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Sodium and Chloride

SUMMARY

The cation sodium and the anion chloride are normally found in
most foods together as sodium chloride, also termed salt. For this
reason, this report presents data on the requirements for and the
effects of sodium and chloride together.1

Sodium and chloride are required to maintain extracellular vol-
ume and plamsa osmolality. Human populations have demon-
strated the capacity to survive at extremes of sodium intake from
less than 0.2 g (10 mmol)/day of sodium in the Yanomamo Indi-
ans of Brazil to over 10.3 g (450 mmol)/day in Northern Japan.
The ability to survive at extremely low levels of sodium intake re-
flects the capacity of the normal human body to conserve sodium
by markedly reducing losses of sodium in the urine and sweat.
Under conditions of maximal adaptation and without sweating,
the minimal amount of sodium required to replace losses is esti-
mated to be no more than 0.18 g (8 mmol)/day. Still, it is unlikely
that a diet providing this level of sodium intake is sufficient to
meet dietary requirements for other nutrients.

1 In view of the format of published data, this report presents intake data prima-
rily as g (mmol)/day of sodium and of chloride, rather than g (mmol)/day of
sodium chloride (salt). To convert mmol to mg of sodium, chloride, or of sodium
chloride, multiply mmol by 23, 35.5, or 58.5 (the molecular weights of sodium,
chloride, and sodium chloride), respectively.
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Because of insufficient data from dose-response trials, an Esti-
mated Average Requirement (EAR) could not be established, and
thus a Recommended Dietary Allowance could not be derived.
Hence, an Adequate Intake (AI) is provided.

The AI for sodium is set for young adults at 1.5 g (65 mmol)/day
(3.8 g of sodium chloride) to ensure that the overall diet provides
an adequate intake of other important nutrients and to cover so-
dium sweat losses in unacclimatized individuals who are exposed
to high temperatures or who become physically active as recom-
mended in other dietary reference intakes (DRI) reports. This AI
does not apply to individuals who lose large volumes of sodium in
sweat, such as competitive athletes and workers exposed to ex-
treme heat stress (e.g., foundry workers and fire fighters). The AI
for sodium for older adults and the elderly is somewhat less, based
on lower energy intakes, and is set at 1.3 g (55 mmol)/day for
men and women 50 through 70 years of age, and at 1.2 g (50
mmol)/day for those 71 years of age and older.

Concerns have been raised that a low level of sodium intake ad-
versely affects blood lipids, insulin resistance, and cardiovascular
disease risk. However, at the level of the AI, the preponderance of
evidence does not support this contention. A potential indicator
of an adverse effect of inadequate sodium is an increase in plasma
renin activity. However, in contrast to the well-accepted benefits
of blood pressure reduction, the clinical relevance of modest rises
in plasma renin activity as a result of sodium reduction is un-
certain.

The AI for chloride is set at a level equivalent on a molar basis to
that of sodium, since almost all dietary chloride comes with the
sodium added during processing or consumption of foods. Thus
the AI for chloride for younger adults is 2.3 g (65 mmol)/day of
chloride, which is equivalent to 3.8 g/day sodium chloride. The
AIs for chloride for older adults and the elderly are 2.0 and 1.8 g
of chloride per day respectively, equivalent to 3.2 g (55 mmol)
and 2.9 g (50 mmol) of sodium chloride per day.

The major adverse effect of increased sodium chloride intake is
elevated blood pressure, which has been shown to be an etiologi-
cally related risk factor for cardiovascular and renal diseases. On
average, blood pressure rises progressively with increased sodium
chloride intake. The dose-dependent rise in blood pressure ap-
pears to occur throughout the spectrum of sodium intake. How-
ever, the relationship is nonlinear in that the blood pressure re-
sponse to changes in sodium intake is greater at sodium intakes
below 2.3 g (100 mmol)/day than above this level. The strongest
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dose-response evidence comes from those clinical trials that spe-
cifically examined the effects of at least three levels of sodium
intake on blood pressure. The range of sodium intake in these
studies varied from 0.23 g (10 mmol)/day to 34.5 g (1,500 mmol)/
day. Several trials included sodium intake levels close to 1.5 g (65
mmol) and 2.3 g (100 mmol)/day.

While blood pressure, on average, rises with increased sodium
intake, there is well-recognized heterogeneity in the blood pres-
sure response to changes in sodium chloride intake. Individuals
with hypertension, diabetes, and chronic kidney disease, as well as
older-age persons and African Americans, tend to be more sensi-
tive to the blood pressure-raising effects of sodium chloride intake
than their counterparts.2 Genetic factors also influence the blood
pressure response to sodium chloride. There is considerable evi-
dence that salt sensitivity is modifiable. The rise in blood pressure
from increased sodium chloride intake is blunted in the setting of
a diet that is high in potassium or that is low in fat, and rich in
minerals; nonetheless, a dose-response relationship between so-
dium intake and blood pressure still persists. In nonhypertensive
individuals, a reduced salt intake can decrease the risk of develop-
ing hypertension (typically defined as systolic blood pressure ≥140
mm Hg or diastolic blood pressure ≥ 90 mm Hg).

The adverse effects of higher levels of sodium intake on blood
pressure provide the scientific rationale for setting the Tolerable
Upper Intake Level (UL). Because the relationship between so-
dium intake and blood pressure is progressive and continuous
without an apparent threshold, it is difficult to precisely set a UL,
especially because other environmental factors (weight, exercise,
potassium intake, dietary pattern, and alcohol intake) and ge-
netic factors also affect blood pressure. For adults, a UL of 2.3 g
(100 mmol)/day is set. In dose-response trials, this level was com-
monly the next level above the AI that was tested. It should be
noted that the UL is not a recommended intake and, as with
other ULs, there is no benefit to consuming levels above the AI.

2 In research studies, different techniques and quantitative criteria have been
used to define salt sensitivity. In general terms, salt sensitivity is expressed as either
the reduction in blood pressure in response to a lower salt intake or the rise in
blood pressure in response to sodium loading. Salt sensitivity differs among sub-
groups of the population and among individuals within a subgroup. The term “salt
sensitive blood pressure” applies to those individuals or subgroups who experience
the greatest change in blood pressure from a given change in salt intake—that is,
the greatest reduction in blood pressure when salt intake is reduced.
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Among certain groups of individuals who are most sensitive to
the blood pressure effects of increased sodium intake (e.g., older
persons; African Americans; and individuals with hypertension,
diabetes, or chronic kidney disease), their UL may well be lower.
These groups also experience an especially high incidence of
blood pressure-related cardiovascular disease. In contrast, for in-
dividuals who are unacclimatized to prolonged physical activity in
a hot environment, their needs may exceed the UL because of
sodium sweat losses.

It is well-recognized that the current intake of sodium for most
individuals in the United States and Canada greatly exceeds both
the AI and UL. Progress in achieving a reduced sodium intake will
likely be incremental and will require changes in individual be-
havior towards salt consumption, replacement of high salt foods
with lower salt versions, increased collaboration of the food indus-
try with public health officials, and a broad spectrum of additional
research. The latter includes research designed to develop re-
duced sodium food products while maintaining flavor, texture,
consumer acceptability, and low cost.

BACKGROUND INFORMATION

Function

Sodium is the principal cation of the extracellular fluid and func-
tions as the osmotic determinant in regulating extracellular fluid
volume and thus plasma volume. Approximately 95 percent of the
total sodium content of the body is found in extracellular fluid.
Sodium is also an important determinant of the membrane poten-
tial of cells and the active transport of molecules across cell mem-
branes. The concentration of sodium within the cell is typically less
than 10 percent of that outside cell membranes, and an active,
energy-dependent process is required to maintain this concentra-
tion gradient. Chloride, in association with sodium (i.e., sodium
chloride), is the principal osmotically active anion in the extracel-
lular fluid and is also important in maintaining fluid and electro-
lyte balance; it also serves as an important component of gastric
juice as hydrochloric acid.

Physiology of Absorption and Metabolism

Sodium and chloride ions are typically consumed as sodium chlo-
ride. Absorption of sodium and chloride occurs primarily in the
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small intestine and is approximately 98 percent across a wide in-
take range. The majority of ingested sodium chloride is excreted in
the urine, provided that sweating is not excessive (Holbrook et al.,
1984; Pitts, 1974). In humans who are at “steady-state” conditions
of sodium and fluid balance and who have minimal sweat losses,
the amount of sodium excreted in urine roughly equals intake.
This phenomenon occurs due to the capacity of the normal human
kidney to filter some 25,000 mmol of sodium each day and to reab-
sorb, by extremely precise mechanisms, 99 percent or more of the
filtered load (Valtin and Schafer, 1995). Absorbed sodium and chlo-
ride remain in the extracellular compartments, which include
plasma (at concentrations of 140 mmol/L for sodium and 104
mmol/L for chloride), interstitial fluid (at concentrations of 145
mmol/L for sodium and 115 mmol/L for chloride), and plasma
water (at concentrations of 150 mmol/L for sodium and 111
mmol/L for chloride); intracellular concentrations in tissues such
as muscle are 3 mmol/L for sodium and 3 mmol/L for chloride
(Oh and Uribarri, 1999). Sodium is maintained outside of the cell
via the Na+/K+-ATPase pump.

There are various systems and hormones that influence sodium
and chloride balance, including the renin-angiotensin-aldosterone
axis, the sympathetic nervous system, atrial natriuretic peptide, the
kallikrein-kinin system, various intrarenal mechanisms, and other
factors that regulate renal and medullary blood flow. Angiotensin
II, a potent vasoconstrictor, regulates the proximal tubule of the
nephron to promote sodium and chloride retention and also to
stimulate the release of aldosterone from the adrenal cortex (Valtin
and Schafer, 1995). Aldosterone promotes the renal reabsorption
of sodium in the distal tubule of the nephron by mineralocorticoid
receptor-mediated exchange for hydrogen and potassium ions. With
reduced salt intake, reduced blood volume, or reduced blood pres-
sure, the renin-angiotensin-aldosterone axis is stimulated. When the
renin-angiotensin-aldosterone system is less responsive, as with ad-
vancing age, there is a greater blood pressure reduction from a
reduced intake of sodium chloride (Cappuccio et al., 1985;
Weinberger et al., 1993a).

Atrial natriuretic peptide (ANP) is released in response to elevated
blood volume and serves as a counter-regulatory system to the re-
nin-angiotensin-aldosterone system. ANP decreases the release of
renin and therefore the release of angiotensin II and aldosterone
and increases the glomerular filtration rate. These actions contrib-
ute to reductions in blood volume and blood pressure.

The sympathetic nervous system is another major regulatory sys-
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tem for sodium and chloride excretion through at least three
mechanisms: alteration in renal medullary blood flow, release of
renin, and direct effects on the renal tubules. Similar to the renin-
angiotensin-aldosterone system, the sympathetic nervous system is
activated during sodium depletion and suppressed during sodium
excess (Luft et al., 1979a). With increased extracellular fluid vol-
ume, there is increased blood flow in the medulla (the inner part of
the kidney), resulting in a decreased sodium concentration of the
fluid delivered to the ascending limb of Henle’s loop in the renal
tubule. This decrease leads to reduced sodium reabsorption of the
kidney’s nephron so that more sodium is delivered to the distal
tubules for excretion.

Intrarenal mechanisms are also important for sodium and chlo-
ride homeostasis. These mechanisms include locally released pros-
taglandins, kinins, angiotensin, endothelial relaxing factor, and
other less-well defined factors.

Other Forms of Sodium

Sodium is consumed as sodium chloride (salt), sodium bicarbon-
ate, and as sodium in a variety of forms provided in processed foods
(e.g., monosodium glutamate and other food additives, such as so-
dium phosphate, sodium carbonate, and sodium benzoate). Still,
the major form of dietary sodium is sodium chloride (Fregly, 1984;
Mattes and Donnelly, 1991), which accounts for approximately 90
percent of the total sodium intake in the United States.

Sodium bicarbonate is used as an ingredient in foods. It can also
be used in the treatment of metabolic acidosis because its bicarbon-
ate component induces an increase in plasma bicarbonate concen-
tration, the prime “metabolic” determinant of blood pH (the nu-
merator of the Henderson-Hasselbalch equation3), with the pCO2
concentration being determined by respiration. Normally bicarbon-
ate is the major determinant of plasma alkalinity. Although there is
strong evidence that metabolic acidosis, which occurs in chronic
renal insufficiency, is an important determinant of deleterious
muscle and bone catabolism (Bushinsky, 1998; Mitch, 1998), so-
dium bicarbonate is not widely used clinically to correct such acido-

3 pH = pK1 + log BA

HA
[ ]
[ ] , where BA is the ionized salt of the acid HA; in the case of

the bicarbonate-carbonic acid buffer system in blood, the pK1 = 6.1, and the con-
centration of carbonic acid [H2CO3] is based on the blood concentration of pCO2.
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sis. This is because large volumes of sodium bicarbonate are re-
quired, leading to concern that the sodium load may induce plasma
volume overload.

It might be expected that sodium chloride loading rather than
sodium bicarbonate loading would substantially expand plasma vol-
ume because sodium and chloride are both distributed as osmotic
agents almost restrictively within the plasma-containing extracellu-
lar fluid. In contrast, bicarbonate is distributed throughout the
much larger total body water. However, in a variety of clinical cir-
cumstances, sodium bicarbonate and/or sodium citrate appear to
induce an expansion of plasma volume, as judged by suppression of
plasma renin activity and the plasma concentration of aldosterone
(Kurtz et al., 1987; Luft et al., 1990; Schorr et al., 1996; Sharma et
al., 1992) and by changes in insulin space (Van Goidsenhoven et
al., 1954). Yet, in these studies, sodium loading without chloride
(e.g., with sodium bicarbonate) did not raise blood pressure to the
same extent as sodium chloride (Luft et al., 1990; Schorr et al.,
1996).

INDICATORS CONSIDERED FOR ESTIMATING THE
REQUIREMENTS FOR SODIUM AND CHLORIDE

The following section reviews the potential markers for adverse
effects resulting from insufficient sodium intake in apparently
healthy individuals.

Sodium Balance

When substantial sweating does not occur, total obligatory sodium
losses are very small, up to 0.18 g/day or 8 mmol/day (Table 6-1)
(Dahl, 1958). For this reason, in a temperate climate or even a

TABLE 6-1 Obligatory Losses of Sodium

g/d mmol/d

Urine 0.005–0.035 0.2–1.5
Skin (nonsweating) 0.025 1.1
Feces 0.010–0.125 0.4–5.4

Total 0.040–0.185 1.7–8.0

SOURCE: Dahl (1958).
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tropical climate, acclimatized persons can survive on extremely low
sodium intakes (Kempner, 1948; Oliver et al., 1975).

Urine and Feces

In nonsweating individuals living in a temperate climate who are
in a steady-state of sodium and fluid balance, urinary sodium excre-
tion is approximately equal to sodium intake (i.e., 90 to 95 percent
of total intake is excreted in urine) (Holbrook et al., 1984; Pietinen,
1982). Obligatory urinary losses of sodium in adults are approxi-
mately 23 mg (1 mmol)/day (Dole et al., 1950). This estimated level
of excretion is similar to those that have been actually measured in
studies of the Yanomamo Indians in Brazil: in one study sodium
excretion of 26 men averaged 23.5 ± 34.7 mg (1.02 ±1.51 mmol)/
day (Oliver et al., 1975), and in a subsequent study (n = 195), uri-
nary sodium excretion was 20.7 ± 52.9 mg (0.9 ± 2.3 mmol)/day
(Rose et al., 1988).

Excretion of sodium in the stool is minimal. When sodium in-
takes ranged from 0.05 to 4.1 g/day of sodium, only about 0.01 to
0.125 g (0.4 to 5.4 mmol)/day appeared in the stool (Dahl, 1958;
Dole et al., 1950; Henneman and Dempsey, 1956). In a sodium
balance study with three levels of intake, 1.5, 4.0, and 8.0 g (66, 174,
and 348 mmol)/day (Allsopp et al., 1998), fecal sodium excretion
increased as sodium intake rose. Still, fecal excretion of sodium was
less than 5 percent of intake even at the highest level of sodium
intake (Table 6-2).

Skin and Sweat

Daily dermal losses of sodium have been reported to average less
than 0.025 g (1.1 mmol)/day (Dahl, 1958; Dahl et al., 1955). In
another study, estimated obligatory dermal losses of sodium ranged
from 0.046 to 0.09 g (2 to 4 mmol)/day (Fregly, 1984). Sweat so-
dium loss depends on a number of factors, including: (1) the sweat
rate, (2) sodium intake, and (3) heat acclimation (Allsopp et al.,
1998). For these reasons, the sodium concentration in sweat varies
widely. Most studies that measure sodium content of sweat are short-
term (Table 6-3), and report sweat sodium concentrations rather
than total sodium lost in sweat. Of note, in these studies intake data
on dietary sodium was frequently not given. However, in the three
studies where dietary sodium information was provided, dietary in-
takes were high (up to 8.7 g [378 mmol]/day).
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One study provided detailed information on sweat losses at three
levels of dietary sodium intake (Allsopp et al., 1998). Men were
exposed to heat in an environmental chamber at 40°C (104°F) for
10 hours/day of the last 5 days of an 8-day experimental period.
Sweat sodium loss, as well as fecal and urinary sodium losses, were
progressively greater across the three levels of sodium studied (1.5
g [66 mmol], 4 g [174 mmol], or 8 g [348 mmol]/day) (see Table
6-2). By the eighth day, participants on the lowest sodium level were
in sodium balance. Plasma aldosterone concentrations were signifi-
cantly increased during the low sodium condition and significantly
decreased during the high sodium condition. Earlier studies, in-
cluding a 10-day pre-post study, reported similar reductions in so-
dium sweat loss following exercise in the heat over time (Kirby and
Convertino, 1986), as well as decreased sweat sodium concentration
with heat acclimation without exercise (Allan and Wilson, 1971).

This reduction in sweat sodium concentration is a protective
mechanism to minimize plasma volume loss. Conn (1949) demon-
strated that healthy persons sweating 5 to 9 L/day could maintain
sodium chloride balance on intakes ranging from as low as 1.9 g
(83 mmol)/day to 3.2 g (139 mmol)/day of sodium chloride, the
maximum intake provided.

In aggregate, available data indicate that healthy, free-living indi-
viduals can achieve sodium balance following acclimation under a
variety of conditions, including low sodium intake and extreme
heat.

TABLE 6-2 Sodium Balance at Three Levels of Sodium Intake

24-h 24-h 12-h
Sodium Sodium Urinary Fecal Sweat Sodium
Intake Intake Number Sodium, Sodium, Sodium, Balance,
(g/d) (mmol/d) of Men g (mmol) g (mmol) g (mmol) g (mmol)

1.5 66 9 0.7 (32.4) 0.03 (1.4) 0.57 (24.8) +0.005 (0.2)
4.0 174 9 2.1 (92.3) 0.12 (5.4) 0.89 (39.1) +0.67 (29.1)
8.0 348 7 5.8 (251.3) 0.33 (14.2) 1.2 (52.6) +0.34 (14.7)

NOTE: Reported values were obtained after 8 d on the assigned sodium level. Mea-
surements were obtained at the end of the 8-d period of which the last 5 d were spent in
an environmental chamber (40°C [104°F] from 8 am to 6 pm, and from 6 pm to 8 am at
25°C [77°F]).

SOURCE: Allsopp et al. (1998).
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TABLE 6-3 Sweat Sodium Concentration

Reference Study Design

Adults

Consolazio et al., 1963 3 men
37.8°C (100°F)
8.7 g/d sodium (378 mmol/d), 16 d

Murakami and Hirayama, 1964 16 Japanese adults
Ambient temperature
No dietary information

Allan and Wilson, 1971 3 subjects
Unacclimated and acclimated, 40°C (104°F)

for 1 h/d
No diet information, 3 wk

Kirby and Convertino, 1986 10 men
1–2 h postexercise, 40°C (104°F), measured

at 1 and 10 d of heat acclimation
3.2–3.5 g/d (141–152 mmol/d) sodium

Barr et al., 1991 6 subjects
Moderate exercise for 6 h, 30°C (86°F);

provided water or saline at 5.8 g/L
(25 mmol/L)

No dietary information

Meyer et al., 1992 16 men and women
42°C (107.6°F) and 40 min cycling
No dietary information, 1 d

Allsopp et al., 1998 25 men, each on different dietary levels
25°C (77°F) for 3 d, acclimated at 40°C

(104°F) for 5 d, 3 levels of sodium intake/d
1.5 g (66 mmol) (9 men)
4.0 g (174 mmol) (9 men)
8.0 g (348 mmol) (7 men), 8 d

Inoue et al., 1999 5 men
Exercise 90 min/d, 43°C (109.4°F)
No dietary information, 8 d

Children

Murakmi and Hirayama, 1964 193 Japanese children
Ambient temperature
No dietary information

Meyer et al., 1992 18 prepubescent (PP) and 17 pubescent (P)
boys and girls

42°C (107.6°F) and 40 min cycling
No dietary information, 1 d
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Sodium Concentration in Sweat, Sweat Sodium Loss,
mmol/L (g/L) mmol/d (g/d)

49–180 (1.13–4.20) 122–265 (2.8–6.1)

21–53 (0.48–1.21) Not determined

10–58 (0.23–1.33) Not determined

Day 1: 75–100 (1.7–2.3) Not determined
Day 10: 40–45 (0.92–1.0)

Water: 33 (0.76) Water: 156 (3.6)
Saline: 36 (0.83) Saline: 176 (4.0)

35–55 (0.81–1.3) Not determined

 50 (1.2)
 78 (1.8)
105 (2.4)

45–60 (1.0–1.4) Not determined

5–55 (0.12–1.2) Not determined

25–35 (0.58–0.80) (PP) Not determined
35–40 (0.80–0.92) (P)

continued
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Chloride Balance

Chloride losses usually accompany sodium losses. Hence condi-
tions and diseases in which sodium is lost are likewise associated
with chloride loss. Excess chloride depletion, marked by hypochlo-
remia, results in hypochloremic metabolic alkalosis (a syndrome
seen in individuals with significant vomiting), in which loss of hy-
drochloric acid is the primary form of chloride loss.

Much of the evidence of the effects of chloride deficiency comes
from studies in the 1980s of infants who inadvertently consumed
formulas that were manufactured incorrectly with low chloride con-
tent (CDC, 1979, 1980; Roy and Arant, 1979). Clinical symptoms
and signs noted with the ensuing hypochloremia included growth
failure, lethargy, irritability, anorexia, gastrointestinal symptoms,
and weakness (Grossman et al., 1980). Some infants presented with
hypokalemia, metabolic alkalosis, hematuria, hyperaldosteronism,
and increased plasma renin levels (Roy, 1984). Long-term conse-
quences to the infants of consuming the infant formulas that were
inadequate in chloride have been evaluated as well (Malloy et al.,
1991; Roy and Arant, 1981; Willoughby et al., 1990). Developmental
screens were used to evaluate the infants (Willoughby et al., 1990),
which indicated some delay in speech development. Follow-up after
9 to 10 years in the children indicated that the effects of early growth
retardation had vanished and cognitive skills appeared normal, but
some deficits in language skills were present in some children
(Malloy et al., 1991).

Chloride deficiency is thus rarely seen given that most foods con-
taining sodium also provide chloride, unless special medical prod-
ucts low in chloride are consumed.

TABLE 6-3 Continued

Reference Study Design

Mao et al., 2001 Chinese soccer players, 16–18 yr
32–37°C (89.6–98.6°F)
No dietary information, 8 d

Elderly

Inoue et al., 1999 9 men, 63–67 yr
90 min/d exercise, 43°C (109.4°F)
No dietary information, 8 d
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Serum or Plasma Sodium Concentration

A number of studies have reported the concentrations of serum
or plasma sodium by level of dietary sodium intake. Changes in
sodium intake can influence serum or plasma levels of sodium, but
the changes are relatively small and do not lead to pathological
conditions, such as hyponatremia. Studies have shown that low in-
takes of sodium (0.15 to 0.23 g [6 to 10 mmol]/day) do not result
in hyponatremia (defined as plasma sodium levels < 135 mmol/L)
in healthy nonhypertensive (Kirkendall et al., 1976; Luft et al.,
1979b; Overlack et al., 1995; Roos et al., 1985) or hypertensive indi-
viduals (Kempner, 1948; Mark et al., 1975). When observed, hy-
ponatremia is often caused by excessive sodium loss from the body,
which occurs with impaired renal function, increased vasopressin
release, or excessive consumption of water. Diuretic use is an infre-
quent cause of hyponatremia. Overall, there is little evidence of any
adverse effect of low dietary sodium on serum or plasma sodium
concentrations in healthy individuals.

Plasma Renin Activity

Renin is released from the juxtaglomerular cells of the kidney in
response to a perceived reduction in blood volume, blood pressure,
or tubular sodium concentration. As a result, renin induces the
production of angiotensin II, which stimulates renal sodium reab-
sorption via a direct tubular effect, as well as by increasing the pro-
duction of aldosterone. In cross-sectional studies, plasma renin ac-
tivity is inversely associated with sodium intake; the relationship
appears to be curvilinear with the greatest rise in plasma renin activ-

Sodium Concentration in Sweat, Sweat Sodium Loss,
mmol/L (g/L) mmol/d (g/d)

55 ± 27 (1.26 ± 0.62) Not determined

50–90 (1.2–1.9) Not determined
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ity occurring below a sodium intake of 2.3 g (100 mmol)/day as
estimated by urinary sodium excretion (see Figure 6-1). Further-
more, in clinical trials, most of which were brief (2 weeks or less)
and had small sample sizes (< 50 participants), reduced sodium
intake commonly led to a rise in plasma renin activity (Table 6-4).

Meta-analyses of trials have likewise documented this relationship
(Graudal et al., 1998; He and MacGregor, 2002). In a meta-analysis
that only included trials lasting for 4 or more weeks and excluding
those trials with extremely low sodium intakes, sodium reduction
led to an average increase in plasma renin activity of 0.36 ng/mL/
hour from a median value of 1.55 ng/mL/hour (He and
MacGregor, 2002). In general, groups with the greatest reduction
in blood pressure from a reduced sodium intake are those who
concomitantly experience less of a rise in plasma renin; these groups
include hypertensive individuals (He et al., 2001; Weinberger et al.,

FIGURE 6-1 Association between plasma renin activity and urinary excretion of
sodium in patients with hypertension. The normal range of the relation of plasma
renin activity to daily urinary sodium is indicated by the shaded band. Reprinted
with permission, from Alderman et al. (1991). Copyright 1991 by the Massachu-
setts Medical Society.
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1986), African Americans (He et al., 1998; Weinberger, 1993;
Weinberger et al., 1986), and older individuals, both nonhyper-
tensive and hypertensive (Weinberger and Fineberg, 1991). In one
prospective observational study, an elevated renin/sodium profile
(plasma renin activity of 7.1 ng/mL/hour and urinary sodium ex-
cretion of 100 mmol/day or plasma renin activity of 5 ng/mL/hour
and 200 mmol/day) was associated with a significantly higher risk
for myocardial infarction in hypertensive men (Alderman et al.,
1991). However, the number of events was small, just 27, and no
other study has replicated these findings. In contrast, in another
study of primarily nonhypertensive individuals (Meade et al., 1993),
no relationship was found between plasma renin activity and the
incidence of myocardial infarction or sudden death from coronary
causes. In this study, there were 86 ischemic heart disease events.

Plasma renin activity has also been reported to be associated with
left ventricular hypertrophy and insulin resistance (Aronow et al.,
1997; Koga et al., 1998, Townsend and Zhao, 1994). A high renin
profile has been associated with other cardiovascular risk factors,
including elevated plasma cholesterol and triglyceride concentra-
tions and lower high-density lipoprotein concentrations (Allikmets
et al., 1996).

