are blockers of the renin-angiotensin system (3). More
recently, antagonists of the aldosterone receptor have shown their
efficacy when given in association with the other medications (9).
The presence of increased plasma concentrations of angiotensin and
aldosterone would suggest that humans are chronically dehydrated,
or hypohydrated, and yet they continue to consume large quantities
of sodium as if they were trying to repair the volume loss. Why
humans do not drink despite the combined physiologic signals of
increased osmolality and plasma concentrations of angiotensin
could be considered the central problem of cardiovascular disease
as well as of increased sodium intake.

Perhaps the more appropriate recommendations would be to in-
crease fluid intake, mainly water, with an industry-associated modest
reduction in the sodium content of processed foods. The principal
objective would be to restore blood volume and decrease concen-
trations of the regulatory hormones, especially those associated with
motivated salt appetite and cardiovascular disease. Furthermore,
early rodent work suggests that increased drinking is associated
with increased effectiveness of the principal cardiovascular treat-
ments (10). Once concentrations of the hormones are decreased,
excretion of sodium in the urine would regulate physiologically
most of the dietary intake in excess of need.
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Reply to SN Thornton and P Lacolley

Dear Sir:

We appreciate the interest of Thornton and Lacolley in our study
on the potential health impact of salt reduction in processed foods.
They state that an increase in fluid intake is an important measure
to deal with high salt intakes. We agree that fluid intake is essential
for many physiologic processes in the human body (1) and that
consumers should drink enough fluid, preferably water. This view
is also expressed in the Dutch dietary guidelines for healthy nutri-
tion, which indicate that fluid consumption should be ~1500–
2000 mL/d (2). However, in our opinion, the specific theory that
an increase in fluid consumption is crucial for reducing the health
burden related to an excessive salt intake has not been proven.
This hypothesis must first be tested in long-term randomized
controlled trials in humans, and the potential underlying mecha-
nisms need to be supported by physiologic studies. For the mo-
ment, a population-based approach to reduce sodium amounts in
processed foods can be considered an effective intervention to
lower blood pressure and to decrease the burden of cardiovascu-
lar disease in the general population (3).

None of the authors declared a conflict of interest.
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Erratum

Du S, Neiman A, Batis C, Wang H, Zhang B, Zhang J, Popkin BM. Understanding the patterns and trends of sodium intake,
potassium intake, and sodium to potassium ratio and their effect on hypertension in China. Am J Clin Nutr 2014;99:334–43.

An author’s name was incorrectly included in the list of authors for this article. Andrea Neiman was not a coauthor, and her name
should not have appeared in the list of authors.

doi: 10.3945/ajcn.114.090191.

Erratum

Macdonald IA, Francis ST, Gowland PA, Hardman CA, Halford JCG. Brain activation in relation to specific dietary components:
what does fMRI measure and how should one interpret cravings for certain foods? Am J Clin Nutr 2013;98:633–4.

The conflict of interest statement is incorrect. It should read as follows: ‘‘IAM consults for Mars and Coca-Cola and sits on the
UK government’s Scientific Advisory Committee on Nutrition. STF, PAG, CAH, and JCGH declared no potential conflicts of
interest in relation to the contents of this editorial.’’

doi: 10.3945/ajcn.114.090209.

Erratum

Aloia JF, Dhaliwal R, Shieh A, Mikhail M, Fazzari M, Ragolia L, Abrams SA. Vitamin D supplementation increases calcium
absorption without a threshold effect. Am J Clin Nutr 2014;99:624–31.

In Table 1, the values for calcium absorption and the associated P value are incorrect. In addition, the P value (0.6) for BMI
appears incorrectly in the row for ‘‘Age.’’ Also, in the corrected version of Table 1 below, P values for age, BMI, and calcium
intake have been extended to 2 decimal places.

doi: 10.3945/ajcn.114.090217.