The clinical relevance of a rise in plasma renin activity in response
to blood pressure reduction is uncertain. Plasma renin activity com-
monly rises in response to therapies that lower blood pressure and
cardiovascular disease risk. For example, thiazide diuretic therapy
commonly leads to a rise in plasma renin activity (Niarchos et al.,
1984). Yet despite this rise, diuretic therapy has been repeatedly
shown to prevent stroke and coronary heart disease (Psaty et al.,
2003). In a meta-analysis of 42 trials that compared the effects of
seven different classes of antihypertensive medications, the net ef-
fects on coronary heart disease of low-dose thiazide diuretics (which
raise plasma renin activity) and angiotensin converting enzyme in-
hibitors (which lower plasma renin activity) were identical (relative
risk of 1.0).

Some investigators have interpreted the rise in plasma renin activ-
ity from a reduced sodium intake as a deleterious response that
mitigates the potential benefits of sodium reduction on blood pres-
sure (Alderman et al., 1991). While this concern is theoretically
plausible, there is insufficient evidence in support of this claim.
Furthermore, in contrast to blood pressure, which is a well-accepted
cardiovascular risk factor, there is no such consensus on the inter-
pretation of plasma renin activity and its role in guiding nonphar-
macological or pharmacological therapy for high blood pressure.
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TABLE 6-4 Intervention Studies of the Effect of Sodium Intake
on Plasma Renin Activity

Reference Study Designa

Nonhypertensive individuals

Grim et al., 1977 114 men and women
Before and after 2 L intravenous saline

infusion

Luft et al., 1979b 14 men
3-d crossover

Sullivan et al., 1980 27 men and women
4-d crossover

Zemel et al., 1986 16 African-American men and women
2-wk crossover

Lijnen et al., 1987 10 men
16-wk crossover

Lawton et al., 1988 13 men and women
6-d crossover

Hargreaves et al., 1989 8 men
2-wk parallel

Sagnella et al., 1990 6 men and women, low sodium intake for 4 d;
sodium increased by 1.2 g/d (50 mmol/d)
over a 7-d period to 8.0 g/d (350 mmol/d)
1–2 d

Ruppert et al., 1991 98 salt-resistant men and women
7-d crossover

Cappuccio et al., 1997 18 men and women
4-wk crossover

Hypertensive individuals

Mark et al., 1975 6 men with borderline HT
10-d crossover
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Dietary Sodium, Urinary Sodium,b Plasma Renin Activity,
g/d (mmol/d) g/d (mmol/d) (ng/mL/h)

3.5 (150) 3.5 (150) 1.7
10.5 (458) 7.7 (335) 0.3

0.23 (10) 0.34 (15) 3.9
6.9 (300) 6.4 (278) 0.9

13.8 (600) 12.5 (543) 0.6
18.4 (800) 16.2 (706) 0.4
27.6 (1,200) 25.9 (1,122) 0.2
34.5 (1,500) 33.2 (1,443) 0.2

0.23 (10) 0.55 (24) 3.3c

4.6 (200) 3.9 (170) 0.7d

1 (43) 0.9 (42) 1.4c

4 (174) 3.9 (170) 0.6d

Low (2 weeks) 0.87(38) 1.6c

Low (8 weeks) 5.8 (25) 1.9c

Regular 3.4 (147) 0.7d

0.23 (10) 0.29 (13) 3.2
9.2 (400) 7.5 (326) 0.3

1.2 (50) 1.1 (49) 2.6c

3.4 (150) 3.6 (155) 1.5d

0.23 (10) 0.28 (12) 7.1c

1.2 (50) 0.29 (13) 7.5c

2.3 (100) 0.62 (27) 3.6d

3.4 (150) 2.0 (89) 2.0d

4.6 (200) 3.9 (169) 1.8d

5.8 (250) 6.2 (268) 1.9d

8.0 (350) 6.8 (296) 1.1d

0.46 (20) 0.39 (17) 2.5 (estimated from figure)
6.9 (300) 6.7 (292) 0.3

2.0 (91) 1.5c

3.8 (167) 1.2d

0.23 (10) 7.3
9.4 (410) 1.7

continued
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Accordingly, contemporary guidelines have not recommended rou-
tine measurement of plasma renin activity as a means to guide se-
lection of antihypertensive therapy (Chobanian et al., 2003). Fur-
ther research is needed before plasma renin activity can be used as
a marker of adequacy for sodium intake.

Elevation in Blood Pressure

While a reduced sodium intake, on average, lowers blood pres-
sure (see later section, “Adverse Effects of Overconsumption”), the

TABLE 6-4 Continued

Reference Study Designa

MacGregor et al., 1982a 19 men and women with essential HT
4-wk crossover

Watt et al., 1983 13 men and women with mild HT
4-wk crossover

Resnick et al., 1985 12 men and women with essential HT
5-d crossover

Zemel et al., 1986 6 African-American men and women
2-wk crossover

MacGregor et al., 1989 20 men and women with mild HT
4-wk crossover

Del Rio and Rodriguez- 30 men and women with essential HT
Villamil, 1993 2-wk crossover

Fotherby and Potter, 1993 17 elderly men and women with essential HT
5-wk crossover

Overlack et al., 1995 46 men and women with essential HT
1-wk crossover

Cappuccio et al., 1997 29 men and women
4-wk crossover

a HT = hypertensive.
b SS = salt sensitive, SR = salt resistant.
c,d Values with different superscripts differed significantly from lowest intake levels

at p < 0.05.
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individual blood pressure response is heterogeneous (see Figures
6-2 and 6-3). Certain groups have greater (or lesser) reductions in
blood pressure in response to reduced sodium intake. Those with
the greatest reductions in blood pressure have been termed
“salt sensitive,” while those with little or no reduction in blood pres-
sure have been termed “salt resistant.” Some investigators have
reported that blood pressure might rise in response to sodium re-
duction, potentially because of activation of the renin-angiotensin-
aldosterone system. However, as discussed below, it is difficult to
separate a true rise in blood pressure from a rise in blood pressure
that occurs because of intrinsic variability in blood pressure. For

Dietary Sodium, Urinary Sodium,b Plasma Renin Activity,
g/d (mmol/d) g/d (mmol/d) (ng/mL/h)

1.9 (86) 1.7
3.7 (162) 0.97

1.4 (59) 2.2
3.2 (139) 1.2

0.23 (10) 6.0c

4.6 (200) 1.8d

1 (43) 0.99 (43) 3.2
4 (174) 4.9 (215) 1.9

1.2 (50) 1.1 (49) 2.3
2.3 (100) 2.4 (108) 1.6
4.6 (200) 4.4 (190) 1.4

≈ 0.8 (35) 1.1 (48) 3.1c

≈ 4.7 (204) 4.6 (199) 1.3d

2.2 (95) 1.2c

4.0 (174) 0.9d

2.2 (95) 1.2c

4.0 (174) 0.9d

0.46 (20) SS SR SS SR
6.9 (300) 0.55 (24) 0.44 (19) 1.1c 2.8c

6.1 (264) 6.2 (269) 0.1d 0.4d

2.2 (95) 1.6c

4.2 (182) 1.3d
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FIGURE 6-2a Distribution of blood pressure differences between two points in
time when sodium intake was similar. Each 5 mm Hg bar is centered. SBP = systolic
blood pressure. Reprinted with permission, from Obarzanek et al. (2003). Copy-
right 2003 by the American Heart Association.
FIGURE 6-2b Distribution of blood pressure differences between two points in
time when sodium intake decreased by 1.8 g/d (77 mmol/d). Each 5 mm Hg bar is
centered. SBP = systolic blood pressure. Reprinted with permission, from
Obarzanek et al. (2003). Copyright 2003 by the American Heart Association.
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the same reason, it is difficult to interpret reductions in blood pres-
sure in a given individual.

In addition to reporting average responses in groups of individu-
als, some trials have also reported the blood pressure responses of
individual participants (Table 6-5). An apparent rise in blood pres-
sure in some individuals when sodium intake is reduced has been
interpreted as a pressor response, potentially as a result of an over-
active renin-angiotensin-aldosterone system. However, an alterna-
tive explanation is that an apparent rise in blood pressure reflects
intrinsic blood pressure variability or imprecision in blood pres-
sure measurement. This phenomenon is illustrated by analyses of
the Dietary Approaches to Stop Hypertension (DASH)-Sodium
trial, which assessed blood pressure change across two points in
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FIGURE 6-3 Mean arterial blood pressure response to dietary sodium reduction.
Baseline data is average of five sitting measurements over 12 wk. Change was deter-
mined by subtracting baseline from average of six measurements obtained during
diet. Reprinted with permission, from Miller et al. (1987). Copyright 1987 by
Elsevier Ltd.



290 DIETARY REFERENCE INTAKES

time, separated by at least a month, when there was no change in
diet or sodium level (Figure 6-2a), as well as blood pressure change
when sodium was markedly reduced (Figure 6-2b) (Obarzanek et
al., 2003). In both situations, there was a wide, Gaussian distribu-
tion of blood pressure change. Furthermore, the standard devia-
tion of the distribution of change in blood pressure was similar, 8.4
versus 8.6 mm Hg, respectively, suggesting that much of the vari-
ability in blood pressure response to a reduced sodium intake (in-
cluding an apparent increase in blood pressure in some individu-
als) results from random factors unrelated to sodium intake. A
similar distribution of blood pressure changes was likewise evident
in an intervention study (Miller et al., 1987) that measured blood
pressure carefully and on multiple occasions pre- and postinter-
vention (see Figure 6-3), as well as in other trials (Ruppert et al.,
1991). In such studies, reports that certain individuals experienced
a rise in blood pressure (Table 6-5) must be interpreted very care-
fully. Nonetheless, the group of individuals whose blood pressure

TABLE 6-5 Effect of Sodium Reduction on Blood Pressure in
Studies Reporting Distribution of Blood Pressure Change in
Individuals

Dietary Sodium
Reference Study Designa g/d (mmol/d)

Longworth et al., 1980 82 HT men, 10 d

Miller et al., 1987 82 NT men and women, 30–58 yr
12 wk

Ruppert et al., 1991 147 NT men and women, 19–78 yr 6.9 (300)
7-d crossover 0.46 (20)

He et al., 2001 39 NT and 93 HT men and women ≈ 8.0 (350)
5 d 0.23–0.46 (10–20)

Obarzanek et al., 2003 188 NT and HT men and women 3.2 (141)
4-wk crossover 2.4 (106)

1.5 (64)

a HT = hypertensive, NT = nonhypertensive.
b BP = blood pressure, MAP = mean arterial pressure, SBP = systolic blood pressure.
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apparently rises likely differs, on average, from the group of indi-
viduals whose blood pressure falls. Specifically, those individuals
with an apparent rise in blood pressure experience a greater acti-
vation of the renin-angiotensin-aldosterone axis than those whose
blood pressure falls (Egan et al., 1994; Weinberger et al., 1993a).

Ruppert and colleagues (1991) reported that while a rise in
plasma renin activity and aldosterone concentration were observed
in all subjects placed on a reduced sodium diet, the largest in-
creases were observed in those whose blood pressure increased.
Those who have the greatest reduction in blood pressure as a result
of a reduced sodium intake appear to have a less responsive renin-
angiotensin-aldosterone system (Cappuccio et al. 1997; He et al.,
1998, 2001; Weinberger et al., 1993a).

Given the above considerations, an apparent rise in blood pres-
sure in response to a reduced sodium intake cannot be used as an
indicator of adequate sodium intake.

Urinary Sodium
g/d (mmol/d) Findingsb

4.5 (197) → 1.6 (70) 17% of outpatients and 28% of inpatients has a
rise in BP of at least 5 mm Hg

3.6 (157) → 1.6 (68) ≈ 24 (29%) subjects had a rise in MAP
≈ 5 (6%) subjects had no change in MAP
≈ 53 (65%) subjects had a reduction in blood

pressure

≈ 6.6 (288) → ≈ 0.39 (17) 25 (17%) subjects had a rise in MAP

≈ 6.9 (300) → ≈ 0.48 (21) ≈ 18/39 (46%) NT subjects had a rise in MAP
≈ 9/93 (10%) HT subjects had a rise in MAP

3.2 (140) → 1.4 (62) 55% had SBP decrease ≥ 5 mm Hg
6% had SBP increase ≥ 5 mm Hg
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Blood Lipid Concentrations

Several trials have examined the effects of reduced sodium intake
on blood lipid concentrations. Most trials tested the effects of an
extremely low intake of sodium, typically 0.46 to 0.69 g (20 to 30
mmol)/day (see Table 6-6). For instance, when 15 healthy men
were given a low salt diet of 0.46 g (20 mmol)/day of sodium for 3
weeks, total and low density lipoprotein (LDL) cholesterol concen-
trations increased by approximately 9 and 12 percent, respectively
(Sharma et al., 1990).

Some of these effects have been attributed to a reduced plasma
volume because rises in hematocrit, total protein, and albumin con-
centrations have been noted (Weder and Egan, 1991). However,
increases in serum total and LDL cholesterol and triglyceride con-
centrations persist even after adjustment for changes in hematocrit
(Ruppert et al., 1994). A meta-analysis documented statistically sig-
nificant increases in total and LDL cholesterol concentrations in
response to the typically extreme reductions in sodium tested in 13
of the 19 trials (Graudal et al., 1998). A subsequent meta-analysis
that focused on trials of “modest” sodium reduction (an average of
1.7 g [75 mmol]/day) did not find significant changes in total, LDL,
or high density lipoprotein (HDL) cholesterol concentrations (He
and MacGregor, 2002). In the only available trial with three levels
of sodium intake—1.1 g (50 mmol)/day, 2.3 g (100 mmol)/day,
and 3.4 g (150 mmol)/day—there were no significant changes in
fasting blood lipid concentrations by sodium level in either a typical
American diet (higher in fat) or the DASH diet (lower in fat)
(Harsha et al., 2004). This trial was a controlled, isocaloric feeding
study.

Insulin Resistance

A possible adverse effect of reduced sodium intake on insulin
resistance has been postulated, potentially as a result of increased
sympathetic nervous system activity. It has also been hypothesized
that this phenomenon might be more prevalent in certain sub-
groups—those individuals who experience little or no reduction in
blood pressure from a reduced sodium intake (salt-resistant indi-
viduals) (Egan and Stepniakowski, 1997).

Empirical evidence on this topic is sparse. A few predominantly
small trials have evaluated the effects of reduced sodium intake on
insulin resistance and glucose intolerance (see Table 6-7). Several
of these trials tested the effects of extremely low sodium intakes
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(< 0.7 g [30 mmol]/day). None used a glycemic clamp or minimal
model technique to assess insulin sensitivity. In a crossover trial with
one-week periods, a sodium intake of 0.46 g (20 mmol)/day, when
compared with an intake of 4.8 g (208 mmol)/day increased fasting
plasma insulin concentrations and thus decreased the glucose:
insulin ratio (Weder and Egan, 1991). In another study with 147
nonhypertensive individuals, a sodium intake of 0.46 g (20 mmol)/
day increased serum insulin, but had no effect on serum glucose
concentrations compared with an intake of 6.9 g (300 mmol)/day
(Ruppert et al., 1991). In a crossover trial with 13 participants, a
sodium intake of 0.46 g (20 mmol)/day increased vascular insulin
resistance compared with an intake close to 5.5 g (240 mmol)/day
(Feldman et al., 1996). These limited data suggest that an extremely
low intake of sodium may, in the short-term, be associated with
insulin resistance.

Likewise, few studies have examined the effects of sodium intakes
at or above 1.2 g (50 mmol)/day. In a randomized crossover study
with 34 participants (Grey et al., 1996), there were no significant
differences in the glucose:insulin ratio or insulin sensitivity at a so-
dium intake of 1.2 g (52 mmol)/day and 4.2 g (185 mmol)/day.
Two other smaller trials (Boero et al., 2000; Schorr et al., 1996)
reported no effects of sodium reduction on measures of insulin
resistance from sodium reduction. In contrast, in a crossover study
of eight individuals, sodium reduction to 1.7 g (75 mmol)/day from
5.4 g (235 mmol)/day resulted in systemic insulin resistance as as-
sessed by fasting glucose:insulin ratio (Feldman and Schmidt, 1999).
In another trial, the total glycemic response to an oral glucose toler-
ance test was 8 percent lower on the higher of the two sodium
intakes (6.1 versus 3.1 g [267 vs. 135 mmol]/day) (Ames et al.,
2001).

Overall, available evidence on the effects of sodium reduction on
insulin resistance is sparse and inconsistent. Longer-term studies at
relevant sodium intakes are needed to assess the effects of sodium
intake on insulin resistance.

FACTORS AFFECTING SODIUM AND CHLORIDE
REQUIREMENTS

Physical Activity and Temperature

Physical activity can potentially affect sodium chloride balance,
mostly from increased losses in sweat. Individuals who exercise
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TABLE 6-6 Effect of Sodium Reduction on Blood Cholesterol
Concentrations in Order of Increasing Duration of Intervention

Reference Study Design

Nonhypertensive (NT) individuals

Ruppert et al., 1994 163 men and women, 19–78 yr
1-wk crossover

Grey et al., 1996 34 men
1-wk crossover

Sharma et al., 1990 15 men, 20–31 yr
3-wk crossover

Schorr et al., 1996 21 men and women
4-wk crossover

Hypertensive (HT) individuals

Masugi et al., 1988 8 patients with essential HT
5-d parallel

Del Rio et al., 1993 30 men
2-wk crossover

Boero et al., 2000 13 men and women, 21–64 yr
2-wk crossover

Grobbee et al., 1987 40 young adult men and women with mildly
elevated blood pressure

6 wk

Geleijnse et al., 1995 89 men and women, 55–75 yr
24-wk parallel

Nonhypertensive and hypertensive individuals

Harsha et al., 2004 390 men and women
4-wk crossover feeding study

a LDL = low-density lipoprotein, HDL = high-density lipoprotein, TC = total
cholesterol.

b Differed significantly at p < 0.05.



SODIUM AND CHLORIDE 295

Sodium Intake or
Urinary Sodium
g/d (mmol/d) Cholesterol Concentration (mmol/L)a

300 → 20 Total and LDL cholesterol greater in counter-regulators
with sodium reduction

185 vs. 52 No difference in total or LDL cholesterol

220 → 20 Total cholesterol 4.26 → 4.52b

LDL cholesterol 2.86 → 3.13b

HDL cholesterol 0.89 → 0.85

105 vs. 175 No difference in total, LDL, or HDL cholesterol

171 → 34 Total cholesterol 5.8 → 6.5b

LDL cholesterol 1.46 → 1.7b

199 → 48 Total cholesterol 5.53 → 5.78
HDL cholesterol 1.24 → 1.17b

1.2 (50) No significant differences in total and HDL cholesterol
5.8 (250)

1.3 (57) 4.8
2.9 (129) 4.8

143 → 102 No significant difference in the serum HDL/total
cholesterol ratio

DASH Diet
(n = 197) TC LDL HDL
1.5 (65) 191 124 45
2.4 (106) 189 123 45
3.3 (143) 191 123 45
Control Diet
(n = 193) TC LDL HDL
1.5 (65) 208 138 48
2.4 (106) 206 135 48
3.3 (143) 207 136 49
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strenuously in the heat on a daily basis can lose substantial amounts
of sodium. The loss of sodium in sweat is dependent on a number
of factors, including overall diet, sodium intake, sweating rate, hy-
dration status, and degree of acclimatization to the heat (Allan and
Wilson, 1971; Allsopp et al., 1998; Brouns, 1991). The amount of
sodium lost in sweat is less in those acclimatized to the heat than in

TABLE 6-7 Effect of Sodium Reduction on Glucose Intolerance

Sodium Intake
Reference Study Designa g/d (mmol/d)

Ruppert et al., 1991 147 NT men and women,
19–78 yr 0.46 (20)

7-d crossover 6.9 (300)

Weder and Egan, 1991 9 NT and 18 HT men,
23–55 yr

7-d crossover 0.46 (20)
4.8 (208)

Feldman et al., 1996 5 NT and 8 HT men
1-wk crossover 0.46 (20)

5.5 (240)

Grey et al., 1996 34 NT men
1-wk crossover

1.2 (52)
4.2 (185)

Schorr et al., 1996 21 NT men and women 2.4 (105) vs.
4-wk crossover 4.0 (175)

Feldman and Schmidt,
1999 8 NT men, 25–40 yr

1-wk crossover 1.7 (75)
5.4 (235)

Boero et al., 2000 13 HT men and women, 5.8 (250)
21–64 yr 1.2 (50)

2-wk crossover

Ames et al., 2001 21 HT men and women 3.1 (135)
4-wk crossover 6.1 (267)

a NT = nonhypertensive, HT = hypertensive.
b SS = salt sensitive, Hb = hemoglobin, AUC = area under the curve.
c Significantly different.
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those who are not (Sawka and Montain, 2000). Sodium sweat loss
was reported to be significantly greater when subjects performed a
running exercise than when the subjects sat in a climatic chamber
at 40°C (104°F) (123.1 ± 33.6 mmol [2.8 ± 0.8 g]/L versus 84.3 ±
31.5 mmol [1.9 ± 0.7 g]/L, respectively) (Fukumoto et al., 1988).
Exposure to heat without exercise, however, also alters sweat so-

Findingsb

Insulin (µU/mL) (SS)
10.4c

7.9c

No difference in glucose concentration

Glucose/Insulin Ratio
Insulin (µU/mL) Glucose (mg/dL) (mIU/mmol)
14.5c 95.9 7.8c

11.5 96.6 10.9c

Plasma glucose (mmol/L) Glycated Hb (%) Vascular sensitivity to
4.9–5.2 3.9–4.8 insulin reduced when
4.6–5.2 4.0–4.9 fed low salt diet

Glucose/insulin ratio
Plasma glucose (mmol/L) (mIU/mmol)
4.85 1.5
4.85 1.4

No significant difference in the AUC for glucose or insulin

Glucose/insulin ratio
(mIU/mmol)
0.6c

1.2c

No significant differences in serum glucose concentration

Glycemic response on a glucose tolerance test was 8.0% lower during sodium
supplementation; p < 0.001
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dium concentration. Overall, sweat sodium concentration averages
about 35 mmol/L, with a range from 10 to 70 mmol/L (Sawka and
Montain, 2000; Verde et al., 1982).

In a classical study, Consolazio and colleagues (1963) assessed the
sweat sodium losses of three healthy young men who were exposed
to 37.8°C (100°F) heat for 7.5 hours/day for 16 days. Average sweat
sodium losses fell from 487 mmol (11.2 g)/day (day 1) to 71 mmol
(1.64 g)/day (day 11). Due to the individual variation of sweat so-
dium losses, there was not a concomitant decrease from day 1 to
day 16; however, there was a decline in sweat loss over time, demon-
strating that acclimation that occurred over a short period of time.

The joint effects on sodium loss of physical activity (or tempera-
ture) with dietary sodium intake has received little attention. Only
one experimental study in Table 6-3 (Allsopp et al., 1998) reported
sodium sweat loss in men given one of three different sodium in-
takes, all of whom were exposed to heat. Sodium sweat loss fell in
those on the lowest sodium intake level (1.5 g [66 mmol]/day), and
sodium balance was achieved.

Despite the dearth of empirical studies, there is little reason to
expect that a reduced sodium intake would affect the ability to per-
form physical activity. Several isolated, physically active populations
have extremely low intakes of sodium (Oliver et al., 1975; Rose et
al., 1988).

Effects of Nutrients on Urinary Losses of Sodium

Potassium

Administration of potassium salts has been shown to increase
urinary sodium excretion (for review, see Liddle and coworkers,
1953). In normal human volunteers studied under controlled meta-
bolic conditions, both potassium bicarbonate and potassium chlo-
ride have demonstrated substantial and comparable effects on in-
creasing urinary sodium excretion (van Buren et al., 1992), at least
acutely until equilibration is reached. At a new steady state, sodium
intake and excretion become equivalent. Animal experiments sug-
gest that potassium may inhibit sodium reabsorption in the distal
tubule of the kidney (Brunette et al., 1992; Vander, 1970; Young et
al., 1976). By reducing extracellular volume and plasma volume,
this effect is generally considered to be an important component
of the antihypertensive effect of potassium, particularly in patients
with hypertension.
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While some studies have shown increased urinary sodium excre-
tion with increased potassium intakes (Barden et al., 1991; Gu et al.,
2001; Krishna et al., 1989; MacGregor et al., 1982b; Matlou et al.,
1986; Smith et al., 1992), other studies have not shown a significant
effect with potassium supplementation of up to 4.7 g (120 mmol)/
day on urinary sodium excretion (Barden et al., 1986; Brancati et
al., 1996; Fotherby and Potter, 1992; Lawton et al., 1990; Overlack
et al., 1991; Sacks et al., 2001; Whelton et al., 1995). These studies
that have not documented an effect of high potassium intake on
sodium excretion may not have measured urinary loss at the appro-
priate period. The absence of an effect after a new equilibrium was
achieved would not preclude an early effect of increased potassium
intake.

Calcium

A substantial body of evidence has documented that higher in-
takes of sodium result in increased urinary excretion of calcium
(Breslau et al., 1982; Castenmiller et al., 1985; McCarron et al.,
1981). Data on the effect of calcium intake on sodium excretion,
however, are limited. When placed for one week each on a low
calcium (200 mg/day) diet or a high calcium (1,800 mg/day) diet,
there was no difference in the urinary excretion of sodium
(Cappuccio et al., 1986). A similar lack of effect of calcium supple-
mentation on urinary sodium excretion was seen over a longer (8
week) period in a crossover trial in which 1.5 g/day of supplemen-
tal calcium was compared with a placebo in 46 nonhypertensive and
hypertensive subjects (Weinberger et al., 1993b).

Diuretics

Diuretics increase the urinary excretion of water, sodium, and
chloride. As a result, hyponatremia and hypochloremia have been
observed with the use of diuretics (Gross et al., 1988; Oles and
Denham, 1984; Orinius, 1984). In some individuals, typically older
white women, severe hyponatremia has been reported as an idio-
syncratic response to thiazide-type diuretics (which act on the proxi-
mal tubule). This appears to be a consequence of impaired water
excretion rather than excessive sodium loss since it can be corrected
by water restriction. The hyponatremic affect of thiazide-type di-
uretics is often observed with the concomitant use of other medica-
tions (e.g., furosemide, chlorpropramide, carbamazepine) (Kalksma
and Leemhuis, 2002).
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Cystic Fibrosis

Cystic fibrosis (CF) is a relatively common genetic disorder in
which the body produces abnormally thick and viscous mucus due
to the faulty membrane transport of sodium chloride. Several or-
gans, particularly the lungs and pancreas, are affected. As a result,
the sodium and chloride content of sweat is very high. In one
study, mean sweat sodium or chloride concentrations of CF pa-
tients was 104 ± 26 mmol/L compared with 16 ± 7 mmol/L in
healthy persons (Pillion and Meezan, 1985). In another study,
concentrations ranged from 60 to 150 mmol/L for CF patients
while the range was 9 to 72 mmol/L for healthy individuals (Carter
et al., 1984). Although the increased amount of sodium and chlo-
ride required is unknown in CF patients, the requirement is higher
for those CF patients who exercise and therefore have additional
losses via sweat (Kriemler et al., 1999).

Diabetes

Diabetes is associated with hyperglycemia and glycosuria when
the renal threshold for glucose reabsorption is exceeded. The os-
motic effect of glucose on the renal tubule is associated with a pas-
sive increase in the renal excretion of sodium and water. In acute
situations, when the hyperglycemia is marked (e.g., diabetic ketoaci-
dosis), volume depletion, hypotension, and hyponatremia may oc-
cur. This is generally corrected by the intravenous administration of
sodium chloride and water, as well as insulin, to reduce the elevated
blood glucose levels. While there is some evidence that an extremely
reduced sodium intake to 0.46 g (20 mmol)/day can decrease insu-
lin sensitivity, there is little evidence of the adverse effects of so-
dium reduction to levels of ≈ 1.2 g (50 mmol)/day in nondiabetic
populations (Table 6-7). In trials of sodium reduction in diabetics,
there was no evidence of a deterioration in glucose control (Dodson
et al., 1989; Mulhauser et al., 1996); however, the number of trials
was small, as was their sample size.

High blood pressure and blood pressure-related cardiovascular
disease are common in individuals with diabetes. As described
subsequently, available evidence indicates that diabetics are a salt-
sensitive group of the population. Still, sodium reduction would
not be beneficial in some individuals with diabetes. Some oral
hypoglycemic medications (e.g., chlorpropramide) used for diabe-
tes have been associated with hyponatremia, presumably related to
increased free water reabsorption rather than excessive renal so-
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dium loss (Gardenswartz and Berl, 1981). In some elderly individu-
als with diabetes, hyporeninemic hypoaldosteronism may increase
renal sodium loss (Schambelan et al., 1972). These individuals are
usually identifiable by elevated serum potassium concentrations.

FINDINGS BY LIFE STAGE AND GENDER GROUP

Infants Ages 0 Through 12 Months

Sodium

There has been limited research on sodium requirements for nor-
mal growth and development in humans. Growth failure has been
recognized in young children with salt-wasting disorders, such as
isolated hypoaldosteronism (Rosler, 1984), thus linking the need
for adequate sodium in early life to normal growth. The addition of
sodium to infant formula and its presence in commercially pro-
cessed weaning foods has been the focus of debate since the 1970s.
Issues debated have been the extent to which sodium is required in
infancy for normal growth and the possibility that adult hyperten-
sion results from excess sodium intake during early years (Dahl,
1968; de Wardener and MacGregor, 1980). However, while animal
studies indicate that sodium is required in normal growth of neona-
tal rats (Fine et al., 1987; Orent-Keiles and McCollum, 1940) and
pigs (Alcantara et al., 1980), no studies were found that evaluated
the effects of varying intakes of sodium on growth or other effects
in normal, full-term human infants.

For preterm human infants, the few available studies indicate that
sodium is indeed required for normal growth (Al-Dahhan et al.,
1984; Bower et al., 1988; Chance et al., 1977). Two of these studies
were conducted primarily in preterm infants (Al-Dahhan et al.,
1984; Chance et al., 1977), while the other was among early and
preterm infants with ileostomies (Bower et al., 1988).

When preterm infants born before 34 weeks gestation were given
92 to 115 mg of sodium per kg/day from 4 to 14 days postpartum,
there was improved weight gain compared with infants who received
23 to 34 mg/kg/day of sodium (Al-Dahhan et al., 1984). When very-
low-birth-weight premature infants were supplemented with sodium,
weight gain was increased in a second study (Chance et al., 1977).
Measurement of body water space and dynamic skinfold thickness
indicated that the weight gain was partially due to water retention,
with the remaining due to increases in lean body mass.

Sodium balance and growth was studied in 11 infants born fol-
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lowing 25 to 38 weeks gestation and who subsequently had ileosto-
mies due to necrotizing enterocolitis or meconium ileus (Bower et
al., 1988). Ileostomy outputs of the 11 infants ranged from 10 to 58
mL/kg/day. Despite the provision of adequate energy and protein
intake, growth failure was seen in 6 of 11 infants whose weights
ranged from 1.1 to 3.0 kg; however, growth failure was corrected
when the sodium content of the formula (which provided on aver-
age 46 mg [2 mmol]/kg/day) was increased to provide approxi-
mately 90 to 180 mg (4 to 8 mmol)/kg/day of sodium. Urinary so-
dium excretion associated with weight gain in those supplemented
was episodically 10 mmol (230 mg)/L or more. No infant with a
urinary sodium concentration consistently greater than 10 mmol/
L had growth impairment in spite of all infants demonstrating
metabolic acidosis, thought to be due to the loss of bicarbonate in
the ileostomy fluid. Some of the infants also exhibited hyperchlore-
mia, which was corrected with the use of supplemental sodium bi-
carbonate.

Given that the renal tubules of preterm infants are not mature
until near gestational term, causing them to have significant uri-
nary losses of sodium, it is quite possible that the sodium needs of
pre-term infants related to growth differ from that of full-term
infants. Hence the quantitative impact of sodium intake on growth
in healthy, full-term infants cannot be ascertained from the avail-
able literature described above.

It has been suggested that changes in extracellular fluid volume
in infants in response to sodium intake could be a measure of ad-
equacy of sodium, and possibly excess as well (Bernstein et al.,
1990). One study evaluated three groups of full-term infants (> 2.5
kg, born > 37 weeks’ gestation) at 6 weeks. One group had been
exclusively fed human milk (n = 43 infants), a second group was fed
a lower sodium formula (arbitrarily determined to be < 231 mg [10
mmol]/L) (n = 42 infants), and a third group was fed a higher
sodium formula (all those above the cutoff of 231 mg [10 mmol]/
L) (n = 39 infants). In this study, there were no measurable differ-
ences in extracellular fluid as measured by dynamic skinfold thick-
ness or in blood pressure in the three groups.

Animal studies, however, have shown effects of inadequate sodium
intake on extracellular fluid expansion and growth. When pair-fed
young rats were fed varying levels of sodium postweaning, the esti-
mated requirement was about 6.9 mg (0.3 mmol) of sodium per
day, or 0.06 mmol/g of new tissue (Fine et al., 1987). Lower intake
levels resulted in a dose-related slowed growth associated with re-
duced extracellular fluid volume, while plasma concentrations of



SODIUM AND CHLORIDE 303

sodium, potassium, and chloride remained normal. Decreased body
fat, bone, and muscle mass were seen, along with decreased protein
deposition in the sodium-deficient animals. The authors concluded
that dietary sodium was required in sufficient quantities to permit
normal expansion of the extracellular fluid volume that accompa-
nies tissue growth.

Chloride

As stated earlier, chloride requirements are generally met due to
the presence of sodium chloride in processed foods and infant for-
mula. However, out of concern for the possible long-term conse-
quences relative to chronic disease, manufacturers no longer add
salt to infant formula at levels above that found in human milk, nor
is salt added to weaning foods in the United States or Canada be-
yond that necessary for processing (FDA, 1985; Health Canada,
2003).

Chloride losses can be substantial in infants, and, while rare,
usually occur secondary to diarrhea or vomiting as a result of infec-
tion or mechanical obstruction, such as pyloric stenosis in infancy
(which results in vomiting), or continuous gastric suction with
resulting metabolic alkalosis. Bartter’s Syndrome, a familial autoso-
mal recessive disease characterized by chronic diarrhea and defec-
tive chloride reabsorption, also results in hypochloremia, as can
renal tubular disorders and cystic fibrosis in which high rates of
sweating and resulting loss of chloride in the perspiration cause
inordinate loss of chloride (Bartter et al., 1962). In these cases, the
loss of chloride is greater than the loss of cations such as sodium,
resulting in a hypochloremia without hyponatremia. In response,
the extra-cellular fluid (ECF) is decreased, and the metabolic alka-
losis results in increased urinary potassium excretion.

Most of the knowledge of chloride deficiency in normal infants
comes from reports of 141 infants less than 12 months old who
were inadvertently fed infant formulas that were chloride deficient
(< 180 mg [5 mmol]/L of chloride). Their symptoms included fail-
ure to thrive, weakness, anorexia, and some possible delayed devel-
opment (Malloy et al., 1991).

Evidence Considered in Setting the AI

In infants there are no functional criteria in use that reflect a
response to varying levels of dietary intake of sodium or chloride;
thus it is not possible to derive an estimated average requirement
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(EAR) for this age group for either nutrient. Following precedents
set for other nutrients (see Chapter 1), recommended intakes of
sodium and chloride are thus based on an Adequate Intake (AI)
that reflects a calculated mean intake of infants principally fed hu-
man milk (0 through 6 months of age), or a combination of human
milk and complementary foods (7 through 12 months of age).

Ages 0 Through 6 Months. Using the method described in Chap-
ter 2, the AI for sodium during ages 0 through 6 months is based on
the average amount of sodium in human milk that is consumed by
this age group. A mean intake 0.12 g (5.2 mmol)/day of sodium is
estimated based on the average volume of milk intake of 0.78 L/day
(see Chapter 2) and an average concentration of sodium in human
milk of 0.16 g/L (7.0 mmol/L) produced during the first 6 months
of lactation. This mean concentration of sodium in human milk was
calculated using a simple average of the sodium concentration val-
ues analyzed in human milk and found in Table 6-8. Chloride is
assumed to be adequate in equimolar amounts: 5.2 mmol of chlo-
ride is equivalent to 0.18 g of chloride.

Ages 7 Through 12 Months. The AI for sodium for older infants is
determined by estimating the sodium intake from human milk (so-
dium concentration × 0.6 L/day) and from complementary foods
(Chapter 2). Sodium intake data (n = 51) from complementary
foods are estimated to be 0.29 g (13 mmol)/day based on data from
the 1994–1996, 1998 Continuing Survey of Food Intakes of Indi-
viduals (CSFII) (see Appendix Table E-5). While data were sparse
related to the sodium content of human milk produced by lactating
women over 3 months postpartum, in all studies examined there
was a decline in the sodium content compared with earlier stages of
lactation. Thus the average sodium concentration in human milk
was obtained from those values of sodium content available from
lactation at 20 weeks or longer, resulting in an average sodium con-
centration of 0.13 g/L (5.6 mmol/L) for months 7 through 12
(Table 6-8).

Assuming an average volume consumed of 0.6 L/day for this age
group (Chapter 2), the sodium intake from human milk during the
second 6 months is approximately 0.08 g (3.5 mmol)/day (0.13 g/L
× 0.6 L)/day. Thus, the total sodium intake, which includes the
amount from complementary foods, is approximately 0.37 g (16
mmol)/day (0.29 g + 0.08 g/day). Chloride is assumed to be ad-
equate in equimolar amounts: 16 mmol of chloride is equivalent to
0.57 g of chloride.
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TABLE 6-8 Sodium Content of Human Milk

Sodium
Stage of Concentration

References Study Lactationa (g/L)b

Gross et al., 1980 18 women    1 mo pp 0.20

Picciano et al., 1981 26 women    1 mo pp 0.15
   2 mo pp 0.12
   3 mo pp 0.13

Keenan et al., 1982 14 women    3.5–6 wk pp 0.18
14 women    8.5–18 wk pp 0.11
12 women    20–32 wk pp 0.12

Lemons et al., 1982   7 women    1 mo pp 0.16
13 women    1.5 mo pp 0.20 (preterm)
  9 women   > 2 mo pp 0.16 (preterm)

Dewey and Lonnerdal, 1983 20 women    1 mo pp 0.23
   2 mo pp 0.26
   3 mo pp 0.18
   4 mo pp 0.18
   5 mo pp 0.17
   6 mo pp 0.13

Morriss et al., 1986 52 women    3 wk pp 0.17
   5 mo pp 0.11

a pp = postpartum.
b Bold values also used in determining sodium concentration for months 7 through 12.

Sodium and Chloride AI Summary, Ages 0 Through 12 Months

AI for Sodium for Infants
0–6 months 0.12 g (5 mmol)/day of sodium
7–12 months 0.37 g (16 mmol)/day of sodium

AI for Chloride for Infants
0–6 months 0.18 g (5 mmol)/day of chloride
7–12 months 0.57 g (16 mmol)/day of chloride

Infant Formula

Current regulations for infant formulas are a minimum of 20 mg/
100 kcal (≈ 0.14 g [5.9 mmol]/L for sodium content based on 676
kcal/L) to a maximum sodium content of 60 mg/100 kcal (0.40 g
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[17.6 mmol]/L based on 676 kcal/L). The current regulation for
chloride content for infant formula is a minimum 55 mg/100 kcal
(≈ 0.37 g [10.4 mmol]/L based on 676 kcal/L) to a maximum 150
mg/100 kcal (≈ 1.0 g [28.6 mmol]/L based on 676 kcal/L) (FDA,
1985).

Children and Adolescents Ages 1 Through 18 Years

There is no reason to expect that the sodium requirements of
children ages 1 through 18 years would be fundamentally different
than that of adults given that maturation of kidneys is similar in
normal children by age 12 months of age (Seikaly and Arant, 1992).
Thus even young children have the ability to conserve sodium in
the face of low levels of dietary sodium.

Evidence Considered in Setting the AI

As for adults, an EAR could not be established because of inad-
equate data from dose-response studies. Hence an AI was set. Given
that little data are available indicating that in normal children, in-
adequate sodium intakes result in specific identifiable markers, and
that, as with adults, normal kidney function can maintain sodium
balance at extremes of sodium intake, the AI is set based on meet-
ing nutrient needs for other essential nutrients. The AI is thus ex-
trapolated down from the adult AI of 1.5 g/day (65 mmol/day)
using relative energy intake, that is, the average of median energy
intake levels of the age groups for adults and for children as the
basis for extrapolation (see Chapter 2). Relative energy levels are
chosen as the method of extrapolation because the AI for adults is
based on an intake of sodium from foods found in the Western
diet, which allows for consumption of an adequate diet for other
required nutrients.

Based on data from the CFSII, the median energy intake for 1- to
3- and 4- to 8-year-old children in the United States was estimated to
be 1,372 and 1,757 kcal/day, respectively (IOM, 2002). Median en-
ergy intakes for preadolescent (9 to 13 years) and adolescent (14 to
18 years) boys and girls ranged from 1,877 to 2,226 and 1,872 to
2,758 kcal/day, respectively, and thus were near or within the adult
range (1,727 to 2,718 kcal/day). Therefore, their AI is the same as
that for adults.

Given the estimated adult median intake value of approximately
2,150 kcal, the value for children 1 to 3 years of age is 1.0 g (42
mmol)/day (1,372 kcal ÷ 2,150 kcal × 1.5 g/day) after rounding.
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For children 4 to 8 years of age it is 1.2 g (53 mmol)/day (1,757
kcal ÷ 2,150 kcal × 1.5 g/day) after rounding. Chloride is assumed
to be adequate in equimolar amounts to sodium; thus the AI for
chloride for children 1 to 3 years of age is 1.5 g (42 mmol)/day and
for 4 to 8 years of age is 1.9 g (53 mmol)/day.

Sodium and Chloride AI Summary, Ages 1 Through 18 Years

AI for Sodium for Children
1–3 years 1.0 g (42 mmol)/day of sodium
4–8 years 1.2 g (53 mmol)/day of sodium

AI for Sodium for Boys
9–13 years 1.5 g (65 mmol)/day of sodium
14–18 years 1.5 g (65 mmol)/day of sodium

AI for Sodium for Girls
9–13 years 1.5 g (65 mmol)/day of sodium
14–18 years 1.5 g (65 mmol)/day of sodium

AI for Chloride for Children
1–3 years 1.5 g (42 mmol)/day of chloride
4–8 years 1.9 g (53 mmol)/day of chloride

AI for Chloride for Boys
9–13 years 2.3 g (65 mmol)/day of chloride
14–18 years 2.3 g (65 mmol)/day of chloride

AI for Chloride for Girls
9–13 years 2.3 g (65 mmol)/day of chloride
14–18 years 2.3 g (65 mmol)/day of chloride

Adults Ages 19 Through 50 Years

Evidence Considered in Setting the AI

Data are inadequate to set an estimated average requirement
(EAR), which requires an indicator of adequacy evaluated at mul-
tiple levels of intake, and an assessment of the level at which ap-
proximately half of the individuals in the life stage group would
demonstrate inadequacy for that indicator. However, available evi-
dence supports an AI of 1.5 g (65 mmol)/day for apparently
healthy adults.

First, a diet that provided an average of approximately 1.5 g
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(65 mmol)/day of sodium can meet recommended intakes for
other nutrients (see Table 6-9) (Craddick et al., 2003; Karanja et
al., 1999). The second and third columns of Table 6-9 display the
nutrient profiles of two Western-type diets tested in the Dietary
Approaches to Stop Hypertension (DASH)-Sodium trial (Sacks et
al., 2001): a typical American (control) diet and the DASH diet.
Both provided an average sodium intake of approximately 1.5 g (65
mmol)/day (as estimated by mean urinary sodium excretion), while
the fourth column provides the current recommended intake for
the nutrients listed.

Second, the AI of 1.5 g (65 mmol)/day exceeds the levels of so-
dium intake (typically < 0.7 g [30 mmol]) that have been associated
in some studies with adverse effects on blood lipid concentrations
and insulin resistance (Tables 6-6 and 6-7).

Third, this level allows for excess sodium loss in sweat by unaccli-
matized persons who are exposed to high temperatures or who are
moderately physically active. As noted previously, Allsopp and co-
workers (1998) documented that heat acclimated persons consum-
ing 1.5 g (66 mmol)/day of sodium achieved sodium balance after
5 days while being exposed to 40°C (104°F) for 10 hours/day (Table
6-2). Extrapolations from this data suggest that on the first day of
heat exposure, prior to acclimation, these individuals would have
achieved sodium balance if their exposure to 40°C (104°F) heat
lasted no more than 6 hours. Specifically, on average, 4.5 mmol
(0.1 g) of sodium per hour was lost in sweat during heat exposure
prior to acclimation. After 5 days of acclimation, average sodium
sweat losses dropped to 2.1 mmol (0.05 g)/hour.

In summary, the AI is set at 1.5 g (65 mmol)/day of sodium for
both young men and women based on meeting sodium needs of
apparently healthy individuals, as well as that of other important
nutrients using foods found in a Western-type diet. It is assumed
these individuals are moderately active in temperate climates. This
level of sodium is equivalent to 3.8 g/day of sodium chloride, which
would also provide 2.3 g (65 mmol) of chloride. This AI does not
apply to highly active individuals such as competitive athletes and
workers exposed to extreme heat stress because of increased loss of
sodium via sweat (see later section, “Special Considerations”).

Sodium and Chloride AI Summary, Ages 19 Through 50 Years

AI for Sodium for Men
19–30 years 1.5 g (65 mmol)/day of sodium
31–50 years 1.5 g (65 mmol)/day of sodium
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TABLE 6-9 Calculated Nutrient Profiles of the Dietary
Approaches to Stop Hypertension (DASH) and Typical
American (Control) Diets at the Lower Sodium Intake in
the DASH-Sodium Triala

DASH Typical RDA
Nutrientb Diet American Diet or AI*c

Protein, g 94.3 74.5 56
Protein, % kcal 18.0 14.3 10–35
Carbohydrate, g 306 256 130
Carbohydrate, % kcal 58.5 49.0 45–65
Total fat, g 63.1 87.1 —
Total fat, % kcal 27.2 37.6 20–35
Saturated fat, g 14.4 35.7 —
Saturated fat, % kcal 6.2 15.4 ALAPd

Monounsaturated fat, g 25.9 28.5 —
Monounsaturated fat, % kcal 11.2 12.3 —
Polyunsaturated fat, g 18.1 16.4 18.6*e

Polyunsaturated fat, % kcal 7.8 7.1 5.5–11f

Cholesterol, mg 128 272 ALAP
Total dietary fiber, g 29.9 10.8 29.4*g

Potassium, g 4.5 1.7 4.7*
Magnesium, g 0.50 0.17 0.32
Calcium, g 1,260 453 1,000*
Zinc, mg 12.1 7.7 11
Thiamin, mg 1.7 1.4 1.2
Riboflavin, mg 2.1 1.4 1.3
Niacin, mg 24.1 22.6 16
Vitamin B6, mg 2.8 1.4 1.3
Vitamin B12, µg 3.8 3.1 2.4
Vitamin C, mg 300 143 90
Vitamin E, mg d-α-

tocopherol equivalents 14.0 7.9 15h

a In the DASH-Sodium trial, the average sodium intake was 1.5 g (65 mmol) as
estimated by mean urinary excretion. The sodium intake of each participant was in-
dexed to calorie level (0.9 to 1.8 g/d (39 to 78 mmol, corresponding to 1,600 to 3,600
kcal/d), Svetkey et al. (1999a).

b Nutrients not analyzed but for which Recommended Dietary Allowances (RDAs) or
Adequate Intakes (AIs) have been established (IOM, 1997, 1998, 2000b, 2001, 2002):
chromium, copper, fluoride, iodine, iron, manganese, molybdenum, phosphorus, sele-
nium, vitamin A, vitamin D, vitamin K, folate, pantothenic acid, biotin, and choline.

c Average of recommended intake for young adult men and women; AI indicated
with *; all others are RDAs.

d As low as possible while consuming a nutritionally adequate diet.
e AI for men for n-3 fatty acids = 1.6 g; for n-6 fatty acids = 17 g; total = 18.6 g.
f n-3 fatty acids = 0.5–1.0 % of kcal; n-6 fatty acids = 5–10% of kcal.
g Amount listed is based on 14 g dietary fiber/1,000 kcal.
h Vitamin E RDA is 15 mg d-α-tocopherol; 1 mg ≈ 1.2 mg d-α-tocopherol equivalents.
SOURCE: Adapted from Craddick et al. (2003) and reprinted with permission. Copy-

right 2003 by Current Science, Inc.
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AI for Sodium for Women
19–30 years 1.5 g (65 mmol)/day of sodium
31–50 years 1.5 g (65 mmol)/day of sodium

AI for Chloride for Men
19–30 years 2.3 g (65 mmol)/day of chloride
31–50 years 2.3 g (65 mmol)/day of chloride

AI for Chloride for Women
19–30 years 2.3 g (65 mmol)/day of chloride
31–50 years 2.3 g (65 mmol)/day of chloride

Older Adults and the Elderly Ages 51+ Years

Methods Used to Set the AI

Renal Function. The ability of the kidney to conserve sodium
decreases with age in response to varying and thus lower intake of
salt decreases with age. The ability of apparently healthy older indi-
viduals to adapt by decreasing urinary sodium when fed very low
sodium diets (in the range of 0.23 g [10 mmol]/day) has been
shown to be much slower than the adaptation seen in younger indi-
viduals; however, with time, older individuals were able to adapt
and reduce urinary sodium excretion to levels less than 10 mmol/
day (Epstein and Hollenberg, 1976). In a study in which individuals
over 40 years of age were compared with race-, sex-, and body
weight-matched controls below 40 years of age, short-term loading
via intravenous saline administration demonstrated distinct age-
related differences in sodium excretion, which included excreting
significantly more sodium during the night than the younger con-
trol subjects (Luft et al., 1980, 1982, 1987).

The clinical significance of this impaired response may be con-
siderable when older individuals must quickly adapt to the reduced
sodium intakes that are often seen during illnesses or following
surgery. The result of a rapid decrease in sodium and fluid intake is
a reduction in extracellular fluid volume, which is clinically mani-
fested as a decrease in circulating blood volume. In clearance stud-
ies of apparently healthy younger and older subjects, older subjects
had a reduced ability to reabsorb sodium at the distal tubule com-
pared with their younger counterparts (Macias-Nuñez et al., 1978).
Possible mechanisms by which distal tubule function is affected in-
clude development of interstitial fibrosis (Macias-Nuñez et al.,
1980) or loss of functioning nephrons. In addition, the hormonal
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changes that occur with age in the kidney, include increased blood
flow to the medulla, depressed activity of the renin-angiotensin-
aldosterone system (Weidmann et al., 1977), and diminution in the
activity of Na+/K+-ATPase (Macia-Nuñez et al., 1980), all of which
impair distal tubule function.

Alterations in the renin-angiotensin-aldosterone system have been
demonstrated with age. In a study of elderly subjects, basal plasma
renin concentration was 30 to 50 percent less in the presence of
normal levels of renin substrate (angiotensinogen) (Crane and Har-
ris, 1976). Similarly, a 38 percent decrease in plasma aldosterone
concentration was noted in 15 elderly, nonhypertensive volunteers
(60 to 74 years in age) when reclining while following a lower so-
dium diet (urinary sodium excretion averaged 124 mmol [2.8 g]/
day) when compared with 28 younger counterparts (19 to 29 years
of age; urinary sodium excretion was very similar and averaged 121
mmol [2.8 g]/day) (Weidmann et al., 1977). When young and eld-
erly subjects were put through regimens known to stimulate secre-
tion of renin (e.g., moving from a sitting position to standing up-
right, a very low sodium diet (0.23 g [10 mmol]/day of sodium
intake), or furosemide administration), age differences in plasma
renin activity were further magnified (Anderson et al., 1980; Crane
and Harris, 1976; Cugini et al., 1987; Hall et al., 1989; Luft et al.,
1987; Tsunoda et al., 1986; Weidmann et al., 1975).

The age-related suppression of aldosterone appears to be due to
decreased renin response rather than to intrinsic adrenal gland defi-
cits, since both plasma aldosterone and cortisol responses when up-
right were similar in the elderly and younger subjects (Weidmann
et al., 1977). Thus, during sodium reduction, angiotensin II action
on renin to increase renal tubular reabsorption of sodium may be
impaired to a greater extent in the elderly.

Increased blood pressure has been directly associated with in-
creased sodium intake. Blood pressure, on average, rises with in-
creased sodium intake (see subsequent discussion) and with reduced
potassium intake (see Chapter 5). The relationship of blood pres-
sure to electrolyte intake has been more highly correlated with the
sodium:potassium ratio than either electrolyte alone (Khaw and
Barrett-Connor, 1988). Further, an age gradient is evident, such that
the rise in blood pressure per unit change in the sodium:potassium
ratio is steeper with increasing age (Khaw and Barrett-Connor,
1990). These data, in conjunction with evidence from clinical trials
(Vollmer et al., 2001) indicate that sensitivity to salt increases pro-
gressively with age and is not just a phenomenon observed in the
elderly.
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Several trials have documented that reduced sodium intake low-
ers blood pressure in older adults (Alam and Johnson, 1999; Appel
et al., 2001; Cappuccio et al., 1997; Cobiac et al., 1992; Johnson et
al., 2001; Weinberger and Finberg, 1991; Weinberger et al., 1986).
Some trials have directly evaluated the effect of age on blood pres-
sure responses to dietary sodium reduction. Greater reduction in
blood pressure in response to reducing dietary sodium levels to less
than 1.75 g (75 mmol)/day in adults over 40 years of age (up to age
54) compared with younger adults aged 21 to 39 years has been
reported (Miller et al., 1987). Significantly greater systolic blood
pressure reduction from a lower (versus higher) sodium intake in
persons older than 45 years compared with those 45 years of age or
younger has also been noted (Vollmer et al., 2001).

Limited evidence suggests that sodium sweat concentrations in
the elderly are not different from those of young adults (Inoue et
al., 1999) (see Table 6-3).

Overall, the data cited above provide no firm basis to modify the
AI for older persons. Thus the AI for older adults is extrapolated
from younger adults based on the combined average for men and
women of median energy intakes (which do decrease with age).
Median energy intakes for older women based on the CSFII were
1,507 and 1,356 kcal for 51 through 70 years and 71 years and
older, respectively; for older men, median energy intakes were 2,109
and 1,773 kcal/day for 51 through 70 years and 71 years of age and
older, respectively (IOM, 2002). The median energy intakes for both
genders were averaged.

In summary, extrapolating from younger individuals based on
energy intake, the AI is 1.3 g (55 mmol)/day for men and women
51 to 70 years and 1.2 g (50 mmol)/day for those 71 years and
older. Chloride is calculated on an equimolar basis: the AI for those
51 through 70 is 2.0 g (55 mmol)/day; for those 71 years of age and
older, 1.8 g (50 mmol)/day.

Sodium and Chloride AI Summary, Ages 51+ Years

AI for Sodium for Men
51–70 years 1.3 g (55 mmol)/day of sodium
> 70 years 1.2 g (50 mmol)/day of sodium

AI for Sodium for Women
51–70 years 1.3 g (55 mmol)/day of sodium
> 70 years 1.2 g (50 mmol)/day of sodium
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AI for Chloride for Men
51–70 years 2.0 g (55 mmol)/day of chloride
> 70 years 1.8 g (50 mmol)/day of chloride

AI for Chloride for Women
51–70 years 2.0 g (55 mmol)/day of chloride
> 70 years 1.8 g (50 mmol)/day of chloride

Pregnancy

Evidence Considered in Setting the AI

Substantial changes in intracellular and extracellular volume oc-
cur during pregnancy. Plasma volume increases approximately 1.3
L, while the interstitial space expands approximately 1.7 L by the
end of pregnancy. This increase, plus an increase of approximately
2 L in intercellular water, constitute the absolute physiological hyp-
ervolemia of gestation (Chesley, 1978; Hytten, 1980; Lindheimer
and Katz, 1985, 2000). There are major differences of opinion on
the interpretation of these volume changes that occur during nor-
mal pregnancy and their relationship to sodium intake and thus
requirements.