TABLE 1

Baseline characteristics by vitamin D dose1

Measurement Control (n = 19) 800 IU (n = 19) 2000 IU (n = 20) 4000 IU (n = 18) P value2

Age (y) 60 ± 4.5 57 ± 4.5 59 ± 5.8 60 ± 4.7 0.44

BMI (kg/m2) 26.2 ± 3.8 26.4 ± 3.6 27.6 ± 4.9 26 ± 4 0.64

Calcium intake (FFQ － dietary + supplement) 1156 ± 580 1027 ± 469 1160 ± 499 1196 ± 518 0.76

Calcium absorption 33.6 ± 15.2 31.1 ± 16.9 32.1 ± 14.8 31.1 ± 10.5 0.95

Serum calcium (mg/dL) 9.6 ± 0.3 9.6 ± 0.3 9.5 ± 0.4 9.5 ± 0.4 0.95

Serum creatinine (mg/dL) 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.6 ± 0.1 0.89

25(OH)D (nmol/L) 61.7 ± 15.3 64 ± 13.8 64.8 ± 15.1 62.1 ± 14.2 0.90

1,25(OH)2D (pmol/L) 97.9 ± 27.7 104.6 ± 26.3 111.7 ± 38.1 117.3 ± 64.9 0.52

1 All values are means ± SDs. FFQ, food-frequency questionnaire; 1,25(OH)2D, 1,25 dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamnin D.
2 P values are based on an overall F test from an ANOVA comparing differences between dose groups.
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Erratum

Hutcheon JA, Platt RW, Abrams B, Himes KP, Simhan HN, Bodnar LM. A weight-gain-for-gestational-age z score chart for the
assessment of maternal weight gain in pregnancy. Am J Clin Nutr 2013;97:1062–7.

In the first full sentence of the right column on page 1064, the values for the random-effects parameters are inverted. The
corrected sentence in the Results section should read as follows: ‘‘Our final model was estimated as follows: E[ln(GWG)] =
2.04 + 0.032(GAij) + 0.004(GAij) － 0.035(GAij), where GWG is gestational weight gain and the 3 coefficients for gestational
age (GA) are the cubic spline regression coefficients (ie, the linear term, first cubic term, and second cubic term), and random-
effects parameters of varβGAi = 0.00005, varβ0i = 0.082, and cov(βGAi, β0i) = －0.0015.’’

In equation A2 of Appendix A, the final equals sign should be a plus sign instead. The equation should read as follows:
var GWG( ) = σ2

β0
+ σ2

βGA X 2 + 2Xσβ0, βGA + σ2
e .

doi: 10.3945/ajcn.114.090647.
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Calendar of Events

July 8–10, 2014
International conference on peri-urban landscapes: water, food
and environmental security, University of Western Sydney,
Parramatta Campus, New South Wales, Australia. Internet:
http://periurban14.org/.

August 17–22, 2014
International Symposium on Indigenous Vegetables, Bris-
bane, Australia. Internet: http://www.ihc2014.org/symposium_
13.html.

September 22–23, 2014
Gut Microbiota, Probiotics and Their Impact Throughout
the Lifespan, Boston, MA. Phone: 703-841-1600. E-mail:
questions@harvardprobioticssymposium.org. Internet: http://
harvardprobioticssymposium.org/.

November 6–8, 2014
III World Congress of Public Health Nutrition, Pre-Congress Work-
shops, Banjul, Gambia. Internet: http://www.nutrition2014.org.

November 9–12, 2014
III World Congress of Public Health Nutrition, Las Palmas de
Gran Canaria, Spain. Internet: http://www.nutrition2014.org.

November 19–21, 2014
Second International Conference on Nutrition (ICN2), Rome,
Italy. Internet: http://www.fao.org/food/nutritional-policies-
strategies/icn2/en/.

December 5–7, 2014
The 2nd World Congress of Clinical Lipidology, Vienna,
Austria. Phone: 1 (0) 22 533 0948. Fax: 41 (0) 22 580 2953.
E-mail: secretariat@clinical-lipidology.com. Internet: http://
clinical-lipidology.com/.
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