Consensus with regard to what constitutes normal kidney func-
tion and the role of sodium in maintenance of total body water
volume during pregnancy is lacking (Brown and Gallery, 1994; Durr
and Lindheimer, 1999; Duvekot et al., 1993; Lindheimer and Katz,
2000; Schrier and Briner, 1991; Steegers et al., 1991a). The mecha-
nism by which the kidneys of pregnant women handle filtered so-
dium and by which they “sense” volume changes remain uncertain.

Sodium Accretion. Healthy pregnant women gain approximately
16 kg during gestation, most of which is gained during the second
and third trimester (13.8 kg) (Carmichael et al., 1997). Not all of
this added weight can be accounted for by the products of concep-
tion, tissues directly concerned with reproduction, or the gain in
total body water, as body fat increases as well.

Pregnancy appears to require an accumulation of an extra 2.1 to
2.3 g (900 to 1,000 mmol) of sodium to maintain the increase in
plasma volume (≈ 1.3 L) and interstitial space (≈ 1.7 L), and to
provide for the products of conception (Brown and Gallery, 1994;
Hytten, 1980; Lindheimer and Katz, 2000). Note that this accumu-
lation occurs over a period of 9 months, and even during the pe-
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riod of most rapid accumulation, the gain in body weight is barely
69 to 92 g/day. The amount of additional sodium needed (≈ 0.07 g
[3 mmol]/day) would be too small to detect in metabolic balance
studies.

Sodium Balance. Some studies have detected increases in the ap-
petite for sodium during gestation (Brown and Toma, 1986). In
one small study where sodium intake was reduced to approximately
1.2 g (50 mmol)/day, pregnant women gained less weight and mani-
fested smaller increments in cardiac output, but had gestational
outcomes similar to women eating unrestricted diets containing ap-
proximately threefold more sodium (Steegers et al., 1991b).

Of interest is a study in which pregnant women decreased their
sodium intake to approximately 0.23 g (10 mmol)/day (Bay and
Ferris, 1979). Under such severe restriction, it is reasonable that in
order to meet the additional needs of pregnancy (i.e., retention of
≈ 0.07 g [3 mmol]/day), the urinary sodium excretion level should
have resembled that of the urines of individuals who, based on di-
etary reduction to a similar low level, virtually eliminate sodium
from their urines. The pregnant women did not; they actually ex-
creted 23 to 46 mg (1 to 2 mmol)/day more than control nonpreg-
nant women. The pregnant women also failed to gain the antici-
pated 0.5 kg of weight during the week of the study and actually lost
approximately 1 kg. Thus the data of Bay and Ferris (1979) suggest
that pregnant women may be prone to subtle salt wasting. Both
before and after infusion of isotonic saline during normal preg-
nancy in the first trimester, plasma renin activity, as well as aldoster-
one concentration, were increased, and urinary sodium excretion
decreased in the pregnant participants compared with the nonpreg-
nant women studied, suggesting increased sodium retention during
pregnancy to meet the additional needs (Weinberger et al., 1977).

Renin-Angiotensin-Aldosterone System. Various studies have focused
on the roles of volume-influencing hormones and chronic, as well
as acute, sodium loading in pregnant women (Brown and Gallery,
1994; Chesley, 1978; Lindheimer and Katz, 1985, 2000; Weinberger
et al., 1977). Though circulating concentrations of all elements of
the renin system, as well as plasma aldosterone, are increased in
pregnant women compared with that observed in nonpregnant pa-
tients with primary aldosteronism, the concentrations change ap-
propriately in response to salt reduction, saline loading, or changes
in posture—suggesting, rather than being “high,” that concentra-
tions of the renin-angiotensin-aldosterone system are appropriate
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in pregnancy and are able to respond to homeostatic demands
(Weinberger et al., 1977). Though disputed (Weinberger et al.,
1977), pregnant women appear to handle acute and large saline
loads as high as 9.5 g (410 mmol) (Chesley et al., 1958) as well as
that seen in nonpregnant women. At the opposite extreme of so-
dium intake, it is evident that in cultures with virtually no sodium
intake (e.g., the Yanomamo Indians), reproduction occurs with
markedly higher levels of plasma renin activity and serum aldoster-
one compared with that observed in nonpregnant women; no evi-
dence of observable adverse effects of such extreme diets on gesta-
tional outcome have been reported (Oliver et al., 1981).

Plasma Sodium Concentration. Plasma sodium concentration de-
creases 4 to 5 mmol/L during normal pregnancy due to the reset-
ting of the osmotic threshold for arginine vasopressin secretion and
thirst to a level ≈ 10 mOsm/kg below nonpregnant values (see Chap-
ter 4). Thus pregnant women should not be considered hyponatre-
mic until concentrations fall to 130 mmol/L or lower. In contrast,
values exceeding 140 mmol/L should raise suspicion of hyper-
natremia. Finally, the propensity of pregnant women to vomit in
the first trimester and the possibility that their onset of sweating at a
lower temperature may mean they have greater sweat loss and thus
greater sodium losses (Clapp, 1991) might also affect plasma so-
dium concentrations and hence sodium requirements.

Plasma sodium concentration decreases during pregnancy despite
the small but positive cumulative sodium balance previously dis-
cussed (at its greatest, just a few mg/day). There are also many
gestational physiological changes. They include increased glomeru-
lar filtration rate and therefore increased filtered sodium; alter-
ations in plasma concentration of hormones that influence sodium
excretion, thus labeled as natriuretic (e.g., progesterone, atrial
natiuretic peptide) and antinatriuretic (e.g., angiotensin II, aldos-
terone, desoxycorticosterone); and even physical factors (e.g.,
oncotic pressure). All of these physiological changes are known to
influence kidney function, but how they eventually affect renal so-
dium handling is still obscure.

Summary. There is a lack of evidence to suggest that sodium
requirements of preganat women differ from that of nonpregnant
women. The median energy intake of pregnant women (1,978 kcal/
day [IOM, 2002]) falls within the range of energy consumed by
young men and women (IOM, 2002). Therefore, the AI for sodium
for pregnant women is equal to the AI for nonpregnant adolescent
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girls and young women. The AI for chloride is set at a level equimo-
lar to sodium.

Sodium and Chloride AI Summary, Pregnancy

AI for Sodium for Pregnancy
14–18 years 1.5 g (65 mmol)/day of sodium
19–30 years 1.5 g (65 mmol)/day of sodium
31–50 years 1.5 g (65 mmol)/day of sodium

AI for Chloride for Pregnancy
14–18 years 2.3 g (65 mmol)/day of chloride
19–30 years 2.3 g (65 mmol)/day of chloride
31–50 years 2.3 g (65 mmol)/day of chloride

Lactation

Evidence Considered in Setting the AI

A small amount of sodium is secreted daily in human milk during
the first 6 months of lactation (0.12 g [5.2 mmol]/day) (see earlier
section, “Infants Ages 0 Through 12 Months”). There is no evidence
to suggest that the sodium requirements of lactating women differ
from that of nonlactating women. The estimated median energy
intake of lactating women (2,066 kcal/day [IOM, 2002]) falls within
the range of energy consumed by young men and women (IOM,
2002). Therefore, the AI for sodium for lactating women is set to be
equal to that of nonlactating women. The AI for chloride is set at an
equimolar amount based on the AI for sodium.

Sodium and Chloride AI Summary, Lactation

AI for Sodium for Lactation
14–18 years 1.5 g (65 mmol)/day of sodium
19–30 years 1.5 g (65 mmol)/day of sodium
31–50 years 1.5 g (65 mmol)/day of sodium

AI for Chloride for Lactation
14–18 years 2.3 g (65 mmol)/day of chloride
19–30 years 2.3 g (65 mmol)/day of chloride
31–50 years 2.3 g (65 mmol)/day of chloride
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Special Considerations

Influence of Physical Activity or High Temperature on
Sodium Requirements

The AIs given above are for individuals who are moderately active
in temperate climates. As was discussed in Chapter 4, high levels of
activity or exposure to high temperature or humidity results in in-
creased needs for water to replace sweat losses. In these settings,
additional sodium above the AI may be required as well, but experi-
mental data are lacking, especially at dietary intakes of 1.5 g (65
mmol)/day.

Still, for most physically active individuals, the AI should be ad-
equate. Of the 1.5 g (65 mmol)/day, only about 0.23 g (10 mmol) is
needed to replace insensible losses, exclusive of sweat and urine, in
acclimatized individuals. Hence, approximately 1.3 g (55 mmol) is
available to replace sodium loss in sweat. This amount should be
adequate even in unacclimatized, untrained individuals, depending
on the duration of activity and exposure. However, for such indi-
viduals who are unacclimatized to a heavy heat load over long peri-
ods of time—such as that resulting from infrequent heavy physical
activity at high temperature and humidity over several hours—addi-
tional sodium may be needed. As stated earlier, the AI does not
apply to individuals who lose large volumes of sodium in sweat,
such as competitive athletes and workers exposed to extreme heat
stress (e.g., foundry workers and fire fighters). Sodium intake in-
variably rises with increased energy intake in physically active indi-
viduals and this increase usually is enough to compensate for sweat
sodium losses. However, some individuals in the situations described
above can lose excessively large amounts of sodium in sweat and on
those occasions they should ingest a diet that contains sodium in
excess of the AI.

Impact of the Sodium AI on Iodine Intake

Total iodine intake includes iodine that is naturally present in
foods as well as iodine from iodized salt. While iodine from iodized
table salt has been available in the United States and Canada since
the 1920s, the extent to which iodized salt currently contributes to
meeting iodine needs is unknown. Iodide was originally added to
table salt in order to address the problem of endemic goiter, a
problem found in the Great Lakes region and the Pacific North-
west. Previously, the food supply in these regions was limited to
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locally grown foods that were low in iodine due to soil conditions.
However, in the United States and Canada, the current food supply
is not restricted to locally grown products and now includes foods
grown in multiple regions and countries, thus making iodine more
available.

A decline in the use of table salt might result in lower levels of
iodine intake. However, current national surveys track urinary ex-
cretion of iodine, which is considered a good indicator of intake
(IOM, 2001). Based on the most recent survey, iodine intake is
adequate (CDC, 2002). If iodine intakes appear to decline, food
vehicles other than table salt can be considered as a means of pro-
viding additional iodine.

INTAKE OF SODIUM

Sources

Sodium chloride (salt) is the primary form of sodium in the diet.
Other forms of sodium that contribute to the total sodium content
of food include monosodium glutamate (a constituent of soy sauce)
and food additives, such as sodium benzoate, sodium nitrite, and
sodium acid pyrophosphate. Sodium bicarbonate and sodium cit-
rate (the anion of which is converted in the body to bicarbonate)
are ingested as food additives and can be consumed, sometimes in
substantial amounts, as antacids and as alkali therapy for correcting
or preventing metabolic acidosis, such as that occurring in chronic
kidney disease.

Foods that contain higher amounts of naturally occurring sodium
are celery (0.10 g [4.3 mmol]/120 g [1 cup diced]), milk (0.12 g
[5.2 mmol]/0.24 L [1 cup]), and shellfish, such as scallops (0.072 g
[3.1 mmol]/scallop). On average, tap water in the United States
contains about 0.05 g (2.2 mmol)/L (0.01 g [0.43 mmol]/8 oz.
cup), although the content varies based on geographic location
(Hoffman, 1988). Bottled water in the United States generally con-
tains less than 0.01 g (0.5 mmol)/L (0.002 g/8 oz. cup) of sodium
(USDA/ARS, 2002). A survey of commercially available North
American and European bottled waters found an average sodium
content of 0.005 g (0.22 mmol)/L (0.001 g/8 oz. cup) in North
American bottled waters, while the average sodium content in Eu-
ropean bottled waters was 0.020 g (0.86 mmol)/L (0.004 g/8 oz.
cup) (Garzon and Eisenberg, 1998).

Foods that are processed or canned tend to have higher sodium
concentrations due to the addition of salt- or sodium-containing
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additives during processing. Example of foods that contain high
levels of sodium, primarily as sodium chloride added in processing,
include luncheon meats and hot dogs (0.55 g/ounce), canned veg-
etables (0.23 g/one-half cup), processed cheese (0.35 g/slice), and
potato chips (0.28 g/oz.). Most breads, baked goods, and breakfast
cereals contain about 0.15 to 0.33 g of sodium per serving. For
example, a medium (57 g) bagel has 0.30 g of sodium, a serving of
cornflakes (21 g) has 0.15 g of sodium, and one slice of bread (28
g) has 0.16 g of sodium.

Sodium chloride and other sodium-containing food additives
(such as those mentioned previously) are also present in condi-
ments, such as Worcestershire sauce, soy sauce, ketchup, onion
salt, garlic salt, sea salt, and bouillon cubes, usually to enhance the
flavor of foods.

While various forms of sodium are often added during food pro-
cessing to improve flavor, many sodium-containing additives also
have functional roles (Marsden, 1980). Sodium chloride added to
yeast bread is essential for dough to rise and it helps control the
growth of undesirable bacteria and molds. It also functions as a
dough conditioner to strengthen the protein in dough (gluten),
which allows it to hold air and not collapse. Salt is also added to
many frozen foods to preserve texture (Crocco, 1982). Other so-
dium additives, such as sodium bicarbonate and sodium aluminum
phosphate, are used as leavening agents in nonyeast breads.

Sodium chloride decreases the water activity of foods, thus help-
ing to control the growth of pathogenic bacteria (Jay, 1996). So-
dium chloride is thus used as a preservative in meats and is neces-
sary to make fermented products (e.g., pickles) (Niven, 1980;
Pearson and Wolzak, 1982). A U.S. Food and Drug Administration
guidance to the seafood industry for the control of microbiological
hazards, The Seafood HACCP Guide, recommends the use of a 3.5
percent sodium chloride solution for the control of the pathogen
Clostridium botulinum in smoked fish (CFSAN, 2001). Many other
food additives containing sodium, such as sodium benzoate and
sodium bisulfate, function as preservatives in processed foods to
extend shelf-life and control microbiological growth (IOM, 2003;
Niven, 1980).

Only about 12 percent of the total sodium chloride consumed is
naturally occurring (Mattes and Donnelly, 1991). It has been fur-
ther estimated that the majority (77 percent of total salt) is con-
sumed as a result of processing, while 6 percent is added while eat-
ing, 5 percent is added during cooking, and less than 1 percent is
consumed from tap water. Because salt is naturally present in only a
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few foods, salt reduction does not need to result in inadequate in-
takes of macronutrients and micronutrients (Korhonen et al., 2000).

Table 6-10 shows a one day menu of 2,200 kcal and its resulting
sodium content. This intake level of 2,200 kcal/day is the median
intake of adult men and women from the Continuing Survey of
Food Intake of Individuals (CSFII), taken in 1994–1996 and 1998
(IOM, 2002). This table illustrates that sodium intake at levels be-
tween the AI of 1.5 g (65 mmol)/day and the Tolerable Upper
Intake Level (UL) for adults of 2.3 g (100 mmol)/day (see next
section, “Adverse Results of Overconsumption”) can be achieved by
eating a variety of foods and consuming a diet that provides recom-
mended levels of vitamins and mineral elements, as well as recom-
mended amounts of protein, fiber, carbohydrate, and polyunsatu-
rated fatty acids.

Intake

Based on self-reported intake data in the United States from the
Third National Health and Nutrition Examination Survey (NHANES
III, 1988–1994) (Appendix Table D-8), the estimated median intake
of sodium from foods (not including salt added at the table) varied
by age group and ranged from 3.1 to 4.7 g (135 to 204 mmol)/day
for men and 2.3 to 3.1 g (100 to 135 mmol)/day for women in the
United States. These intake ranges are equivalent to 7.8 to 11.8 g/
day of sodium chloride for men and 5.8 to 7.8 g/day of sodium
chloride for women. The estimated dietary sodium intakes of both
white and African American men and women in the United States
were similar (Appendix Tables D-9 and D-10). Median intakes for
sodium based on survey data on usual intakes of sodium for ten
provinces in Canada in 1990–1999 (Appendix Table F-3) ranged
from 2.8 to 3.8 g (122 to 165 mmol)/day for men and 2.0 and 2.5 g
(87 to 109 mmol)/day for women. These intake ranges are equiva-
lent to 7.1 to 9.7 g/day of sodium chloride for men and 5.1 to 6.4 g/
day for women.

It should be emphasized that these estimates of self-reported so-
dium intake do not include salt added at the table and thus under-
estimate sodium intake for many individuals. In contrast to the
NHANES and Health Canada data sets, other studies have estimated
total sodium intake (including table salt) from urinary sodium ex-
cretion. Recent (1997–1999) population-based estimates of sodium
intake in the United States derived from 24-hour urine collections
documented median urinary sodium excretion for those aged 40 to
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TABLE 6-10 Daily Sodium Intake from a Diet Providing
2,200 kcal

Meal Food/Beverage Consumed Calories (kcal) Sodium (mg)

Breakfast Shredded wheat miniatures (1 cup) 183 8
Cantaloupe, cubed (1⁄2 cup) 27 13
Milk, 1% (8 oz) 102 122
Orange juice (6 oz) 82 2
White toast (1 slice) with unsalted 89 130

margarine vegetable oil spread
(1 tsp)

Coffee, black, unsweetened (12 oz) 13 3
Total for meal 496 278

Snack Banana (1 medium) 105 1
Water (12 oz) 0 7
Total for meal 105 8

Lunch Sandwich with turkey (2 oz), swiss 395 499
cheese (1 oz), lettuce (2 leaves),
tomato (1⁄4″ slice), mayonnaise,
(1 tbsp) and whole wheat bread
(2 slices)

Baby carrots (8) 28 62
Fig bar cookies (2) 111 112
Iced tea, brewed, decaffeinated 5 14

(16 oz)
Total for meal 539 687

Snack Almonds, dry roasted, unsalted 206 < 1
(1⁄4 cup)

Raisins (1⁄4 cup) 108 4
Water (12 oz) 0 7
Milk, 1% (8 oz) 102 122
Total for meal 416 134

Dinner Baked salmon (3 oz) 151 44
Long-grain brown rice (1⁄2 cup

cooked) 108 5
Tossed salad (11⁄2 cups) with

safflower oil and vinegar dressing
(2 tbsp) 155 54

Asparagus (6 spears) 20 13
Dinner roll, whole wheat (1 medium)

with unsalted margarine vegetable
oil spread (1 tsp) 101 95

Angel food cake (1 slice) with sliced
strawberries (1⁄2 cup) and whipped
cream topping (2 tbsp) 114 218

continued
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59 years of 183 mmol (4.2 g)/day in men and 142 mmol (3.3 g)/
day in women.

Worldwide, there has been even greater variation in sodium in-
take, ranging from an estimated mean intake of 0.02 g (1.0 mmol)/
day in Yanomamo Indians (below the 1st percentile of adults in
NHANES III) to over 10.3 g (450 mmol)/day in Northern Japanese
(above the 99th percentile of NHANES III) (Oliver et al., 1975;
Sasaki, 1964).

There is a lack of data on average sodium intakes during preg-
nancy and only a few studies have reported sequentially measured
urinary sodium excretion. The median sodium intake for pregnant
women was 3.48 g (151 mmol)/day in NHANES III (Appendix
Table D-8). In the Calcium for Prevention of Preeclampsia study
(CPEP), dietary recalls were obtained on the 4,589 participants at
recruitment (during weeks 13 to 21 of gestation) (Morris et al.,
2001). Daily sodium intake of the 3,125 nonhypertensive pregnant
women averaged 4.24 g (184 mmol)/day. Mean sodium excretion
in three small serial studies were approximately 2.3 to 3.5 g (100
to 150 mmol)/day (Brown et al., 1988; Steegers et al., 1991b;
Wilson et al., 1980). Of note, the populations in the CPEP study

Iced tea, brewed, decaffeinated
(16 oz) 5 14

Coffee, decaffeinated (1 cup) 9 2
Total for meal 663 445

Daily total 2,219 kcal 1,552 mg
(67.5 mmol)

NOTE: Vegetables and rice were prepared without added sodium. This diet meets
the Adequate Intake or Recommended Dietary Allowance for adult men and women
for all nutrients for which one has been established (for fiber, it meets the ratio of 14 g
/1,000 kcal), and provides energy nutrients within the acceptable macronutrient distri-
bution ranges. To convert mg of sodium to mmol or mEq of sodium, divide the mg by
23 (the molecular weight of sodium). To convert mg of salt to mg of sodium, divide the
mg by the percent of salt that is sodium (23/58.5)—39.3%. Nutrient totals may not
equal the sum of the parts due to rounding.

FOOD COMPOSITION DATA: USDA Agricultural Research Service, Nutrient Data-
base for Standard Reference, Release 16.

DATA SOURCE: Environ International.

TABLE 6-10 Continued

Meal Food/Beverage Consumed Calories (kcal) Sodium (mg)
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(Morris et al., 2001) and the study conducted by Wilson and col-
leagues (1980) included a greater proportion of African American
and Hispanic women than are in the general population.

In view of the interactive effects of sodium and potassium high-
lighted in this report, it is useful to examine intakes of sodium and
potassium expressed as the ratio of sodium intake (in mmol/day)
to potassium intake (mmol/day) for the various lifestage groups.
Appendix Table D-11 includes these data from NHANES III. Under
1 year of age, the median sodium:potassium ratio is less than one.
The ratio then rises rapidly to just above two for children 4 through
8 years of age, and remains above two into adulthood, but then
drops somewhat in middle- and older-aged adults. The progressive
rise in this ratio at an early age reflects a greater increase in dietary
sodium intake compared with the increase in dietary potassium in-
take. A similar pattern is present in both men and women.

ADVERSE EFFECTS OF OVERCONSUMPTION

Hazard Identification

Sodium Intake and Blood Pressure

Sodium chloride consumption is one of several dietary factors
that contribute to increased blood pressure. Other dietary factors
that raise blood pressure are excess weight, inadequate potassium
intake, high alcohol consumption, and a suboptimal dietary pattern
(see the following sections). Physical inactivity also increases blood
pressure. Increased blood pressure is associated with several chronic
diseases, including stroke, coronary heart disease, renal disease, and
left ventricular hypertrophy.

Cardiovascular Disease and High Blood Pressure. Data from numer-
ous observational studies provide persuasive evidence of the direct
relationship between blood pressure and cardiovascular disease. A
review of each epidemiologic study is beyond the scope of this re-
port. However, several meta-analyses have aggregated data across
these studies (Lewington et al., 2002; MacMahon et al., 1990). The
most recent and largest meta-analysis to date pooled data from 61
prospective observational studies that together enrolled almost 1
million adults, including persons with hypertension (Lewington et
al., 2002). Individual-level records were available for each partici-
pant in each study. Those individuals with pre-existing vascular dis-
ease were excluded.
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There were 12.7 million person years of follow-up and, of the
total number of deaths (122,716), about half occurred as a result of
cardiovascular disease (11,960 deaths from stroke, 34,283 from is-
chemic heart disease, and 10,092 from other vascular causes). As
displayed in Figure 6-4, stroke mortality progressively increased with
systolic blood pressure (panel A) and diastolic blood pressure
(panel B) in each decade of life. Similar patterns were evident for
mortality from ischemic heart disease and from other vascular dis-
eases. In analyses that involved time-dependent correction for
regression-dilution bias, there were strong, direct relationships be-
tween blood pressure and each type of vascular mortality. Impor-
tantly, there was no evidence of a blood pressure threshold—that is,
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FIGURE 6-4 Stroke mortality rate in each decade of age versus usual blood pres-
sure at the start of that decade. Reprinted with permission, from Lewington et al.
(2002). Copyright 2002 by Elsevier Ltd.
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vascular mortality increased throughout the range of blood pres-
sures, in both nonhypertensive and hypertensive individuals. Hence,
even though currently recommended thresholds for initiation of
drug therapy are 140 mm Hg (systolic) and 90 mm Hg (diastolic)
for uncomplicated hypertension (Chobanian et al., 2003), these
thresholds are operational and do not correspond to a change point
in the relationship between blood pressure and cardiovascular
disease.

Meta-analyses of clinical trials have conclusively documented that
antihypertensive drug therapy reduces the risk of cardiovascular
events in hypertensive individuals. For example, reductions in usual
diastolic blood pressure of 5, 7.5, and 10 mm Hg were associated
with 34, 46, and 56 percent less stroke events, respectively, and 21,
29, and 37 percent less coronary heart disease events, respectively
(MacMahon et al., 1990). Overall, the strong direct relationship of
blood pressure with cardiovascular disease in nonhypertensive and
hypertensive individuals, in conjunction with the well-documented,
beneficial effects of antihypertensive therapy, strongly supports
efforts to reduce blood pressure in both nonhypertensive and hy-
pertensive individuals and to prevent the age-related rise in blood
pressure.

Although only one blood pressure-reduction trial with a clinical
endpoint has been conducted in nonhypertensive individuals (PCG,
2001), several analyses have estimated the potential benefits from
population-wide application of therapies, such as sodium reduction.
For instance, in the United States it has been estimated that a popu-
lation-wide reduction in systolic blood pressure of 3 mm Hg should
reduce mortality from stroke by 8 percent and mortality from coro-
nary heart disease by 5 percent (Stamler, 1991). A 2-mm Hg reduc-
tion in diastolic blood pressure would result in a 17 percent de-
crease in the prevalence of hypertension, as well as a 6 percent
reduction in the risk of coronary heart disease and a 15 percent
reduction in the risk of stroke and transient ischemic attacks (Cook
et al., 1995a). In view of these potential benefits, it is a well-accepted,
public health tenet that the optimal strategy to prevent blood pres-
sure-related cardiovascular disease includes population-wide blood
pressure reductions through nonpharmacologic therapies in addi-
tion to targeted reductions through pharmacologic and nonphar-
macologic therapies in hypertensive individuals (Chobanian et al.,
2003; Whelton et al., 2002).

Renal Disease and High Blood Pressure. Hypertension is the second
leading cause of end-stage renal disease (USRDS, 1999). Observa-
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tional studies have shown a direct relationship between blood pres-
sure and renal disease progression (Klag et al., 1996, 1997; Whelton
et al., 1996). There is some evidence, albeit inconclusive, that low-
ering blood pressure may retard the progression of renal disease
(Klahr et al., 1994; Peterson et al., 1995). The effect of hyperten-
sion on the onset and progression of renal disease has been attrib-
uted, in part, to nephrosclerosis (fibrous intimal thickening of the
small arteries in the kidney) (Tracy et al., 1988).

Sodium Intake and Blood Pressure: Evidence from Observational Epide-
miological Studies. Evidence of a positive association between sodium
intake and blood pressure comes from both across-population (eco-
logic) and within-population observational studies. A strong direct
relationship between average salt intake and prevalence of hyper-
tension in a cross-population, ecological study of five geographi-
cally diverse communities was reported in 1960 (Dahl, 1960). Sub-
sequently, others have confirmed these findings in larger and more
careful studies (Gleibermann, 1973). A strength of these studies is
their ability to provide a large contrast in sodium intake, the expo-
sure variable. However, limitations must be acknowledged, includ-
ing the fact that data were not collected in a standardized fashion.
Also, adjustment for potentially confounding variables was either
not considered or was inadequate. Despite these constraints, cross-
population observational studies tend to indicate that blood pres-
sure and hypertension are lower in societies in which habitual so-
dium intake is below 1.2 to 2.3 g (50 to 100 mmol)/day, while an
increased prevalence of blood pressure and hypertension are ob-
served more frequently in societies with higher habitual levels of
sodium intake (Elliott, 1991).

Within-population studies of sodium and blood pressure gener-
ally lack statistical power, in large part because of large day-to-day
variations in sodium intake and because of imprecise methods (e.g.,
use of a food-frequency questionnaire rather than a 24-hour urinary
sodium excretion to assess sodium intake). Accordingly, results of
within-population studies have been inconsistent. Studies with null
results include those published by Ascherio and coworkers (1992)
and Rastenyte and coworkers (1997) (Table 6-11). Other within-
population studies have identified a significant, direct association
between urinary sodium excretion (representing dietary intake) and
blood pressure (Hajjar et al., 2001; Kesteloot and Joossens, 1988;
Khaw and Barrett-Connor, 1988; Liu et al., 2000; Stamler et al.,
1997).

As highlighted above, methodological problems hinder an assess-
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ment of the true relationship between sodium intake and blood
pressure in observational studies. Indeed, with the exception of
weight, diet-related risk factors such as sodium are difficult to mea-
sure accurately and precisely in individuals. Interview methods have

TABLE 6-11 Epidemiological Studies on Sodium or Salt Intake
and Blood Pressure

References Study Design Resultsa

Rose et al., Intersalt Study, 10,079 men Significant positive correlation
1988; Stamler and women, cross-sectional with urinary Na and slope of
et al., 1989 in 32 countries blood pressure with age, but

not median BP or prevalence
of elevated BP

In 4 remote locations where
sodium intake was very low,
BP was low for all ages

Frost et al., 12,773 men and women, Significant association between
1991 cross-sectional data from blood pressure and sodium

14 published studies intake (p < 0.001)

Ascherio et al., Health Professional Follow- No significant association
1992 up Study, 30,681 US men, between hypertension and

prospective cohort, 4-yr dietary intake of sodium as
follow-up, 1,248 incident assessed by food-frequency
cases of hypertension, questionnaire
multivariate analysis

Elliott et al., Intersalt Study, 10,074 men SBP of individuals was positively
1996 and women, cross-sectional associated with sodium

excretion

Rastenyte et al., 3,326 Finnish men and No association between urinary
1997 women, cross-sectional sodium and BP in either men

or in women

Tunstall-Pedoe, Scottish Heart Health Study, Weak association between
1999 cross-sectional, n = 11,629 urinary sodium and blood

men and women pressure

Liu et al., 2000 WHO-CARDIAC Study, SBP was positively associated
1,151 Chinese and 1,681 with sodium excretion in
Japanese men and women, Japanese, while both SBP and
cross-sectional DBP was associated with

sodium excretion in Chinese

a Na = Sodium, BP = blood pressure, DBP = diastolic blood pressure, SBP = systolic
blood pressure.

NOTE: Studies include a sample size of at least 1,000 in which urinary sodium was
measured.
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limitations in reporting, recording, and analysis. Collection of 24-
hour urinary excretion for sodium and potassium are objective but
are also inconvenient and inevitably incomplete. Importantly, nu-
trient intakes vary considerably from day to day, so that accurate
characterization of an individual’s usual intake requires repeated
observations over time (IOM, 2000a). Likewise, blood pressure, the
outcome variable, should be repeatedly measured because of its
intrinsic variability (Obarzanek et al., 2003). There must also be a
sufficient range of intakes of the dietary factor under study among
members of the population to detect associations of the dietary
factor with blood pressure. Finally, relevant confounding variables
(i.e., physical activity and other dietary factors) must also be
measured precisely. Hence observational studies need repeated,
high-quality measurements of relevant variables in large samples of
individuals.

One of the largest observational epidemiological studies that fol-
lowed these guidelines and that explored the relationship between
sodium intake and blood pressure was conducted by the Intersalt
Cooperative Research Group at 52 centers located in 32 countries
(Rose et al., 1988). Urinary sodium, blood pressure, and a number
of potentially confounding variables were measured in 10,079 men
and women, aged 20 to 59 years, from geographically diverse re-
gions around the world with substantial variation in sodium intake.
Repeat measurements of blood pressure and urinary sodium were
obtained in a random sample of 807 study participants, allowing for
correction of the regression dilution bias associated with variation
in day-to-day intake of sodium.

Urinary sodium excretion ranged from 0.0046 g (0.20 mmol)/
day (Yanomamo Indians of Brazil) to 5.6 g (242 mmol)/day (North-
ern China) (Rose et al., 1988). After adjustment for age and gen-
der, sodium excretion and systolic blood pressure were positively
associated in 39 of the 52 centers (statistically significant in 15) and
negatively associated in 15 centers (statistically significantly in 2).
Diastolic blood pressure was positively associated with sodium ex-
cretion in 33 centers (statistically significant in 4) and negatively
associated in 19 centers (statistically significant in 6). Across the 52
centers, a significant linear relationship was shown between urinary
sodium excretion and systolic blood pressure (p < 0.01). In cross-
population analyses, a highly significant relationship of sodium with
the upward slope of blood pressure with age was found across the
52 population samples. The estimated rise in systolic blood pressure
with age over a 30-year period (e.g., 25–55 years) was 10 mm Hg less
for a 2.3 g (100 mmol)/day lower intake of dietary sodium.
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In within-population analyses, after adjustment for age and gen-
der and correction for regression dilution bias, a 2.3-g (100 mmol)/
day higher excretion of urinary sodium was associated with a systolic
and diastolic blood pressure that was 4.3 and 1.8 mm Hg higher,
respectively (Elliott et al., 1996). After additional adjustment for
potassium excretion (as an indicator of potassium intake) and alco-
hol intake, the corresponding values were 6.0 and 2.5 mm Hg. The
urinary sodium:potassium ratio was likewise associated with blood
pressure and relationships tended to be stronger for this ratio than
for sodium alone. Estimates of the association were larger for older
compared with younger study participants (Elliott et al., 1996).
Cross-population analyses yielded similar results to those noted for
the within-person analyses, with a somewhat larger difference in
blood pressure for a given difference in urinary sodium excretion.

Effects of Sodium Intake on Blood Pressure: Evidence from Intervention
Studies. As previously discussed, a variety of methodological issues
complicate the interpretation of observational studies. In this set-
ting, clinical trials are the most appropriate study design to assess
the relationship between sodium intake and blood pressure, and
numerous trials have evaluated this relationship in nonhypertensive
and hypertensive individuals (see Tables 6-12 and 6-13). Trials in-
clude controlled feeding studies and behavioral counseling studies.
The studies differ in size (< 10 to > 500 persons), duration (range: 3
days to 3 years), extent of sodium reduction, background diet (e.g.,
intake of potassium), study quality, and documentation. Only 10
trials tested three or more levels of dietary sodium intake (see Ap-
pendix I). In the remaining trials, there were just two levels of so-
dium intake. Study populations also differed in age, race-ethnicity,
and other dimensions that might affect the blood pressure response
to changes in sodium intake.

Notwithstanding these differences, available trials have provided
relatively consistent evidence that a reduced intake of sodium low-
ers blood pressure in nonhypertensive adults (see Table 6-12). Still,
heterogeneity was evident. Some trials did not detect any effect on
blood pressure from changes in sodium intake, while other trials
recorded substantial reductions in blood pressure. Potential rea-
sons for this heterogeneity include differences in study populations,
inadequate statistical power, limited contrast in sodium intake, and
other methodological issues. In trials with hypertensive participants
(Table 6-13), the extent of blood pressure reduction from a lower
intake of sodium was more pronounced than that observed in
nonhypertensive participants.
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TABLE 6-12 Intervention Studies on Sodium Intake and Blood
Pressure in Nonhypertensive Adults in Order of Increasing
Duration of Intervention

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol) (K) Ratio

Crossover studies

Luft et al., 14 men, 3.1 g K   0.23 (10) 0.13
1979b (80 mmol)   6.9 (300) 3.8

3–7 d 13.8 (600) 7.5
18.4 (800) 10
27.6 (1,200) 15
34.5 (1,500) 19

Sullivan et al., 6 subjects, 2.3 g K
1980 (60 mmol)   0.23 (10) 0.17

4 d   4.6 (200) 3.3
  9.2 (400) 6.6

Bruun et al., 10 men and women,   1.2 (50) 0.62
1990 3.1 g K (80 mmol)   4.1 (180) 2.2

4 d   8.7 (380) 4.8

Roos et al., 8 men and women,   0.46 (20) 0.3
1985 3.1 g K (80 mmol)   4.6 (200) 2.5

5 d 28.2 (1,228) 15

Lawton et al., 13 men, 3.9 g K   0.23 (10) 0.1
1988 (100 mmol)   9.2 (400) 4

6 d

Sharma et al., 23 men, 2.3 g K
1991 (60 mmol)   0.46 (20) 0.13

6 d   5.5 (240) 1.7

Burnier et al., 23 men, 3.9 g K   1.2 (50) 0.5
1993 (100 mmol)   4.6 (200) 2.0

6 d

Schmid et al., 9 men and women
1990 1 wk   0.46 (20)

  4.6 (200)

Egan et al., 9 men
1991 1 wk   0.46 (20)

  4.6 (200)

Ruppert et al., 147 men and women,
1991 2.9 g K (75 mmol)

1 wk   0.46 (20) 0.27
  6.9 (300) 4
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Urinary Na Urinary K Blood Pressure SBP/DBPb

(mmol/d) (mmol/d) (mm Hg)

15 113/69
278 117/70
543 119/71
706 121/76

1,122 125/78
1,443 131/85

p trend < 0.001

DBP MAP
20 56c 72

143 54c 69c

412 70d 83d

45 77 111/68
181 80 110/65
386 78 116/69

220 67 118/76
202 60 120/74

1,052 86 121/79

13 79 110/78
326 66 112/78

SR SS
19–22 61–73 114c/73c 117c/71c

265–269 66–84 117c/73c 123d/77d

↓ 1/↓ 4.4
↓ 3/↑ 3

MAP
20 93

210 92

MAP
21 81a

214 80a

MAP
SR SS

17–18 86a 86a

280–292 86a 94b

continued
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Schwartz et al., 11 men, NTN patients;
1992 11 men, HTN

patients, 3.9 g K 0.23 (10) 0.1
(100 mmol) 4.6 (200) 2.0

1 wk

Fliser et al., 16 men and women
1993 1 wk 0.46 (20)

4.6 (200)

Overlack et al., 163 white men and
1993 women, 2.9 g K

(75 mmol) 0.46 (20) 0.27
1 wk 6.9 (300) 4

Sharma et al., 16 men, 2.3 g K 0.46 (20) 0.3
1993 (60 mmol) 5.6 (240) 4

1 wk

Feldman et al., 5 subjects, 2.3 g K
1996 (60 mmol) 0.46 (20) 0.33

1 wk 5.5 (240) 4

Grey et al., 34 nonobese men < 1.84 (80)
1996 1 wk + 2.7 (120)

Fuchs et al., 11 men and women
1987 at risk for HT 0.2–0.4 (9–17)

9 d 3.1–4.7 (135–204)
6.2–7.9 (269–343)

6 men and women
not at risk of HT 0.2–0.4 (9–17)

9 d 3.1–4.7 (135–204)
6.2–7.9 (269–343)

Skrabal et al., 20 men 1.2 (50)/7.8 (200) K 0.25
1981 2 wk 1.2 (50)/3.1 (80) K 0.6

4.6 (200)/3.1 (80) K 2.5
4.6 (200)/7.8 (200) K 1.0

Skrabal et al., 52 men, 3.1 g K
1984b (80 mmol) 1.2 (50) 0.6

2 wk 4.6 (200) 2.5

Skrabal et al., 62 subjects, 3.1 g K
1985 (80 mmol) 1.2 (50) 0.6

2 wk 4.6 (200) 2.5

TABLE 6-12 Continued

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol) (K) Ratio
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NTN HTN
patients patients
112c/76c 118c/82c

109c/73c 114c/79c

MAP
18 80.7c

199 81.3c

MAP
SR SS

≈17 ≈74 85.1c 83.1c

≈289 ≈71 84.6c 91.2d

16 110c/55.5c

240 111c/56c

MAP
6 45 89c

182 40 84d

52 117c/71c

185 116c/70c

At risk
16  49 117/68

110  28 118/69
239  36 118/67

Not at risk
8  42 111/70

103  32 117/68
245  32 116/67

28 172 123/69
40  65 122/70

210  71 125/73
155 116 123/69

SS SR
≈39 ≈88 117c/61c 118c/63c

≈191 ≈69 125c/66c 117c/62c

At risk Not at risk
36–45 86–87 ↓ 5.4/↓ 2.5 ↓ 1.0/↓ 0.6

189–199 64–74

Urinary Na Urinary K Blood Pressure SBP/DBPb

(mmol/d) (mmol/d) (mm Hg)

continued
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Zemel et al., 16 African-American
1986 men and women 1 (43)

2 wk 4 (174)

Sowers et al., 14 African-American
1988 men and women 0.92 (40)

2 wk 4.1 (180)

Johnson et al., 17 elderly subjects, 0.92 (40)
2001 0.92 g/d 2.1 (90)

(40 mmol/d) Na diet 3.2 (140)
+ sodium dose 5.5 (240)

2 wk 7.8 (340)

Sharma et al., 15 men, 2.3 g K 0.46 (20) 0.3
1990 (60 mmol) 5.1 (220) 3.7

3 wk

Kirkendall 8 men, 3.9 g K
et al., 1976 (100 mmol) 0.23 (10) 0.1

4 wk 4.8 (210) 2.1
9.4 (410) 4.1

Mascioli et al., 48 men and women, +0
1991 provided a placebo +2.2 (96)

or sodium tablets, no
diet information

4 wk

Ruppert et al., 25 men and women, 1.9 (85) 1.1
1993 2.9 g K (75 mmol) 4.6 (200) 2.7

4 wk

Schorr et al., 21 elderly men and +0
1996 women, provided +2.9 g (127)

Na-containing
beverage or placebo,
reduced dietary salt
intake < 2.3 g
(100 mmol/d)

4 wk

Sacks et al., 208 men and women, DASH
2001 DASH diet; 204 men 2.3 (100) → 1.2 (50) 0.78 → 0.47

and women, control 3.4 (150) → 2.3 (100) 1.1 → 0.78
diet Control

4 wk 2.3 (100) →1.2 (50) 1.5 → 0.9
3.4 (150) →2.3 (100) 2.1 → 1.5

TABLE 6-12 Continued

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol) (K) Ratio
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SBP
42 117c

170 122d

MAP
40 81c

185 87d

75 29 139.4/78.4
136 32 145.5/78.7 ↑ 6.1/↑ 0.3
184 26 153.1/82.4 ↑ 13.7/↑ 4.0
259 35 156.6/82.3 ↑ 17.2/↑ 3.9
359 28 155.9/83.9 ↑ 16.5/↑ 5.5

19 51 106c/65c

211 55 106c/68c

MBP
10 47 90

159 64 88
307 76 90

93
154 ↑ 3.6/↑ 2.3

82 112c/73c

199 110c/73c

105 139/84
175 140/84

107 → 67 81 → 81 ↓ 1.7/↓ 1.0
144 → 107 75 → 81 ↓ 1.3/↓ 0.6

106 → 64 41 → 42 ↓ 4.6/↓ 2.4
141 → 106 40 → 41 ↓ 2.1/↓ 1.1

Urinary Na Urinary K Blood Pressure SBP/DBPb

(mmol/d) (mmol/d) (mm Hg)

continued
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Cappuccio 18 elderly men ≈1.9 (83)
et al., 1997 8 wk ≈3.9 (169)

Parallel studies

Hargreaves 8 men 1.2 (50)
et al., 1989 2 wk 3.5 (150)

Cobiac et al., 106 elderly men and
1992 women < 1.6 (70 mmol)

4 wk 3.4 (150)

Morgan and 20 men 1.2–1.7 (50–75)
Anderson, 6 mo Normal diet
1987

Hypertension 841 men and women, Na-kcal n = 126
Prevention aged 25–49 yr Control    3.3
Trial 6–36 mo Na reduction alone    3.4
Research Na-K n = 196
Group, 1990 Control    3.2

Na reduction alone    3.3
Na reduction with

increased K    3.2

Kumanyika 744 men and women, Control 156
et al., 1993 no diet information; Na-reduced diet 155

behavior change
counseling

6–18 mo

He et al., 2000 128 men and women
18–96 mo Control diet

Na-reduced diet

TOHP 594 men and women    3.0
Collaborative 6–36 mo
Research
Group, 1997

a NTN = normotensive, HTN = hypertensive.
b SBP = systolic blood pressure, DBP = diastolic blood pressure, MAP = mean arterial

pressure, SS = salt sensitive, SR= salt resistant.
c,d Values with different superscripts differed significantly at p < 0.05.

TABLE 6-12 Continued

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol) (K) Ratio
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 91 69 140/81
167 65 148/85

 49 94 123c/63c

155 83 129c/66c

SBP
≈74 ↓ 5.2a

≈150 ↓ 2.4b

  75c 155c/90c

155d 178d/98d

Base 6 mo 36 mo Base 6 mo 36 mo Base 6 mo 36 mo
174 157 183 68 69 68 124.7/83.3 ↓ 1.8/↓ 2.5 ↓ 2.6/↓ 2.4
171 141 160 65 69 70 124.1/82.9 ↓ 3.6/↓ 3.4 ↓ 2.3/↓ 2.3

165 150 165 66 66 64 123.9/83 ↓ 2.1/↓ 3.0 ↓ 2.9/↓ 3.0
163 127 147 64 65 68 124.0/82.6 ↓ 3.8/↓ 3.4 ↓ 2.8/↓ 2.8

160 117 138 63 69 67 124.1/82.3 ↓ 3.4/↓ 3.7 ↓ 4.1/↓ 3.7

159 147 63 125.1/83.9 ↓ 3.8/↓ 2.9 ↓ 3.0/↓ 3.2
103 99 62 124.8/83.7 ↓ 5.9/↓ 3.9 ↓ 5.1/↓ 4.4

Base 18 mo 6–8 yr Base 18 mo 6–8 yr
148 128 148 122.6/84.2 ↓ 2.4/↓ 5.6 ↑ 2.2/↓ 5.3
148 95 137 122.7/83.8 ↓ 5.7/↓ 7.2 ↓ 1.6/↓ 7.5

Base 6 mo 36 mo Base 6 mo 36 mo Base 6 mo 36 mo
186 108 135 66.8 127.7/86.1 ↓ 5.1/↓ 4.4 ↓ 0.7/↓ 3.0

Urinary Na Urinary K Blood Pressure SBP/DBPb

(mmol/d) (mmol/d) (mm Hg)
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TABLE 6-13 Intervention Studies on Sodium Intake and Blood
Pressure in Hypertensive Adults, in Order of Increasing
Duration of Intervention

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol/d) (K) Ratio

Crossover studies
Kempner, 1948 Kempner rice diet, 400–500 ≈0.15 (6)/

patients with HT vascular 2,000 kcal
disease

4–898 d

Bruun et al., 12 men with essential HT 1.2 (50) 0.62
1990 3.1g K (80 mmol) 4.1 (180) 2.2

4 d 8.7 (380) 4.7

Resnick et al., 12 adults with essential HT 0.23 (10) 0.16
1985 2.3 g K (60 mmol) 4.6 (200) 0.3

5 d

Shore et al., 6 adults with essential HT 0.23 (10) 0.12
1988 0.23 g Na (10 mmol) diet plus 2.9 (130) 1.6

2.8 g (120 mmol) Na
supplements

3.1g (80 mmol) K
5 d

Buckley et al., 12 men and women with
1994 essential HT 0.23 (10)

5 d 8.0 (350)

Lawton et al., 9 men with borderline HT 0.23 (10) 0.1
1988 3.9 g K (100 mmol) 9.2 (400) 0.25

6 d

Kawasaki et al., 19 men and women
1978 2.7 g K (70 mmol)

1 wk 0.21 (9) 0.13
5.7 (249) 3.6

Egan et al., 18 men
1991 1 wk 0.46 (20)

4.6 (200)

Zoccali et al., 15 men and women with mild
1994 HT 1.2 (50) 0.77

2.5 g K (65 mmol) 4.6 (200) 3.1
1 wk
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Urinary Nab Urinary K
(mmol/d) (mmol/d) Blood Pressure SBP/DBPc (mm Hg)

0.43 mmol/L 88 mmol/L ↓ 47/↓ 21
Also associated with weight loss

39 60 142d/92d

177 64 148d/98d

370 69 150d/96d

156d/104d

159d/105d

25 56
122 60 ↑ 9/↑ 6

MAP
38 62 107d

334 67 115e

15 68 119d/84d

343 67 120d/84d

MAP
SS SR SS SR SS SR

   3.7 10.5 56 63 105d 110d

215 259.7 60 72 124e 114e

MAP
21 92d

214 95d

SS SR
54 68 127d/82d 132d/85d

217 60 151e/95e 138d/90d

continued
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Overlack et al., 46 men and women with
1995 essential HT

2.9 g K (75 mmol) 0.46 (20) 0.27
1-wk crossover 6.9 (300) 4

0.46 (20) 0.27
6.9 (300) 4

Feldman et al., 5 adults
1996 1 wk 0.46 (20)

5.5 (240)

Mark et al., 6 men with borderline HT 0.23 (10) 0.1
1975 3.9 g K (100 mmol) 9.4 (410) 4.1

10 d

Koolen and 20 men and women with
van essential HT 1.2 (50)
Brummelen, 2 wk 6.9 (300)
1984

Sowers et al., 11 HT African-American men
1988 and women 0.92 (40)

2 wk 4.1 (180)

Del Rio and 30 men and women with ≈0.8 (35)
Rodriguez- essential HT ≈4.7 (204)
Villamil, 2 wk
1993

Ferri et al., 61 men with essential HT, 0.46 (20) 0.28
1996 2.7 g K (70 mmol) 3.2 (140) 2

2 wk 7.4 (320) 4.6

Zemel et al., 6 HT African-American men
1986 and women 1 (43)

2 wk 4 (174)

Weir et al., 22 men and women with
1995 essential HT 0.92 (40)

2 wk 4.6 (200)

Johnson et al., 15 elderly subjects ISH, 0.92 (40)
2001 0.92 g/d (40 mmol/d) 2.1 (90)

Na diet + sodium dose 3.2 (140)
2 wk 5.5 (240)

7.8 (340)

TABLE 6-13 Continued

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol/d) (K) Ratio
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MAP
SS SR

22 102 101
267 112 102

< 45 yr > 45 yr
20 101d 103d

265 100d 108e

MAP
16 98d

194 96d

5 72 120d/73d

310 89 133e/80e

SS SR
57 70 143/91 140/90

270 73 164d/103d 139e/91e

MAP
34 100d

196 106e

48 62 155d/95d

199 58 156d/96e

27 57 161d/104d

124 53 161d/104d

291 52 169e/108e

SBP
43 134d

215 138d

SS SR
100 SBP DBP MAP SBP DBP MAP
236 ↑ 8.7 ↑ 6.8 ↑ 7.4 ↓ 4.3 ↓ 4.1 ↓ 3.8

68 27 161.5/81.1 ↑ 9.0/↓ 0.3
123 30 170.5/80.8 ↑ 10.8/↑ 2.8
180 30 172.3/83.9 ↑ 14.9/↑ 3.1
262 27 176.4/84.2 ↑ 20.9/↑ 6.5
373 28 182.4/87.6

continued

Urinary Nab Urinary K
(mmol/d) (mmol/d) Blood Pressure SBP/DBPc (mm Hg)
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Johnson et al., 8 elderly subjects with SDH, 0.92 (40)
2001 0.92 g/d (40 mmol/d) 2.1 (90)

Na diet + sodium dose 3.2 (140)
2 wk 5.5 (240)

7.8 (340)

Parijs et al., 22 men and women with HT
1973 4-wk crossover

MacGregor 19 men and women with
et al., 1982a essential HT, Na-reduced

diet + placebo or slow Na
supplements

4 wk

Watt et al., 13 men and women with mild
1983 HT

4 wk

Richards et al., 12 men and women with mild 1.8 (80) Na/ 1.3
1984 essential HT 2.3 g (60) K

4 wk 4.1 (180) Na/ 3
2.3 g (60) K

4.1 (180) Na/ 0.9
7.8 g (200) K

Skrabal et al., 9 men and women with mild Low Na diet
1984a HT Normal diet

4 wk

MacGregor 20 men and women with mild 1.1 (50)
et al., 1989 HT 2.3 (100)

4 wk 4.6 (200)

Benetos et al., 20 men and women, reduced +0 (0)
1992 sodium diet + placebo or 1.4 (61)

61 mmol Na supplement
4 wk

Fotherby and 17 elderly men and women, 1.8 (80)–
Potter, 1993 80–100 mmol Na diet + 2.3 (100)

placebo or 80 mmol Na 3.7 (160)
supplement 4.1(180)

5 wk

TABLE 6-13 Continued

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol/d) (K) Ratio
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78 28 156.9/98.8 ↑ 8.0/↓ 0.4
140 32 164.9/98.4 ↑ 12.1/↑ 0.8
191 29 169.0/99.6 ↑ 17.5/↑ 2.4
257 31 174.4/101.2 ↑ 18.2/↑ 5.4
376 32 175.1/104.2

93 138d/92d

191 147e/98e

86 59 144d/92d

162 65 154e/97e

59 47 139/87
139 51 139/86

100 60 145/91

200 61 150/92

205 190 148/91

82 153/91
214 147/91

49 68 147d/91d

108 75 155e/95e

190 76 163f/100f

85 63 143d/89d

163 71 149e/93e

95 65 171d/96d

174 68 179e/96d

continued

Urinary Nab Urinary K
(mmol/d) (mmol/d) Blood Pressure SBP/DBPc (mm Hg)
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Grobbee et al., 40 young adult men and + 0 (0)
1987 women with mildly elevated + 2.1 (90)

BP, no diet information, + 0/2.8 g (72)
participants given placebo K supplement
or 2.0 g (90 mmol) Na
supplements

6 wk

Cappuccio 29 elderly men ≈1.9 (83)
et al., 1997 8 wk ≈3.9 (169)

Weinberger 114 men and women with
et al., 1988 essential HT

30 wk

Parallel studies

Mulhauser 16 men and women high 2.1 (90)
et al., 1996 normal or mildly elevated BP 4.4 (190)

4 wk

Dodson et al., 34 men and women with mild
1989 HT, no diet information

3 mo

Jula and 76 men and women with mild
Karanko, to moderate essential HT
1994 12 mo

Appel et al., 681 men and women, 60–80 yr, Reduced sodium
2001 on hypertensive medications Usual lifestyle

2–3 yr

a HT = hypertension, ISH = isolated systolic hypertension, SDH = systolic diastolic
hypertension.

b SBP = systolic blood pressure, DBP = diastolic blood pressure, MAP = mean arterial
pressure.

c SS = salt sensitive, SR= salt resistant.
d,e,f Values with different superscripts differed significantly at p < 0.05.

TABLE 6-13 Continued

Sodium (Na) Na/
Intake g/d Potassium

References Study Designa (mmol/d) (K) Ratio

Individual trials that tested three or more levels of sodium intake
provide the best evidence to assess dose-response relationships be-
tween dietary sodium intake and blood pressure. Appendix I graphi-
cally displays results from each of the 10 trials available. Most used a
randomized, crossover design. To assure fixed contrasts in sodium
intake, most trials were feeding studies, which, because of logistic
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57 74 136/73
129 77 137/73
69 131 133/72

95 65 166/91
182 64 172/94

170 → 94 71 → 74 137/87 → 127/81

92 85
199 94 ↑ 4.9/↑ 5.3

137 64 ↓ 11d/↓ 3.1d

181 68 ↓ 4e/↓ 1d

109 84 134/89
166 83 135/92

144 → 99 ↓ 4.3/↓ 2.0
145 → 140

Urinary Nab Urinary K
(mmol/d) (mmol/d) Blood Pressure SBP/DBPc (mm Hg)

considerations, are necessarily brief in duration. No trial lasted for
more than one month, and several lasted only a few days (see Ap-
pendix Table I-2). In most trials, the sample size was small, typically
less than 20 persons. Hence there is a substantial risk of inadequate
power and false negative results.

Of the available dose-response trials, the study by Luft and col-
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leagues (1979b) tested the broadest range of sodium intake (0.23 to
34.5 g [10 to 1500 mmol]/day of sodium), albeit in just 14 individu-
als. Only two trials (Ferri et al., 1996; Sacks et al., 2001) enrolled
over 50 persons, but the trial by Ferri and colleagues only enrolled
hypertensive individuals. The trial by MacGregor and coworkers
(1989) is a well-controlled trial that documented a direct, progres-
sive relationship between sodium intake and blood pressure, but
the trial enrolled only 20 individuals, all of whom were hyperten-
sive. The trial by Johnson and colleagues (2001) tested increasing
levels of sodium intake from baseline by giving four different levels
of sodium chloride (range of total intake: 0.9 g [40 mmol]/day to
14.8 g [340 mmol]/day) in 46 individuals, 60 years of age and older;
in each blood pressure stratum (nonhypertension, isolated systolic
hypertension, and systolic-diastolic hypertension), there were sig-
nificant, progressive, dose-response relationships between sodium
intake and blood pressure.

A detailed overview of the trial by Sacks and colleagues (2001) is
warranted in view of its size, duration, and other design features.
This trial, termed the DASH-Sodium study, was a feeding study de-
signed to test the effects on blood pressure of three levels of sodium
intake (an average of 1.2, 2.3, and 3.5 g [50, 100, and 150 mmol]/
day of sodium/2,100 kcal) separately in two distinct diets—the
DASH (Dietary Approaches to Stop Hypertension) diet and a con-
trol diet (See Figure I-14 in Appendix I and corresponding Tables I-
1a, b, c). The DASH diet is rich in fruits, vegetables, and low-fat
dairy products and is reduced in saturated and total fat; accord-
ingly, it is rich in potassium, magnesium, and calcium (correspond-
ing to the 75th percentile of U.S. intake) (Appel et al., 1997). In
contrast, the potassium, magnesium, and calcium levels of the con-
trol diet corresponded to the 25th percentile of U.S. intake, while
its macronutrient profile and fiber content were similar to average
U.S. consumption (Appel et al., 1997; Craddick et al., 2003) (see
Table 6-9). A total of 412 participants enrolled; of these, 41 percent
were hypertensive, 40 percent were white, and 57 percent were Afri-
can American (Sacks et al., 2001).

Study participants were randomly assigned to the control or DASH
diet, and, within their assigned diet, participants ate higher, inter-
mediate, and lower sodium levels, each for 30 days in random or-
der. By design, in the 2,100-kcal version of the diets, the higher
sodium level was 3.5 g (150 mmol)/day of sodium. Thus the higher
sodium level reflected typical U.S. adult consumption. The interme-
diate sodium level was 2.3 g (100 mmol)/day for the 2,100-kcal
version, reflecting the upper limit of various recommendations
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made in the United States (JNC, 1997). The lower level was 1.2 g
(50 mmol)/day for 2,100 kcal (Sacks et al., 2001). The average
achieved levels of sodium intake, as reflected by 24-hour urinary
sodium excretion, were 142, 107, and 65 mmol/day, respectively,
corresponding to approximate intakes of 3.3 g, 2.5 g, and 1.5 g,
respectively (Sacks et al., 2001). Urinary potassium excretion aver-
aged 79 and 41 mmol/24 hours on the DASH and control diets,
respectively, and did not differ by level of sodium intake.

The main results of the DASH-Sodium trial (Sacks et al., 2001)
are displayed in Appendix I—Figure I-14 and Tables I-la,b,c. On the
control diet (Figure I-14 and Tables I-1a and 1c), reducing sodium
intake from the higher (≈ 3.3 g) to the intermediate level (≈ 2.3 g)
lowered systolic blood pressure by an average of 2.1 mm Hg (p <
0.001), while further lowering sodium intake from the intermediate
to the lower level of sodium (1.2 g) led to an additional systolic
blood pressure reduction of 4.6 mm Hg (p < 0.001). On the DASH
diet (Figure I-14, Tables I-1a and 1b), corresponding reductions in
systolic blood pressure were 1.3 (p < 0.05) and 1.7 mm Hg (p <
0.01), respectively. Hence decreasing sodium intake by approxi-
mately 0.92 g (40 mmol)/day caused a greater lowering of blood
pressure when the starting sodium intake was at the intermediate
level than when it was at a higher intake similar to the U.S. average.

The trial by Sacks and colleagues (2001) also provided an oppor-
tunity to assess the impact of sodium reduction in relevant sub-
groups (Vollmer et al., 2001; see Table 6-14). On the control diet,
significant blood pressure reduction was evident in each subgroup.
Reduced sodium intake led to greater systolic blood pressure reduc-
tion in individuals with hypertension compared with those classified
as nonhypertensive, African Americans compared with non-African
Americans, and older individuals (> 45 years old compared with
those ≤ 45 years old). On the DASH diet, a qualitatively similar
pattern was evident; however, some sub-group analyses did not
achieve statistical significance, perhaps as a result of small sample
size. Comparing the combined effect of the DASH diet with lower
sodium with the control diet with higher sodium, the DASH diet
with lower sodium reduced systolic blood pressure by 7.1 mm Hg in
nonhypertensive persons and by 11.5 mm Hg in individuals with
hypertension.

Other key findings emerged related to the dose-response rela-
tionship of sodium with blood pressure from the DASH-Sodium
trial. First, the blood pressure response to sodium reduction was
nonlinear, that is, there was a steeper decline in blood pressure
when sodium was reduced from 2.3 g (100 mmol)/day to 1.2 g (50
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mmol)/day than when sodium is reduced from 3.4 g (150 mmol)/
day to 2.3 g (100 mmol)/day (Sacks et al., 2001). Second, the
DASH diet, compared with the control diet, blunted the effects of
sodium on blood pressure, that is, over the same range of sodium
intake, lowering sodium from 3.4 to 1.2 g (150 to 50 mmol)/day
reduced blood pressure to a smaller extent on the DASH diet than
on the control diet. Such findings, which may in part be a result
of the higher potassium content of the DASH diet, are consistent
with other studies that have documented that increased potassium

TABLE 6-14 Effects on Systolic Blood Pressure of Reducing
Dietary Sodium from the Higher to the Lower Levels in the
Control Diet and the (DASH) Diet

Effect of Lower Effect of Lower
Minus Higher Minus Higher
Sodium in the Sodium in the

Subgroup na Control Diet DASHb Diet

Hypertension statusc

Hypertensive 85/83 –8.3 (–10.0 to –6.6)d –4.9 (–6.6 to –3.3)e

Nonhypertensive 123/121 –5.6 (–7.0 to –4.1) –1.7 (–3.1 to –0.3)
Race

African American 119/115 –8.0 (–9.4 to –6.5)d –3.6 (–5.1 to –2.2)
Non-African American 89/89 –5.1 (–6.7 to –3.4) –2.2 (–3.8 to –0.5)

Sex
Female 123/111 –7.5 (–9.0 to –6.0) –4.0 (–5.4 to –2.5)d

Male 85/93 –5.7 (–7.3 to –4.1) –1.7 (–3.4 to 0.0)
Age

> 45 yr 111/129 –7.5 (–8.9 to –6.1)c –4.5 (–6.0 to –3.0)
≤ 45 yr 97/75 –5.3 (–7.0 to –3.5) –1.4 (–2.9 to +0.2)

Body mass index
Obese (≥ 30 kg/m2) 78/82 –6.9 (–8.6 to –5.1) –1.8 (–3.6 to 0.0)
Nonobese (< 30 kg/m2) 130/122 –6.6 (–8.0 to –5.1) –3.7 (–5.1 to –2.3)

a Number in DASH diet arm/number in control diet arm.
b DASH = Dietary Approaches to Stop Hypertension.
c Hypertensive patients had a SBP ≥ 140 mm Hg or diastolic BP ≥ 90 mm Hg.
d p < 0.05 for comparing subgroup differences.
e p < 0.01 for comparing subgroup differences.
NOTE: Data expressed as mean (95% confidence interval) systolic blood pressure

(SBP) mm Hg. All models included adjustment for baseline SBP, site, feeding cohort,
and carryover effects. Unadjusted for other subgroups.

SOURCE: Adapted with permission from Vollmer et al. (2001). Copyright 2001 by
American College of Physicians.
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intake blunts the rise in blood pressure from sodium loading
(Morris et al., 1999; see Chapter 5).

In addition to the 10 trials that directly tested three or more levels
of sodium intake, the Trials of Hypertension Prevention–Phase 1
(Kumanyika et al., 1993) also assessed dose-response in post-hoc
analyses based on achieved levels of sodium reduction (Figure 6-5).
In this 18-month randomized trial in which 327 nonhypertensive
individuals were assigned to a reduced sodium behavioral interven-
tion and 417 individuals were assigned to a control group, there was
a mean net reduction in urinary sodium excretion of 44 mmol (1.0
g)/day, as well as concurrent systolic/diastolic blood pressure re-
ductions of 2.1/1.2 mm Hg. From the lowest quintile of sodium
excretion at 18 months (< 65 mmol [1.5 g]/24 hours) to the high-
est (> 178 mmol [4.0 g]/24 hours), there were significant, direct
dose-response relationships for both systolic and diastolic blood
pressure. In analyses that corrected for intraperson variability in
sodium excretion and blood pressure, the estimated average sys-
tolic and diastolic blood pressure reductions per 100 mmol (2.3 g)/
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FIGURE 6-5 Mean change in diastolic blood pressure (DBP) and systolic blood
pressure (SBP) from baseline for nonhypertensive individuals by quintile of uri-
nary sodium excretion at 18 mo following a reduced sodium behavioral interven-
tion program.
SOURCE: Kumanyika et al. (1993).
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24-hour reduction in sodium excretion were 4.4/2.8 mm Hg (Cook
et al., 1998).

Overall, available dose-response trials are consistent with a direct,
progressive, dose-response relationship between sodium intake and
blood pressure across a broad range of intake. This was clearly evi-
dent in the DASH-Sodium trial (Sacks et al., 2001), which was the
largest trial and the study with the narrowest range of sodium intake
(range: 1.2 g to 3.4 g [50 to 150 mmol]/day). A progressive relation-
ship was also apparent in two smaller studies that tested four or
more sodium levels across a broader range of sodium intake (range:
0.23 to 34.5 g [10 mmol to 1,500 mmol]/day [Luft et al., 1979b];
range: 0.92 to 7.82 g [40 to 340 mmol]/day [Johnson et al., 2001]).
No trial tested multiple sodium levels below 2.3 g (100 mmol)/day.
However, observational analyses of the four isolated populations in
the Intersalt study suggest a progressive relationship for systolic
blood pressure at urinary sodium levels between less than 0.02 g (1
mmol)/day in the Yanomamo Indians and 1.2 g (51 mmol)/day in
Kenyans (Mancilha-Carvalho and Souza e Silva, 2003).

Effects of Sodium Intake on Blood Pressure: Evidence from Meta-
Analyses of Intervention Studies. Several meta-analyses of clinical trials
have been conducted to assess the effects of sodium intake on blood
pressure (Table 6-15). Typically, these studies estimate the ratio of
the average change in blood pressure to observed average change
in sodium intake. However, such ratios cannot be used to assess
dose response unless the relationship is linear. For sodium, avail-
able evidence indicates that it is nonlinear (Sacks et al., 2001).

The earliest meta-analyses aggregated data across a wide range of
study designs, from very brief feeding studies lasting a few days to
long-term behavioral intervention studies lasting a year or more.
These meta-analyses have provided consistent evidence that a re-
duced sodium intake lowers systolic and diastolic blood pressure in
hypertensive individuals. However, the extent of blood pressure re-
duction in nonhypertensive individuals is less consistent. In the larg-
est of these meta-analyses (Cutler et al., 1997; Graudal et al., 1998;
Midgley et al., 1996), the average decrease in systolic/diastolic blood
pressure per 100 mmol (2.3 g) reduction in daily sodium excretion
in hypertensive individuals was 5.8/2.5, 3.3/1.6, and 3.7/0.9 mm
Hg, respectively. The corresponding reductions in systolic/diastolic
blood pressures in nonhypertensive persons were 2.3/1.4, 0.8/0.2,
and 1.0/0.1 mm Hg, respectively.

In view of the substantial heterogeneity in study design, subse-
quent meta-analyses focused on distinct types of trials or popula-
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tions. One meta-analysis focused on trials conducted in older-aged
persons (mean age close to 60 years) (Alam and Johnson, 1999). In
this meta-analysis, which included both nonhypertensive and hyper-
tensive persons, sodium reduction significantly lowered systolic and
diastolic blood pressure by 5.58 and 3.5 mm Hg, respectively. The
effect was more pronounced in trials that exclusively enrolled indi-
viduals older than age 60.

A meta-analysis was conducted to assess the effect of modest so-
dium reduction to levels that would be relevant to public health
decision-making (He and MacGregor, 2002). Trials of brief dura-
tion and those with extremely low sodium intakes were excluded.
All of the included trials lasted 4 or more weeks, and many were
controlled feedings studies. In aggregate, a median sodium reduc-
tion of approximately 1.7 g (75 mmol)/day led to significant reduc-
tions in systolic and diastolic blood pressure of 2.0 and 1.0 mm Hg
in non-hypertensive individuals (11 trials) and 5.0 and 2.7 mg Hg in
hypertensive patients (17 trials) (He and MacGregor, 2002).

Another meta-analysis assessed the long-term effects of advice to
reduce sodium intake (Hooper et al., 2002). This meta-analysis has
also been published as a Cochrane Review (Hooper et al., 2003).
Most included trials used intensive behavioral interventions in free-
living individuals. By design, the authors included only trials that
lasted 6 or more months. The total duration of the trials ranged
from 6 months to 7 years. Net reduction in urinary sodium excre-
tion as the result of the behavioral interventions was 35.5 mmol (0.8
g)/24 hours, roughly half the net reduction observed in the meta-
analysis by He and MacGregor (2002). On average, systolic and di-
astolic blood pressure reductions were 1.1 (p = 0.002) and 0.6 (p =
0.19) mm Hg, respectively. This meta-analysis documents the diffi-
culties of sustaining a reduced sodium intake in free-living persons
over the long-term. Because of the limited net reduction in sodium
intake as evidenced by attained urinary sodium excretion, the effi-
cacy of sodium reduction as a means to lower blood pressure can-
not be assessed from this analysis.

Primary Prevention of Hypertension. Almost 50 million adult Ameri-
cans, or approximately 25 percent of the U.S. adult population,
have hypertension, defined as a systolic blood pressure > 140 mm
Hg, diastolic blood pressure > 90 mm Hg, and/or current use of
antihypertension medication (Burt et al., 1995; Hajjar and Kotchen,
2003). In Canada, approximately 27 percent of adults 35 to 64 years
old have hypertension (Wolf-Maier et al., 2003). Above-normal
blood pressure in the nonhypertensive range, that is, systolic blood
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TABLE 6-15 Meta-analyses of Studies on Sodium/Salt Intake
and Blood Pressure

Reference Trial Selection Number of Studies

Cutler et al., Randomized trials 23 trials representing 1,536
1991 subjects

Law et al., Nonrandomized and 78 trials, including 33 trials
1991b randomized control trials lasting 5 wk or longer

Midgley et al., Randomized trial with control 28 hypertensive trials and 28
1996 and dietary Na intervention; nonhypertensive trials

Na intake monitored by representing 3,505 subjects
urinary Na excretion

Brunner et al., Randomized, controlled trials 17 trials representing 6,893
1997 of at least 3 mo duration subjects

Cutler et al., Randomized controlled trials 32 trials representing 2,635
1997 (crossover and parallel) subjects

Graudal et al., Randomization of a low- and 58 hypertensive and 56
1998 high-Na diet; Na excretion nonhypertensive trials

was measured representing 4,742 subjects

Alam and Randomized, controlled studies 11 trials representing 485
Johnson, of chronic Na ingestion in subjects
1999 elderly (mean age close to or

greater than 60 yr)

He and Randomized trials of modest 17 hypertensive trials and 11
MacGregor, Na reduction that lasted 4 or nonhypertensive trials
2002 more wk representing 954 subjects

Hooper et al., Randomized trials of behavioral 3 nonhypertensive trials, 5
2002 interventions to reduce Na hypertensive trials

intake that lasted at least (untreated), and 3 treated
6 mo hypertensive trials

representing 3,514 subjects

Geleijnse Randomized trials with a 19 nonhypertensive trials, 28
et al., 2003 minimum duration of 2 wk hypertensive trials

a SBP = systolic blood pressure, DBP = diastolic blood pressure,
NT = nonhypertensive, HT = hypertensive.
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Resultsa

Decreased BP by 1.7 ± 1.0; 1.0 ± 0.7 mm Hg (systolic and diastolic, respectively,
with 95% confidence limits) in NT individuals and 4.9 ± 1.3; 2.6 ± 0.8 mm Hg
in HT subjects

Reducing daily sodium (Na) intake by 1.2 g (50 mmol) in individuals aged
50–59 yr lowered SBP by an average of 5 mm Hg, and by 7 mm Hg in
individuals with hypertension (SBP ≥170 mm Hg); a reduction in DBP was
about half of the values above

For NT individuals, 2.3 g/d (100 mmol/d) reduction in daily Na excretion
resulted in 1.0 mm Hg and 0.1 mm Hg reduction in SBP and DBP, respectively

The decrease in BP for a 100 mmol/d (2.3 g/d) reduction in daily Na excretion
was 3.7 mm Hg for SBP and 0.9 mm Hg for DBP for HT individuals

A decrease of 45 mmol/d (1.0 g/d) of urinary Na resulted in a decrease in SBP
and DBP by 1.9 and 1.2 mm Hg, respectively

Lowering Na resulted in a reduction in SBP and DBP of: (1) 1.9 and 1.1 mm Hg
respectively in NT subjects; (2) 4.8 and 2.5 mm Hg respectively in HT subjects

A reduction in urinary Na excretion was related to decreases in SBP and DBP of:
(1) 1.2 and 0.26 mm Hg, respectively, in NT individuals; (2) 3.9 and 1.9 mm
Hg respectively in HT patients

A high sodium chloride diet significantly increased SBP and DBP by 5.58 and
3.5 mm Hg, respectively

A median reduction of urinary Na of 1.7 g/d (74 mmol/d) in NT and of 1.8 g/d
(78 mmol/d) in HT led to decreased SBP and DBP of 2.0 and 0.97 mm Hg for
NT and 4.96 and 2.7 mm Hg for HT

SBP and DBP were reduced by 1.1 and 0.6 mm Hg with a reduced urinary Na of
35 mmol/d (0.8 g/d)

Degree of reduction in Na intake was not related to change in BP

Median reduction of 77 mmol (1.8 g)/d reduced SBP by 4.1 mm Hg and DBP by
2.5 mm Hg

SBP/DBP reduction in HT and NT were 5.2/3.7 mm Hg and 1.3/1.1 mm Hg,
respectively
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pressure of 120 to 139 mm Hg or diastolic blood pressure of 80 to
90 mm Hg, has been found to confer excess cardiovascular disease
risk (see Figure 6-4). It has been estimated that almost one-third of
blood pressure-related deaths from coronary heart disease are esti-
mated to occur in individuals with blood pressure in this range
(Stamler et al., 1993).

The prevalence of hypertension rises progressively with age, such
that more than half of all Americans 60 years of age or older have
hypertension (Hajjar and Kotchen, 2003). Among nonhypertensive
adults, the estimated lifetime risk of developing hypertension is 0.9
(Vasan et al., 2002). The rise in blood pressure with age, while
commonplace in Western countries, is not universal, as there are
non-Western populations, as well as some Western populations (e.g.,
strict vegetarians), in which the rise in blood pressure with age is
minimal or nonexistent (Rose et al., 1988; Sacks et al., 1974). In
ecologic observational studies, a reduced intake of sodium and an
increased intake of potassium have been associated with a blunted
age-related rise in blood pressure (Rose et al., 1988).

Primary prevention of hypertension has been suggested as an op-
portunity to interrupt and prevent the continuing and costly cycle
of managing hypertension and its consequences (NHBPEP, 1993;
Whelton et al., 2002). Hypertension can be prevented by comple-
mentary application of strategies aimed at achieving a downward
shift in the distribution of blood pressure in the general population
(population-based strategy) and more intensive targeted strategies
aimed at achieving a greater reduction in blood pressure in indi-
viduals and groups at greater risk for high blood pressure (intensive
targeted strategy) (Whelton et al., 2002). Because the health ben-
efits of a population strategy are applied to large numbers, even
small downward shifts in the distribution of blood pressure can be
expected to result in a substantial reduction in the burden of illness
in the population being targeted (Rose, 1985; Whelton et al., 2002).
For example, a downward shift in the population distribution of
systolic blood pressure by 2 mm Hg would be expected to result in
an annual reduction of 6 percent in mortality from stroke and 4
percent from coronary heart disease (Stamler, 1991). The corre-
sponding estimates would be 8 and 5 percent for a 3-mm Hg down-
ward shift in the population distribution of systolic blood pressure,
and 14 and 9 percent for a 5 mm Hg shift (Stamler, 1991). Sodium
reduction is one of several nutritional therapies that have been pro-
posed as a means to reduce blood pressure and thereby affect a
downward shift of blood pressure in the population (Chobanian et
al., 2003). Weight control, moderation of alcohol intake, and con-
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sumption of the DASH diet, which is rich in potassium and other
minerals, have also been included as part of a comprehensive nutri-
tional approach to reduce blood pressure.

To date, three trials have explored the effects of a reduced
sodium intake as a means to prevent hypertension (Hypertension
Prevention Trial [HPT], Trial of Hypertension Prevention Phase I
[TOHP1], and Phase II [TOHP2]). HPT and TOHP1 were pilot
studies, conducted to inform the design of TOHP2. Each study was
a controlled trial in which there was a behavioral intervention that
focused exclusively on reducing sodium intake. In HPT and
TOHP2, there were also groups that simultaneously implemented
other interventions: increased potassium intake in HPT and weight
loss in TOHP2. As shown in Table 6-16, net reductions in urinary
sodium excretion on the sodium reduction arm were modest in the
three studies, ranging from 13 to 57 mmol/day, at the end of
follow-up. In this setting, the relative risk of incident hypertension
associated with a reduced sodium intervention that did not include
any other lifestyle change ranged from 0.69 to 0.82.

Results from TOHP2 are especially relevant because this trial was
designed to test the effects of a reduced dietary sodium interven-
tion as a means to prevent hypertension. TOHP2 was a randomized,
controlled 2 × 2 factorial trial that tested the effects of three behav-
ioral interventions (sodium reduction, weight loss, or combined
weight loss and sodium reduction) on blood pressure and incident
hypertension over 3 to 4 years of follow-up in overweight individuals
aged 30 to 54 years with an initial diastolic blood pressure of 83 to
89 mm Hg and a systolic blood pressure < 140 mm Hg. At 6 months,
the height of intervention adherence, the incidence of hyperten-
sion was lowest in the combined group (2.7 percent), intermediate
in the weight loss (4.2 percent) and sodium reduction (4.5 per-
cent) groups, and highest in the control group (7.3 percent). At 18
months, the pattern persisted. By the end of follow-up, the inci-
dence of hypertension was 18 to 22 percent less in each behavioral
intervention group (p < 0.05 compared with control), but not dif-
ferent when compared with each other. Results of this trial indicate
that behavioral interventions can prevent hypertension over the
long-term. Also, the pattern of incident hypertension at 6 and 18
months suggests that the effects of weight loss and reduced sodium
intake, under optimal conditions of adherence, may be additive.

It is important to note that a major barrier to the achievement of
greater reductions in blood pressure and reductions in the associ-
ated cardiovascular disease complications is reliance on behavioral
interventions to reduce dietary intake of sodium. In contrast to the



356 DIETARY REFERENCE INTAKES

TABLE 6-16 Effect of Behavioral Interventions Designed to
Test the Effect of Sodium Reduction on Preventing
Hypertension

Baseline
Sodium (Na)

Duration Excretion
Study n (mo) (mmol/d)

Hypertension Prevention Trial
(Hypertension Prevention Trial Research Group, 1990)

Control (overweight stratum) 126 36 174
Sodium reduction alone (overweight stratum) 126 36 171

Control (nonoverweight stratum) 196 165
Sodium reduction alone (nonoverweight

stratum) 196 36 163

Sodium reduction with increased potassium
(nonoverweight stratum) 196 160

Trials of Hypertension Prevention-Phase I
(TOHP Collaborative Research Group, 1992a, 1992b)

Control 417 156
Sodium reduction alone 327 18 154

Trials of Hypertension Prevention—Phase II
(TOHP Collaborative Research Group, 1997)

Control 596 36–48 188
Sodium reduction alone 594 186
Weight loss alone 595 181
Sodium reduction with weight loss 597 179

short-term (3-day) feeding trials that could achieve contrasts in
sodium intake of nearly 34.3 g (1490 mmol)/day (Luft et al., 1979a,
1979b), the maximum contrast in the primary prevention trials was
1.3 g (57 mmol)/day in TOHP1 (see Table 6-16). Greater and
more sustainable reductions in sodium intake could be expected
from a diminution in the amount of sodium added during food
processing (approximately 80 percent of sodium consumed in west-
ernized countries is derived from food products) rather than via
reduction in sodium used during cooking or at the table (Sanchez-
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Net Achieved Na Net Na Excretion
Excretion (mmol/d) Reduction (mmol/d)

End of End of Relative Risk of Hypertension
6 mo Follow-up 6 mo Follow-up Relative to Control Group

157 183 1.00
141 160 –19 –13 0.69 (p = 0.066, comparing all

groups in overweight strata)
150 165

127 147 –16 –21 0.73 (p = 0.01, comparing all groups
in nonoverweight strata)

117 138 –22 –29 0.65

159 145
98 99 –72 –57 0.76 (95% confidence interval:

0.49–1.18)

6 mo Results End of Study Results
177 1.00 1.00
108 135 –50 –40 0.61 (p = 0.04) 0.82 (p = 0.05)
163 172 9 2 0.58 (p = 0.02) 0.79 (p = 0.02)
115 145 –37 –24 0.37 (p < 0.001) 0.78 (p = 0.01)

Castillo, 1987). Given the current market availability of lower-
sodium food products, careful selection is necessary to lower
sodium intake.

Stroke and Coronary Heart Disease

A strong positive association between salt intake and cardiovascu-
lar disease, especially stroke, has been documented in a variety of
animal models (Chen et al., 1997; Coyle, 1988). In humans, a simi-
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lar association between salt intake and evidence of stroke has been
noted in most cross-sectional studies (Ikeda et al., 1986; Perry and
Beevers, 1992; Sasaki et al., 1995; Yamori et al., 1994; Yang et al.,
1997) (see Table 6-17). In Japan, a public health campaign to re-
duce average dietary sodium intake was associated with a significant
reduction in the prevalence of hypertension and hemorrhagic
stroke, a major cause of death in this population before sodium
intake decreased (Yamori and Horie, 1994). Increased sodium in-
take has also been associated with increased left ventricular mass, a
subclinical form of cardiovascular disease (Liebson et al., 1993).

Results of prospective studies have been less consistent, primarily
because of methodological limitations. Early reports did not find a
significant relationship between dietary sodium intake and risk of
stroke (Kagan et al., 1985), but statistical power in these studies was
limited. To a large extent, inadequate power reflects the impreci-
sion associated with most approaches to the measurement of ha-
bitual sodium intake. In particular, a high ratio of intraindividual to
interindividual variation in sodium intake, which is commonplace
in westernized populations (Liu et al., 1979), tends to diminish sta-
tistical power and the ability to detect even clinically important as-
sociations. Hence, large cohorts are needed in order to yield mean-
ingful results.

Two epidemiological studies published by Alderman and cowork-
ers (1995, 1998b) have been interpreted as providing evidence that
low sodium diets have an adverse effect on human health. In the
first of these studies, Alderman and colleagues (1995) reported the
presence of a significant inverse association between urinary sodium
excretion and incident myocardial infarction in a prospective co-
hort study conducted in 2,937 treated hypertensive patients. As in-
dicated in an accompanying editorial and in subsequent communi-
cations, however, the assessment of sodium intake and imprecision
in the measurement of potentially confounding variables might have
contributed to the occurrence of this unexpected finding (Cook et
al., 1995b; MacGregor, 1996).

Urinary sodium excretion as obtained and reported in this study
did not represent habitual dietary sodium intake. First, partici-
pants were advised to reduce their sodium intake prior to the col-
lection of urine. After 5 days on a reduced sodium intake, urinary
sodium excretion was measured. Second, there is evidence of dif-
ferential noncompliance in that creatinine excretion in the lowest
quintile of sodium excretion was markedly and unexpectedly
lower, thus indicating a high probability of incomplete urine col-
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lections. Hence, the interpretation of the urinary sodium data in
this study is uncertain.

Other findings from this study complicate its interpretation. The
relationship between urinary sodium excretion and myocardial inf-
arction was inverse in men, but direct in women. Plasma renin con-
centrations did not increase proportionately to the reduction in
sodium excretion as might be anticipated. Also, the study was con-
ducted in hypertensive patients who were enrolled in a work-site
treatment program, making it difficult to know whether the find-
ings would have general application. While the authors have re-
sponded to these concerns (Alderman and Laragh, 1996), interpre-
tation of the findings from this study remains difficult.

In a second study, Alderman and colleagues (1998b) took advan-
tage of the large sample size, nutrient intake database, and pro-
longed follow-up of participants in the National Health and Nutri-
tion Examination Survey I (NHANES I) Epidemiologic Follow-up
Study to examine the relationship between sodium intake as ob-
tained from self-reported dietary information and the subsequent
risk of cardiovascular disease. They identified an inverse relation-
ship between sodium intake and mortality from cardiovascular dis-
eases (p = 0.09) and all causes (p < 0.007), but a positive relation-
ship between sodium:calorie ratio and mortality from cardiovascular
diseases (p = 0.006) and all causes (p = 0.004).

In addition to the inconsistency between the direction of the asso-
ciation with the two methods of estimating sodium intake (directly,
or as adjusted based on estimated energy intake), several method-
ological concerns make it difficult to interpret the findings. Partici-
pants with a baseline history of cardiovascular diseases were in-
cluded in the main analysis, albeit such participants might be
expected to have changed their dietary intake of sodium prior to
dietary assessment. Acute rheumatic fever, chronic rheumatic heart
disease, and diseases of the pulmonary circulation were included as
cardiovascular mortality outcomes, although the biological basis for
a relationship between sodium intake and these diseases is not obvi-
ous. As in the prior report by Alderman and colleagues, there is
again evidence of differential completeness of dietary data. Of great-
est concern is the fact that the highly correlated variables of sodium
intake, caloric intake, and sodium:calorie ratio were simultaneously
included in the same multivariate model. The authors have re-
sponded to these criticisms (Alderman et al., 1998a).

In contrast to the studies reported by Alderman and colleagues,
other prospective studies either did not identify an association be-
tween sodium intake and cardiovascular disease or identified a sig-
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TABLE 6-17 Observational Studies of Sodium Intake and
Risk of Stroke or Coronary Heart Disease (CHD)

Reference Study Design Sodium (Na) Intakea (g/d)

Stroke

Kagan Prospective cohort, 10-yr
et al., follow-up, n = 7,895 Japanese
1985 men, multivariate analysis

Perry and Intersalt study, cross-sectional,
Beevers, n = 3,942 men and women
1992

Yamori CARDIAC Study, cross-sectional,
et al., 14 countries
1994

Sasaki et al., Cross-sectional data collected
1995 from 24 published studies

Alderman Prospective cohort, 3.8-yr Urinary Na (mmol/24 h)
et al., follow-up, 2,937 men and Men
1997 women Q1 < 89

Q2 89–126
Q3 127–174
Q4 > 174
Women
Q1 < 66
Q2 66–97
Q3 98–138
Q4 > 138

Yang et al., Cross-sectional, 13 target
1997 populations in China

He et al., NHANES I, prospective cohort, Nonoverweight
1999 n = 9,485, multivariate Q1 1.97

analysis Q2 3.0
Q3 3.87
Q4 5.6

Overweight
Q1 1.8
Q2 2.7
Q3 3.5
Q4 5.1
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continued

Resultsb Other Results and Comments

No association was found between urinary Na
and incidence of stroke

Significant positive association between Na
excretion and stroke mortality (p < 0.008)

Significant positive correlation between Na
excretion and stroke mortality in men
(p < 0.01)

Positive correlation between urinary Na and
rate of stroke mortality (p < 0.01 to p < 0.001)

RR for Stroke
1.0

1.6

1.0

0.5

Positive correlation between Na intake and
stroke mortality (p = 0.029)

RR for Stroke RR for CHD
1.0 1.0
1.05 1.34
0.93 1.05
0.95 1.06
p trend = 0.47 p trend = 0.77

1.0 1.0
1.28 0.96
1.64 1.0
1.51 0.97
p trend = 0.02 p trend = 0.86
Among overweight individuals, a 2.3-g (100 mmol/d) increase in Na was

associated with a 32% increase in stroke incidence (and 89% increase in stroke
mortality)
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Coronary heart disease

Ikeda et al., Cross-sectional, 1,310 men and
1986 women from 49 regions in

Japan

Alderman Prospective cohort, 3.8-yr Urinary Na (mmol/24 h)
et al., follow-up, 2,937 men and Men
1997 women Q1 < 89

Q2 89–126
Q3 127–174
Q4 > 174
Women
Q1 < 66
Q2 66–97
Q3 98–138
Q4 > 139

Tunstall- Scottish Heart Health Study, Urinary Na (mmol/L/d)
Pedoe prospective, n = 11,629 men Men
et al., and women, 7.6 yr of follow- Q1 46.8
1997 up Q2 129.6

Q3 168.4
Q4 204.1
Q5 251.3
Women
Q1 37.8
Q2 98.0
Q3 123.4
Q4 149.0
Q5 187.3

Alderman NHANES I prospective cohort,
et al., 17- to 21-yr follow-up, Q1 1.44
1998b n = 11,346 men and women, Q2 2.13

not energy adjusted Q3 2.66
Q4 3.83

Tuomilehto Prospective cohort, 2,436
et al., men and women
2001

a Q = quartile or quintile.
b RR = relative risk.
c CHD = coronary heart disease.

TABLE 6-17 Continued

Reference Study Design Sodium (Na) Intakea (g/d)
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There was a significant positive correlation
between Na intake and mortality from CVD,
cerebral infarction, and subarachnoid
hemorrhage;

Also a positive association between Na and
Na:Potsssium ratio and ischemic heart disease
mortality

RR for CVD
1.0

2.7

1.0

0.4

RR for CHD Over 7.6 yr of follow-up, there
1 was a significant positive
1.18 association between urinary
1.11 Na and incidence of CHD in
1.26 women only
1.23 (0.01 ≤ p <0.05)

1
0.93
0.97
1.09
1.76

CVD mortality/100 person yr
11.8 Significant inverse association
10.0 (estimated from graph) (p < 0.0019)
10.4 (estimated from graph)
9.6

Adjusted hazard ratios for CHD, CVD, and Significant, direct relationships
all-cause mortality in men and women of urinary Na excretion with
associated with a 100 mmol/d increase in cardiovascular outcomes in
urinary Na excretion were 1.56, 1.36, and overweight persons;
1.22, respectively nonsignificant in

nonoverweight individuals

Resultsb,c Other Results and Comments
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nificant direct association. In analyses of the Multiple Risk Factor
Intervention Trial (MRFIT), there were no significant relationships
between sodium intake (as assessed by multiple 24-hour dietary
recalls) and mortality from total cardiovascular disease, coronary
heart disease, or stroke (Cohen et al., 1999). During the initial 7.6
years of follow-up in the Scottish Heart Health Study, there was no
significant relationship between sodium intake and coronary heart
disease events in men, but a significant positive relationship in
women (Tunstall-Pedoe et al., 1997); these analyses were only ad-
justed for age.

Several epidemiological and clinical studies have suggested that
overweight persons may be more sensitive to the effects of sodium
on blood pressure (Altschul et al., 1981; He et al., 1994; Rocchini
et al., 1989). In this setting, two prospective studies examined the
effects of sodium intake on cardiovascular outcomes in analyses
stratified by overweight status (He et al., 1999; Tuomilehto et al.,
2001). He and colleagues (1999) analyzed the relationship between
self-reported sodium intake and risk of cardiovascular disease in
the NHANES I Epidemiologic Follow-up Study. In contrast to pre-
vious analyses using the same database reported by Alderman and
colleagues (1998b), He and colleagues (1999) excluded those in-
dividuals with a history of cardiovascular disease or its treatment
and those who intentionally consumed a low-salt diet. Of the 9,485
remaining participants (113,467 person-years of follow-up), 2,688
were overweight (cut-off for overweight was Body Mass Index [BMI]
> 27.8 kg/m2 for men and 27.3 kg/m2 for women). As estimated
from a single 24-hour dietary recall that did not include discretion-
ary salt use, baseline median sodium intake in the quintiles (based
on the sodium-energy ratio) ranged from 1.2 to 3.3 g (50.5 to 142.5
mmol)/day in the quintiles for the nonoverweight adults, and 1.0
to 3.0 g (45.5 to 129.7 mmol)/day in the quintiles of overweight
participants. In the overweight stratum, there were consistent and
highly significant positive relationships between baseline dietary
intake of sodium and risk of stroke, cardiovascular disease, and
total mortality. In multivariate analyses, a 2.3 g (100 mmol)/day
higher intake of sodium was associated with a 32 percent increase
(relative risk [RR] = 1.32; 95 percent confidence interval [CI] =
1.07–1.64) in stroke incidence, an 89 percent increase (RR = 1.89;
95 percent CI = 1.31–2.74) in stroke mortality, a 44 percent in-
crease (RR = 1.44; 95 percent CI = 1.14–1.81) in coronary heart
disease mortality, a 61 percent increase (RR = 1.61; 95 percent CI
= 1.32–1.96) in cardiovascular disease mortality, and a 39 percent
increase (RR = 1.39; 95 percent CI = 1.23–1.58) in mortality from



SODIUM AND CHLORIDE 365

all causes in overweight persons. Dietary sodium intake was not
significantly associated with nonfatal coronary heart disease in over-
weight participants or with risk of cardiovascular disease in partici-
pants with normal weight. In a subsequent analysis of the NHANES
database by He and colleagues (2002), dietary sodium intake was
a significant, independent risk factor for congestive heart failure in
overweight individuals.

In a prospective study conducted in 1,173 Finnish men and 1,263
women aged 25 to 64 years, the adjusted hazard ratios for coronary
heart disease, cardiovascular disease, and all-cause mortality, associ-
ated with a 100 mmol (2.3 g) higher level of 24-hour urinary so-
dium excretion, were 1.56 (95 percent CI = 1.15–2.12), 1.36 (1.05–
1.76) and 1.22 (1.02–1.47), respectively (Tuomilehto et al., 2001).
There was an interaction between sodium excretion and BMI for
cardiovascular and total mortality, with sodium intake being a sig-
nificant predictor of cardiovaslcular disease and total mortality in
men who were overweight (RR = 1.44 and 1.56, respectively), and a
nonsignificant predictor of both outcomes in the normal-weight
subset (RR = 1.23 and 0.98, respectively).

Overall, observational studies, particularly ecological studies, sug-
gest that higher levels of sodium intake increase the risk of car-
diovascular disease, especially stroke. Of the available prospective
observational studies, those with the most rigorous methods have
likewise documented a positive relationship, which was evident in
overweight individuals. Still, conclusive evidence of a causal rela-
tionship typically depends on results of appropriately designed clini-
cal trials that test the effects of sodium reduction on clinical cardio-
vascular outcomes. While some persons have advocated such a trial,
the feasibility of such an endeavor is uncertain, especially in view of
the well-documented difficulties in establishing and maintaining a
large contrast in sodium intake over the long-term (Table 6-16).

Left Ventricular Mass

Increased left ventricular mass or wall thickness (left ventricular
hypertrophy) is a subclinical form of cardiovascular disease that is a
powerful predictor of cardiovascular morbidity and mortality, in-
cluding myocardial infarction, stroke, congestive heart failure, and
sudden death (Bikkina et al., 1994; Casale et al., 1986; Koren et al.,
1991; Levy et al., 1990; Messerli and Soria, 1994). Echocardiography
is a sensitive diagnostic technique that is used to estimate left ven-
tricular mass. In the Framingham Heart Study, elevated left
ventricular mass as measured by echocardiography was associated



366 DIETARY REFERENCE INTAKES

with an increased incidence of cardiovascular disease in both men
and women, after adjustment for traditional cardiovascular risk fac-
tors (Levy et al., 1990). The 5-year mortality for electrocardiographic
left ventricular hypertrophy was 33 percent for men and 21 percent
for women (Kannel, 1991).

Increased left ventricular mass is thought to be, in part, a struc-
tural adaptation of the heart as a compensatory mechanism for in-
creased blood pressure and wall stress. Increased blood pressure is
one of the strongest correlates of left ventricular mass (Liebson et
al., 1993). Not surprisingly, factors associated with elevated blood
pressure are also associated with increased left ventricular mass,
including obesity (de Simone et al., 1994; Schmieder and Messerli,
1993), aging (Alderman et al., 1995; Ghali et al., 1997), African-
American race (Harshfield et al., 1992), and, as discussed subse-
quently, sodium intake.

Several cross-sectional studies have examined the relationship be-
tween sodium intake, typically as measured by urinary sodium ex-
cretion, and left ventricular mass or hypertrophy, as measured by
echocardiography. Other cross-sectional studies have documented
associations between sodium intake and cardiac function, such as
impaired diastolic filling (Langenfeld et al., 1998).

Most reports used correlation or regression analyses and did not
report left ventricular mass by level of urinary sodium excretion.
Available studies predominantly enrolled hypertensive adults, but
some enrolled nonhypertensive individuals (du Cailar et al., 2002;
Kupari et al., 1994) or children (Daniels et al., 1990; Harshfield et
al., 1994). With the exception of the study by Alderman and col-
leagues, which assessed left ventricular hypertrophy by electrocar-
diography and did not detect an association, each study docu-
mented a statistically significant, positive relationship between
urinary sodium excretion and left ventricular mass (Daniels et al.,
1990; du Cailar et al., 1989, 1992, 2002; Gerdts et al., 1996; Kupari
et al., 1994; Langenfeld et al., 1998; Liebson et al., 1993; Schmieder
et al., 1988, 1990, 1996). Figure 6-6 displays results from the report
of Schmieder and coworkers (1988), who were the first to report an
association between sodium intake and left ventricular hypertro-
phy. The only two studies that reported left ventricular mass by level
of dietary sodium are included in Table 6-18.

In most studies, the association between urinary sodium excretion
and left ventricular mass persisted after adjustment for other deter-
minants of left ventricular mass, including blood pressure (du Cailar
et al., 2002; Liebson et al., 1993). Such findings, in conjunction
with animal studies, raise the possibility that sodium may have a
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trophic effect—a direct effect on left ventricular mass apart from
indirect effects mediated through blood pressure. Potential mecha-
nistic pathways by which sodium might exert a direct effect on left
ventricular mass include the renin-angiotensin system, the sympa-
thetic nervous system, and fluid-volume homeostasis (Beil et al.,
1994).

Four clinical trials assessed the effects of a reduced sodium in-
take on left ventricular mass in hypertensive individuals. In three
trials, the comparison group received antihypertensive drug
therapy (Fagerberg et al., 1991; Ferrara et al., 1984; Liebson et al.,
1995). In two of these trials, the nonpharmacological intervention
included weight loss, as well as sodium reduction (Fagerberg et al.,
1991; Liebson et al., 1995). In each of the three trials with an active
drug treatment comparison group, reductions in left ventricular
mass were similar in the pharmacological and nonpharmacological
intervention groups. In view of the well-documented effects of
antihypertensive drug therapy on left ventricular mass in controlled
trials (Klingbeil et al., 2003), these three studies suggest that the
nonpharmacological interventions are likewise effective. However,
because two of the trials included weight loss in the nonpharma-
cological interventions, one cannot attribute the effects to a re-
duced sodium intake.
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FIGURE 6-6 Relationship of dietary salt intake to left ventricular mass. Reprinted
with permission from Schmieder et al. (1988). Copyright 1988 by Lippincott, Will-
iams, and Wilkins.
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Only one trial tested a reduced sodium intervention and com-
pared its effects with that of a nonintervention control group (Jula
and Karanko, 1994). In this randomized trial that enrolled 76 hy-
pertensive individuals, mean urinary sodium excretion decreased
from 195 mmol (4.5 g)/day at baseline to 109 mmol (2.5 g)/day at
12 months in the treatment group, while the corresponding change
in the control group was 181 mmol (4.2 g)/day to 166 mmol (3.8
g)/day. Compared with the control group, which experienced no
change in left ventricular mass, the reduced-sodium group experi-

TABLE 6-18 Observational Studies Relating Left Ventricular
Mass or Left Ventricular Hypertrophy to Sodium Intake

Urinary Sodiuma

% LVH by
Reference Study Design g/d mmol/d Electrocardiogramb

Alderman Cross-sectional Men
et al., analyses of Q1 < 2 < 89 12
1997 baseline data, Q2 2–2.9 89–126 11

n = 1,900 men Q3 3–4 127–174 9
and 1,037 Q4 ≥ 4 ≥ 175 11
women p = 0.68

Women
Q1 < 1.5 < 66 5
Q2 1.5–2.2 66–97 4
Q3 2.2–3.2 98–138 4
Q4 > 3.2 > 138 5

p = 0.84

du Cailar Cross-sectional, Men LVM (g/m2.7)
et al., n = 839 men Q1 0.74–2.5 32–110 46
2002 and women, Q2 2.6–3.3 111–142 47

multivariate Q3 3.3–3.9 143–172 48
analysis Q4 4.0–5.1 173–220 50

Q5 5.1–9.5 221–415 55
p = 0.007

Women
Q1 0.41–1.9 18–86 38
Q2 2.0–2.5 87–110 42
Q3 2.6–3.0 111–131 44
Q4 3.0–3.9 132–168 44
Q5 3.9–7.1 169–310 46

p = 0.006

a Q = quartile or quintile.
b LVH = left ventricular hypertrophy, LVM = left ventricular mass.
NOTE: Sodium intake estimated to be approximately equal to urinary excretion.
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enced a mean reduction in left ventricular mass of 5.4 percent (from
238 to 225 g, p < 0.05 compared with the control).

In summary, available data from cross-sectional studies in hyper-
tensive individuals are consistent in documenting a progressive, di-
rect, and independent relationship between sodium intake and left
ventricular mass. Furthermore, sodium may have a direct effect
apart from an indirect effect mediated through blood pressure.
While one controlled trial suggests that the association between so-
dium intake and left ventricular mass is causal, additional trials are
needed.

Calcium Excretion, Bone Mineral Density, and Kidney Stones

Numerous intervention studies have demonstrated that increased
sodium chloride intake induces a substantial increase in the uri-
nary excretion of calcium (Table 6-19). Sodium chloride-induced
hypercalciuria also appears to be accompanied by an increased
intestinal calcium absorption (Breslau et al., 1982). However, the
effects of sodium intake on biochemical markers of bone resorp-
tion (urinary pyridinoline and deoxypyridinoline) and bone for-
mation (serum osteocalcin and bone-specific alkaline phosphatase)
are uncertain. These markers were not affected by increasing so-
dium chloride intake in young women (Evans et al., 1997; Ginty et
al., 1998), whereas sodium chloride-induced bone resorption was
observed in postmenopausal women (Evans et al., 1997). A reduced
sodium intake lowered serum osteocalcin in participants consum-
ing the DASH diet but not those consuming a typical American
diet (Lin et al., 2003). Compared with sodium chloride, sodium
citrate “loading” induces the opposite effect on urinary calcium
(Kurtz et al., 1987). Similarly, differing pressor and calciuric effects
of sodium chloride and sodium bicarbonate or citrate have been
widely reported (Kotchen, 1999; Luft et al., 1990; Sharma et al.,
1992). However, when dietary sodium chloride is not reduced,
dietary sodium bicarbonate loading has little effect on the urinary
excretion of calcium (Lemann et al., 1989). In postmenopausal
women in whom calcium excretion was increased by a high protein
diet, replacing dietary sodium chloride with an equimolar amount
of sodium bicarbonate promptly induced a sharp and sustained
decrease in the urinary excretion of calcium (Lutz, 1984). In ani-
mals, bicarbonate acts directly on the renal tubule to increase its
reclamation of calcium (Bomsztyk and Calalb, 1988).

While the effect of sodium intake on urinary calcium excretion is
evident, calcium absorption was not tracked in these studies. Thus
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TABLE 6-19 Intervention Studies on the Effect of Sodium
Intake on Calcium Excretion

Sodium (Na)
Intake g/d

Reference Study Design (mmol/d)

McCarron 6 men 0.23 (10)
et al., 1981 3–7 d 6.9 (300)

18.4 (800)
34.5 (1,500)

Breslau et al., 13 men and women 0.23 (10)
1982 10 d 5.8 (250)

Castenmiller 12 men
et al., 1985 2 levels of Ca 3.2 mmol/MJ and 4.1 mmol/MJ

2 wk 0.51 (22)
4.1 (178)

McParland 10 elderly women 1.6 (70)
et al., 1989 Low salt diet ± salt supplement 3.9 (170)

10 d

Zarkadas 17 postmenopausal women 2.0 (89)
et al., 1989 89 mmol/d diet plus Na supplement of 1.2 g 3.2 (140)

(51 mmol/d) or 2.3 (103 mmol/d) 4.4 (191)
4 d

Chan et al., 7 men 1.2 (50)
1992 5 d 5.8 (250)

Nordin et al., 30 postmenopausal women 2.1 (90)
1993 2.8 (120)

3.4 (150)

Sakhaee 14 men and women 1.2 (50)
et al., 1993 10 d 6.9 (300)

Evans et al., 11 premenopausal and 11 postmenopausal women
1997 7 d 1.2 (50)

6.9 (300)

Lietz et al., 14 postmenopausal women 1.4 (60)
1997 816 mg Ca 3.9 (170)

8 d

Ginty et al., 16 women
1998 14 d 1.8 (80)

4.1 (180)

Lin et al., 186 men and women
2003 30-d crossover 1.2 (50)

2.3 (100)
3.4 (150)

a,b Values with different superscripts differ significantly at p < 0.05.
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Calcium (Ca) Excretion (mg/d)

59
124
178
262

110 ± 14a

167 ± 16b

Low calcium diet High calcium diet
(mmol Ca/mmol creatinine) (mmol Ca/mmol creatinine)

0.25a 0.28a

0.31b 0.33b

83a

106b

128a

148b

152b

Significant increase in Ca excretion with the addition of +1.2 g/d Na
No difference between 1.2 g and 2.3 g/d Na

126a

192b

136
144
176

109a

157b

Premenopausal Postmenopausal
0.38a 0.42a

0.52b 0.62b

160a

180b

Salt-sensitive (mmol Ca/mmol creatinine) Nonsensitive (mmol Ca/mmol creatinine)
0.15a 0.15a

0.26b 0.14a

Control diet (mg Ca/g creatinine) DASH diet (mg Ca/g creatinine)
88a 92a

97a 96a

110b 104b
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the overall impact on calcium balance is unclear, as is the role of
sodium intake on bone mineral density (Table 6-20). Although
some epidemiological studies have reported an inverse effect of so-
dium intake on bone mineral density (Devine et al., 1995; Martini
et al., 2000), this relationship was not apparent in other studies
(Jones et al., 1997; Matkovic et al., 1995). The effects of a reduced
sodium intake in preventing bone fractures has not been tested.

Hypercalciuria is a common risk factor for the formation of renal
stones (Strauss et al., 1982). Individuals who were found to form
calcium stones were reported to have a higher sodium chloride
intake (14 g [239 mmol]/day) compared with healthy subjects (8 g
[136 mmol]/day) (Martini et al., 1998). A prospective cohort study
showed a significant trend (p < 0.001) for the risk of renal stones
with increased sodium intake (Curhan et al., 1997). The risk of
renal stones has been reported to increase with an increased so-
dium:potassium ratio (Stamler and Cirillo, 1997).

Pulmonary Function

Several studies have examined the relationship between sodium
intake and bronchial responsiveness to agents (e.g., histamines) that
cause airway constriction. In two surveys, bronchial reactivity was
strongly and directly related to urinary sodium excretion after ad-
justing for age and cigarette smoking (Burney et al., 1986; Tribe et
al., 1994). In analysis of NHANES III data (Schwartz and Weiss,
1990), bronchitis was positively associated with the dietary sodi-
um:potassium ratio. However, other cross-sectional studies have not
found a relationship (Britton et al., 1994; Zoia et al., 1995).

A low salt diet (3.75 g/day, containing 1.5 g [65 mmol] of so-
dium) improved while a high salt diet (13.75 g/day, containing 5.5
g [239 mmol] of sodium) worsened postexercise pulmonary func-
tion in subjects with exercise-induced asthma (Gotshall et al., 2000).
When asthmatic patients were given 4.6 g (200 mmol)/day of di-
etary sodium, all measures of severity of asthma were adversely af-
fected (Carey et al., 1993). Furthermore, salt loading (6.1 g/day,
containing 2.4 g [105 mmol] of sodium) was found to worsen the
symptoms of asthma (Medici et al., 1993).

Gastric Cancer

It has been hypothesized that high doses of salt can result in de-
struction of the mucosal barrier of the stomach such that the mucus
membrane is easily invaded by carcinogens (Correa et al., 1975).
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Indirect support for this hypothesis comes from observational stud-
ies of Helicobacter pylori infection. Specifically, seropositivity for H.
pylori was directly related to gastric cancer mortality (Eurogast Study
Group, 1993), and the prevalence of H. pylori has been associated
with the intake of salty foods (Tsugane et al., 1994).

Evidence in laboratory animals indicates that high intakes of salt
may increase the incidence of gastric cancer when animals are ex-
posed to various carcinogens (Cohen and Roe, 1997). It has been
suggested that salt exerts an enhancing effect on both the initiation
and promotion steps of gastric carcinogenesis (Takahashi and
Hasegawa, 1986). The evidence in humans is less clear because the
source of available data is limited to epidemiological studies.

A number of cross-sectional studies have been conducted to evalu-
ate the association between salt intake and risk of gastric cancer. A
significant positive association was observed between sodium or salt
intake (or sodium excretion) and incidence of gastric cancer in
most (Bernstein and Henderson, 1985; Kneller et al., 1992; La
Vecchia et al., 1997; Lee et al., 1995; Montes et al., 1985; Palli et al.,
2001; Tsubono et al., 1997; Tsugane et al., 1991), but not all (Honjo
et al., 1994; Ikeda et al., 1988) of these studies. More recently, the
Intersalt study correlated gastric cancer mortality with sodium in-
take from 24 countries (Joossens et al., 1996). Multiple regression
analysis of these data yielded a significant positive correlation (p <
0.001) of urinary sodium excretion with evidence of a threshold.
Specifically, there was no increased incidence of cancer mortality
below 117 mmol (2.7 g)/day in men and 91 mmol (2.1 g)/day in
women. The RR for gastric cancer as determined from case-control
studies ranged from 1.4 to 6.7 with higher intakes of salt (Boeing et
al., 1991; Coggon et al., 1989; Graham et al., 1990; Hoshiyama and
Sasaba, 1992; Lee et al., 1995; Nazario et al., 1993; Tuyns, 1983; You
et al., 1988).

In the one available prospective study, salt intake was significantly
and directly associated in a dose-response fashion with gastric can-
cer in men, but not in women (Tsugane et al., 2004).

Dose-Response Assessment

Adults

Data Selection. The model for establishing Tolerable Upper In-
take Levels (ULs) (see Chapter 3) depends upon being able to
identify a hazard or adverse effect associated with consumption of a
nutrient at levels above an individual’s requirement for the nutri-
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TABLE 6-20 Epidemiological Studies on the Effect of Sodium
Intake on Calcium Excretion, Bone Mineral Density, and
Kidney Stones

Reference Study Designa Effectb

Urinary calcium excretion

Short et al., 12 men and women on 4 levels of Na and +
1988 constant Ca

3-d planned diet

Nordin et al., 220 women +
1993

Itoh and Randomized population survey +
Suyama, 1996 410 men, 476 women

Dawson-Hughes Cross-sectional +
et al., 1996 249 men, 665 women

Bone density

Greendale Longitudinal NS
et al., 1994 258 women, 169 men

Matkovic et al., Cross-sectional +
1995 381 women

Devine et al., Longitudinal +
1995 124 women

Jones et al., Population-based study NS
1997 34 men, 120 women

Kidney stones

Burtis et al., 124 subjects +
1994 1,000 mg Ca and defined diet or 1,000 mg Ca and

usual diet

Curhan et al., Prospective cohort +
1997 903,849 subjects
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continued

Findingsc

Urinary Na and Ca excretion were positively correlated in young men and
women

Significant linear relationship between urinary Na and urinary Ca observed for
both normal (n = 88) and osteoporotic (n = 132) postmenopausal women

Significant positive correlation between urinary Na and Ca in men and women

Urinary Na and Ca excretion were associated at moderate and high intakes of Ca
but not low intakes in elderly men and women

No association between Na intake and BMD in men and women

Urinary Na found to be the most important determinant of urinary Ca excretion
for 8- to 13-yr-old girls

Urinary Ca (mmol/d) = 0.01154 × urinary Na (mmol/d) + 0.823, whereas Ca
intake had relatively little impact

No association with bone mass

Urinary Na excretion was significantly and negatively correlated with change
(decrease) in bone density at the hip bone (–0.003 × urinary Na + 6.33) and
interocanter site (–0.003 × urinary Na + 7.86) in postmenopausal women

Urinary Na correlated with urinary deoxypyridinoline and urinary Ca in men and
women

Urinary Na correlated with bone mineral content and density, but the association
disappeared when adjusted for other confounders, especially body weight

Urinary Ca excretion increased by 0.77 mg/23 mg of Na excreted in individuals
with Ca oxalate kidney stones

Relative risk for renal stones increased with increased intake of Na
Q1 = 1.6 g/d Na, RR = 1.0
Q2 = 2.3 g/d Na, RR = 1.08
Q3 = 2.8 g/d Na, RR = 1.15
Q4 = 3.6 g/d Na, RR = 1.10
Q5 = 4.9 g/d Na, RR = 1.30
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ent. The preferred type of adverse effect is a clinical outcome, such
as evidence of mortality or serious morbidity that has been observed
to occur in a few sensitive individuals as a direct result of consum-
ing a nutrient above his or her needs. In situations in which the
adverse effect is a chronic disease, it is possible to use clinical out-
comes, such as total mortality, cause-specific mortality, or serious
morbidity. The ideal type of study is an appropriately designed,
long-term trial with multiple levels of nutrient intake.

However, for most nutrients, and particularly for those where
adverse effects are related to chronic disease, trials with such end-
points are unavailable, especially dose-response trials that test
multiple levels of intake. For sodium, trials with relevant clinical
outcomes (e.g., fatal and nonfatal stroke, coronary heart disease,
end-stage renal disease, kidney stones, or bone fractures) have not
been conducted. In the absence of trials with clinical outcomes, a
synthesis of evidence from available trials, observational studies,
dose-response trials that link sodium to a well-accepted surrogate
endpoint, and observational studies that link the chosen surrogate
endpoint with specific clinical outcomes, must be used.

Blood Pressure as the Endpoint. Among the endpoints considered
in the previous section, blood pressure stands apart in terms of the
research database supporting its use as a biomarker for several dis-
eases of substantial public health importance. Results from the most
rigorous dose-response trials (see Appendix I) have documented a
progressive, direct effect of dietary sodium intake on blood pres-
sure in nonhypertensive and hypertensive individuals. Furthermore,

TABLE 6-20 Continued

Reference Study Designa Effectb

Stamler and 1,658 men, 1,967 women +
Cirillo, 1997

Martini et al., 47 men, 38 women +
2000

a Na = sodium; K = potassium, Ca = calcium.
b + means Na had a significant impact on Ca excretion or BMD. NS means Na did not

have a significant effect on Ca excretion or BMD.
c Q = quartile or quintile, RR = relative risk, BMD = bone mineral density.
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persuasive evidence from large-scale observational studies has docu-
mented a direct relationship between blood pressure and the risk
of cardiovascular diseases (specifically stroke and coronary heart
disease) and end-stage renal disease. The relationship of blood pres-
sure to these diseases has been characterized as “strong, continu-
ous, graded, consistent, independent, predictive, and etiologically
significant” (JNC, 1997).

Other Possible Endpoints. Other endpoints or adverse effects were
considered, including clinical cardiovascular outcomes (i.e., stroke
and coronary heart disease), subclinical cardiovascular outcomes
(i.e., left ventricular mass), and noncardiovascular outcomes (e.g.,
urinary calcium excretion, osteoporosis, gastric cancer, and
asthma). For left ventricular mass, cross-sectional studies consis-
tently document an association between urinary sodium excretion
and left ventricular mass, but only one small, controlled trial as-
sessed the effects of sodium reduction on this endpoint. For urinary
calcium excretion, numerous trials documented that a reduced so-
dium intake lowers urinary calcium excretion, but urinary calcium
excretion by itself is not a well-accepted surrogate marker for bone
mineral density or dietary induced osteoporosis. Evidence that links
sodium intake with gastric cancer is reasonably strong, but still in-
sufficient to establish a UL. Data on the relationship between so-
dium intake and asthma are sparse.

Identification of a Lowest-Observed-Adverse-Effect Level (LOAEL). In
aggregate, the relationship between sodium intake and blood pres-

Findingsc

An increased Na:K ratio was significantly (p < 0.05) and independently associated
with increased prevalence of renal stones

Multiple regression analysis showed that a high salt intake (> 16 g/d) was an
independent predictor of risk for low BMD in stone-forming men and
premenopausal women estimated by food-frequency questionnaire
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sure is direct. While it would be best to have a marker for which a
normal range has been accepted as not enhancing risk, based on
data available there is no apparent threshold below which there is
no increased risk for cardiovascular diseases across the range of
blood pressures (≥ 115/70 mm Hg) typically observed in the United
States and Canada (Burt et al., 1995; Joffres et al., 2001; Wolf-Maier
et al., 2003). Recent studies on the relationship of blood pressure
changes to subsequent risk of cardiovascular disease have docu-
mented increased risk in nonhypertensive persons, including those
termed “prehypertensive.” New guidelines from the Joint National
Committee on Prevention, Detection, Evaluation, and Treatment of
High Blood Pressure for classification of blood pressure and for
hypertension prevention and management have been issued
(Chobanian et al., 2003) that include a new category designated
“prehypertension.” This category combines the “normal” and “bor-
derline” categories used in previous guidelines (JNC, 1997). Indi-
viduals with a systolic blood pressure of 120 to 139 mm Hg or dias-
tolic blood pressure of 80 to 89 mm Hg are now termed
prehypertensive.4 Prehypertensive individuals are at increased risk
for progression to hypertension and for blood pressure-related car-
diovascular diseases (Lewington et al., 2002).

The relationship between sodium intake and blood pressure is
direct and progressive. Supportive evidence comes from observa-
tional studies and clinical trials (see Tables 6-11, 6-12, 6-13, and 6-
15; Figure 6-5; and Appendix Table I). However, the potential for
confounding, even in otherwise well-designed observational studies,
is a concern. Likewise, the assessment of dose-response relation-
ships in meta-analyses is subject to confounding. In this setting, the
best available dose-response evidence comes from individual trials
that specifically examined this issue (i.e., randomized trials that test
the effects of three or more levels of sodium intake on blood pres-
sure). In these dose-response studies, the lowest level of sodium
intake spanned from approximately 0.23 g to 1.5 g (10 mmol to 65
mmol)/day, while the highest level spanned from approximately
3.2 g to over 34 g (140 mmol to 1,500 mmol)/day. The range (high-
est level minus lowest level) was thus 1.7 g (75 mmol)/day (Sacks et
al., 2001) to 34.3 g (1,490 mmol)/day (Luft et al., 1979b). In all
these dose-response trials, the average blood pressure at the lowest
level of intake would not be considered low, even at a sodium intake

4 The “hypertension” category continues to be defined as blood pressure ≥ 140/
90 mm Hg.
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of 0.23 g (10 mmol), an amount that is below the Adequate Intake
(AI) for younger adults.

Most relevant to determining a UL are the three trials in which
the lowest level of dietary sodium intake was close to the AI
(Johnson et al., 2001; MacGregor et al., 1989; Sacks et al., 2001).
When dietary sodium was provided at the average level of 1.2 g (50
mmol)/day, blood pressure was significantly less than when the
target average sodium intake was 2.3 g (100 mmol)/day (Sacks et
al., 2001). This pattern of findings was evident in the control diet,
which was typical of what many Americans eat, as well as in the
DASH diet, which was close to recent dietary guidelines. Blood
pressure reductions from a reduced sodium intake were also dem-
onstrated in pertinent subgroups (see Table 6-14).

Two other dose-response trials included levels of sodium intake
that were close to 1.2 and 2.3 g (50 and 100 mmol)/day (Johnson et
al., 2001; MacGregor et al., 1989). Both of these trials documented
reduced blood pressure across this span of sodium intake; however,
both trials were considerably smaller in size than the trial by Sacks
and colleagues, and the trial by MacGregor and colleagues enrolled
only individuals with hypertension.

In view of the results from these three trials, the lowest-observed-
adverse-effect level (LOAEL) for dietary sodium is set at 2.3 g/day
(100 mmol/day). It is recognized that the term LOAEL as applied
to dietary sodium is a point on a continuous relationship with blood
pressure, a point that corresponds to the next level above the AI
that was tested in dose-response trials. As with other nutrients, a no-
observed-adverse-effect level (NOAEL) would have been preferable.
However, in the setting of a progressive, dose-response relationship
without a threshold, a NOAEL cannot be set. Note that the UL is
not a recommended intake. As with other ULs, there is no apparent
benefit to consuming levels above the AI.

Uncertainty Assessment. Identification of the NOAEL for sodium
is complicated. Available data strongly support the desirability of
reducing blood pressure as a means to reduce the risk of cardiovas-
cular disease. Recent evidence indicates that blood pressures as low
as 115/70 mm Hg should be cardioprotective. However, in addition
to sodium intake, several dietary and nondietary factors also affect
blood pressure. Furthermore, the rise in blood pressure in response
to increased dietary sodium intake is heterogeneous and is blunted
in the setting of dietary potassium intakes in the range of the AI
(4.7 g [120 mmol]/day) (Morgan et al., 1982; Morris et al., 1999;
Weinberger et al., 1982), a mineral-rich diet (Sacks et al., 2001),
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and perhaps other dietary factors, such as high dietary calcium in-
take (Rich et al., 1991; Saito et al., 1989).

Nondietary factors, such as age, race, specific genes, and the pres-
ence of hypertension, diabetes, or kidney disease, also affect the
blood pressure response to changes in dietary sodium intake. Spe-
cifically, older-age persons, African-Americans, hypertensive indi-
viduals, and persons with diabetes or chronic kidney disease tend to
be more salt sensitive than their counterparts. There is also demon-
strated heterogeneity in the extent of cardiovascular disease risk
reduction from a given reduction in blood pressure.

In the UL model (see Chapter 3), when there is concern that
adverse effects may occur at levels of intake lower than the LOAEL
or NOAEL, an uncertainty factor (UF) is used to adjust downward
the LOAEL or NOAEL in order to derive the UL. The UL is de-
fined as the highest level of intake consumed on a chronic basis at
which no increased risk of serious adverse effects will occur. As
indicated in Chapter 3, the UF is set at 1.0 when there is convincing
evidence that the identified adverse effects do not occur at the ob-
served NOAEL, but do occur at higher levels. The UF is set at
greater than 1.0 when there is less convincing evidence that a true
NOAEL has been demonstrated—there remains the possibility that
adverse effects may occur at intakes below the NOAEL, even though
they have not been documented. The UF is also greater than 1.0
when data demonstrating a NOAEL are unavailable, but data indi-
cating a LOAEL are available.

For sodium, the UF could be set at greater than 1.0, because there
are large numbers of persons who would achieve an even lower
blood pressure by reducing their sodium intake from the LOAEL to
lower levels. However, the actual NOAEL for these individuals is
unknown. Choosing a level of sodium intake at which no one would
experience a rise in blood pressure would be difficult because there
is heterogeneity in both the extent of blood pressure reduction that
would be achieved and in the extent of cardiovascular disease risk
reduction. Also, consuming a diet with sodium intake level at the
NOAEL may well result in a diet inadequate in other essential nutri-
ents, particularly for those with lower levels of energy expenditure.
Lastly, a UF of approximately 1.6 or higher would lead to a UL
below the AI. In view of these considerations, the UF for sodium is
set at 1.0.

Derivation of a UL. The LOAEL of 2.3 g (100 mmol)/day was
divided by the UF of 1.0 to derive a UL of 2.3 g (40 mmol)/day for
total sodium intake.
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UL=
LOAEL

UF
=

2.3 g/day
1.0

=2.3 g (100 mmol)/dayy

Similar to the sodium AI, the sodium UL is based on moderate
physical activity (nonstrenuous physical activity) and based on usual
energy intakes as cited for each age group under “Findings by Life
Stage and Gender Group.”

Sodium and Chloride UL Summary, Ages 19 Through 50 Years

Much of the data used to set the UL were derived from trials that
included both young and middle-aged adults. Hence this UL ap-
plies to men and women ages 19 to 50 years. Since chloride is as-
sumed to be in foods in equimolar amounts, the UL for chloride is
set at an equimolar basis, 3.6 g (100 mmol)/day.

UL for Sodium for Adults
19–50 years 2.3 g (100 mmol)/day of sodium

UL for Chloride for Adults
19–50 years 3.6 g (100 mmol)/day of chloride

Older Adults and the Elderly Ages 51+ Years

In observational studies, the rise in blood pressure in response to
higher sodium intake increases with age (Law et al., 1991a). In tri-
als, middle- and older-age persons (> 45 years) have greater sensitiv-
ity to changes in sodium intake than younger adults (Vollmer et al.,
2001). As documented previously, elderly persons are especially sen-
sitive to changes in sodium intake (Johnson et al., 2001). Common
problems in aging are excessive retention of sodium and volume
overload. In elderly, the capacity to excrete sodium, as well as the
diurnal variation in its excretion, are altered. Both the decrease in
glomerular filtration rate and reduced responsiveness of the renin-
angiotensin-aldosterone system seen with aging are major factors
that limit the ability of the kidney to excrete an acute sodium load.
Other factors, such as dopamine, prostaglandins, intrarenal hemo-
dynamics, activity of the α-adrenergic system within the kidney, and
renal nerve activity, may also play a role.

Sodium and Chloride UL Summary, Ages 51+ Years

Because of increased salt sensitivity in the elderly and due to the
higher risk of blood pressure-related cardiovascular disease, the UL
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for sodium should be less than 2.3 g (100 mmol)/day. However,
data are insufficient to precisely define this level, and many in this
age group are under medical supervision due to hypertension, and
thus the UL would not apply. In this setting, the UL for sodium and
for chloride remain the same as for younger individuals.

UL for Sodium for Older Adults
51+ years 2.3 g (100 mmol)/day of sodium

UL for Chloride for Older Adults
51+ years 3.6 g (100 mmol)/day of chloride

Pregnancy and Lactation

According to some authorities, pregnant women retain sodium.
Hence salt restriction and prophylactic diuretics have been pre-
scribed to avoid the appearance of de novo hypertension during
gestation (Brown and Gallery, 1994; Chesley, 1978; Collins et al.,
1985; Lindheimer and Katz, 1985, 2000; Steegers et al., 1991a). Al-
ternatively, data suggest that the pregnant woman may be prone to
subtle salt wasting and thus providing additional sodium has been
suggested in order to avoid preeclampsia (Robinson, 1958). Still
another view is that pregnant women handle ingested sodium simi-
lar to the way they do in the nonpregnant state, albeit around new
set points for extracellular volume and for volume-influencing hor-
mones (Brown and Gallery, 1994; Lindheimer and Katz, 2000;
Weinberger et al., 1977).

Hypertensive disorders during pregnancy are an important cause
of maternal and perinatal morbidity and mortality. Among these
disorders are chronic hypertension that antedates the pregnancy,
gestational hypertension, and preeclampsia. Preeclampsia is a seri-
ous condition characterized by the occurrence of hypertension,
edema, and proteinuria after 20 weeks of gestation in previously
nonhypertensive women. While the pathogenesis of preeclampsia
remains uncertain, in the past attention has focused on nutritional
factors, particularly a high sodium intake and low calcium intake as
possible etiological factors. In fact, low sodium diets have been rou-
tinely prescribed as a means to prevent preeclampsia and its com-
plications (Churchill and Beevers, 1999).

However, recent clinical research that included both observa-
tional studies (Franx et al., 1999; Morris et al., 2001) and clinical
trials (Knuist et al., 1998; Steegers et al., 1991b; van der Maten et
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al., 1997) has documented that sodium reduction had no apparent
benefit in lowering blood pressure or preventing pregnancy-in-
duced hypertension or its complications. Neither was there any evi-
dence of adverse effects on obstetrical outcomes from sodium re-
duction in these studies. In the three clinical trials, the mean
urinary sodium excretion values in the control and reduced so-
dium groups were approximately 130 mmol (2.9 g)/day versus 60
mmol (1.4 g)/day (Steegers et al., 1991b), 124 mmol (2.8 g)/day
versus 84 mmol (1.9 g)/day (Knuist et al., 1998), and 142 mmol
(3.3 g)/day versus 61 mmol (1.4 g)/day (van der Maten et al.,
1997). Hence, available evidence indicates that reducing sodium
intake has little impact on preventing hypertensive disorders of
pregnancy or their complications.

Overall, there is inadequate evidence to support a different upper
intake level for sodium intake in pregnant women from that of
nonpregnant women as a means to prevent hypertensive disorders
of pregnancy. Also, there are inadequate data to justify a different
UL for lactating women. Therefore, the ULs for sodium for preg-
nant and for lactating women are the same as for nonpregnant
women. Similarly, there is no data to indicate that chloride is
handled differently during pregnancy or lactation; thus the ULs for
chloride remain the same as for the nonpregnant and nonlactating
states.

Sodium and Chloride UL Summary, Pregnancy and Lactation

UL for Sodium, Pregnancy
14–18 years 2.3 g (100 mmol)/day of sodium
19–50 years 2.3 g (100 mmol)/day of sodium

UL for Sodium, Lactation
14–18 years 2.3 g (100 mmol)/day of sodium
19–50 years 2.3 g (100 mmol)/day of sodium

UL for Chloride, Pregnancy
14–18 years 3.6 g (100 mmol)/day of chloride
19–50 years 3.6 g (100 mmol)/day of chloride

UL for Chloride, Lactation
14–18 years 3.6 g (100 mmol)/day of chloride
19–50 years 3.6 g (100 mmol)/day of chloride
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Infants

Little information is available on the effects of sodium on blood
pressure in infants. The effect of two levels of dietary sodium on
blood pressure and dynamic skinfold thickness was examined in
124 infants (Bernstein et al., 1990). Newborn infants were fed one
of three diets: 43 infants were exclusively fed human milk (0.15 g of
sodium [6.6 mmol]/L), 42 infants were fed a low sodium formula
containing 0.23 g of sodium [10.2 mmol/L]), and 39 infants were
fed a formula containing 0.31 g of sodium (13.9 mmol)/L. There
were no significant differences among the three groups for either
dynamic skinfold thickness or blood pressure at 6 weeks of age.

The data on the role of sodium intake during infancy on blood
pressure in later years are also very limited. The most rigorous study
was conducted with infants in Holland with a subsequent follow-up
15 years later. In this randomized, controlled trial of 476 Dutch
infants fed a usual (≈ 0.33 g [≈ 14.3 mmol]/day) or low sodium
(≈ 0.12 g [≈ 5.1 mmol]/day) formula, there was a small but signifi-
cant reduction in blood pressure at 6 months among infants fed
the low sodium formula (Hofman et al., 1983). After 25 weeks of
age, systolic blood pressure in the low sodium group was 2.1 mm
Hg lower (p < 0.01) than the normal sodium group. A 15-year
follow-up of these children revealed that adjusted systolic and dias-
tolic blood pressures were 3.6 mm Hg and 2.2 mm Hg lower, re-
spectively, in children who had been assigned the low sodium diet
during infancy (Geleijnse et al., 1997).

Although not frequently seen, hypernatremic dehydration has
been reported in exclusively breast-fed infants (Kini et al., 1995;
LSRO, 1998; Peters, 1989; Sofer et al., 1993). Sodium concentra-
tions of the human milk consumed by some of these infants with
hypernatremic dehydration ranged from 0.71 to 2.1 g (31 to 92
mmol)/L, which is significantly above the estimated typical content
of human milk (0.13 to 0.16 g [5.6 to 7.0 mmol]/L) (see Table 6-8)
(Kini et al., 1995; LSRO, 1998).

For infants, a UL could not be established because of insufficient
data documenting the adverse effects of chronic intakes of over-
consumption of sodium in this age group. To prevent high levels
of sodium chloride intake, the only source of intake for infants
should be human milk (or formula) and food to which as little
sodium as possible is added during processing. Although evidence
is limited, the potential long-term effects of reduced sodium for-
mulas on blood pressure measured 15 years later (Geleijnse et al.,
1997) suggest persistent adverse effects. Hence, as with other nu-
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trients, an intake of sodium or chloride markedly above the AI is
not warranted.

Sodium and Chloride UL Summary, Infants

UL for Sodium for Infants
0–12 months Not possible to establish; source of intake should

be from human milk (or formula) and food only.

UL for Chloride for Infants
0–12 months Not possible to establish; source of intake should

be from human milk (or formula) and food only.

Children and Adolescents

Concerns about adverse effects related to sodium intake in chil-
dren are focused in two areas: first, does a higher level of dietary
sodium result in increased blood pressure in children—to the ex-
tent that there is a definable increase in risk of cardiovascular dis-
ease in children, and second, does increased dietary intake of so-
dium during childhood track to increased blood pressure during
adulthood and thus increased risk for subsequent cardiovascular
disease.

The extent to which blood pressure in childhood affects subse-
quent blood pressure and chronic disease risk in adulthood has
been evaluated in a number of studies. Studies that have examined
the effects of sodium intake on blood pressure in children include
observational studies (Cooper et al., 1983; Geleijnse et al., 1990;
Robertson, 1984; Simon et al., 1994; Tucker et al., 1989) and,
to a lesser extent, randomized, controlled-design clinical trials
(Calabrese and Tuthill, 1985; Cooper et al., 1984; Ellison et al.,
1989; Gillum et al., 1981; Howe et al., 1985, 1991; Sinaiko et al.,
1993), as well as a study of twins and siblings (Miller and
Weinberger, 1986; Miller et al., 1988). A recent review of these
studies has been published (Simons-Morton and Obarzanek, 1997).

Many of these studies had methodological limitations, including
small sample size, suboptimal blood pressure measurements, and
limited experimental contrast. A longitudinal cohort of 233 chil-
dren (5 to 17 years of age) did not reveal an association between
sodium excretion and change in blood pressure over time
(Geleijnse et al., 1990). When sodium intake was reduced to less
than 1.4 g (60 mmol)/day in 149 nonhypertensive children ages 2.6
to 19.8 years, a small decrease in the average systolic, diastolic, or
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mean arterial blood pressure was seen (Miller and Weinberger,
1986; Miller et al., 1988). In another trial of 80 hypertensive chil-
dren (6 to 9 years old) with sodium intakes of 2.0 g (87 mmol)/day
versus 2.9 g (130 mmol)/day, there were no significant reductions
in blood pressure (Gillum et al., 1981), possibly because of the lim-
ited contrast in sodium intake.

In a controlled trial of adolescents, a 3-year reduced sodium inter-
vention lowered the age-related increase in systolic and diastolic
blood pressure in girls, but not in boys (Sinaiko et al., 1993). As in
other trials, the contrast in urinary sodium excretion was small.

Overall, available evidence on the effects of sodium reduction on
blood pressure in children is limited and inconsistent. Hence there
are insufficient data to directly set a UL based on expected blood
pressure change. Therefore, the ULs for children and adolescents
were determined by extrapolating from the adult ULs based on
averages of median energy intakes as was used for setting the AIs for
children.

Extrapolation of the adult UL to children is appropriate. Numer-
ous observational studies have documented that blood pressure
tracks with age from childhood into the adult years (Bao et al.,
1995; Dekkers et al., 2002; Gillman et al., 1993; Van Lenthe et al.,
1994). Further, it is increasingly recognized that the antecedents of
chronic conditions in adults, such as elevated blood pressure and
atherosclerosis, occur in childhood.

The median energy intake for adults was 2,150 kcal/day. For chil-
dren 1–3, 4–8, and 9–13 years of age, the median energy intakes
were 1,372, 1,757, and 2,042 kcal/day, respectively. The ULs for
children are extrapolated from the adult UL of 2.3g (100 mmol)/
day based on these estimated energy intakes, after rounding. Since
the estimated energy intake for adolescents is in the same range as
adults, the ULs for this age group are the same as those for adults.

Sodium and Chloride UL Summary, Ages 1 Through 18 Years

UL for Sodium for Children
1–3 years 1.5 g (65 mmol)/day of sodium
4–8 years 1.9 g (83 mmol)/day of sodium
9–13 years 2.2 g (95 mmol)/day of sodium

UL for Sodium for Adolescents
14–18 years 2.3 g (100 mmol)/day of sodium
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UL for Chloride for Children
1–3 years 2.3 g (65 mmol)/day of chloride
4–8 years 2.9 g (83 mmol)/day of chloride
9–13 years 3.4 g (95 mmol)/day of chloride

UL for Chloride for Adolescents
14–18 years 3.6 g (100 mmol)/day of chloride

Factors Affecting the Tolerable Upper Intake Level

Salt Sensitivity

As discussed previously, blood pressure, on average, is directly
related to dietary sodium intake. However, evidence from a variety
of studies, including observational studies and clinical trials, has
demonstrated heterogeneity in the blood pressure responses to so-
dium intake. Those individuals with the greatest reductions in blood
pressure in response to decreased sodium intake are termed “salt
sensitive” (Kawasaki et al, 1978; Miller et al., 1983; Morris et al.,
1999; Sullivan et al., 1980; Weinberger, 1996) (see Box 6-1). Some
studies have documented that salt sensitivity is reproducible over
time (Weinberger and Fineberg et al., 1991) and that salt sensitivity
as assessed by two different techniques is highly correlated
(Weinberger et al., 1993a).

A variety of factors influence the blood pressure response to
changes in sodium intake. Some factors, particular dietary factors,
are modifiable, while other factors are fixed, such as genetic fac-
tors. Several factors are acquired, such as advanced age and chronic
medical conditions, specifically, hypertension, diabetes, and
chronic kidney disease.

Salt-sensitive hypertensive individuals are at an increased risk for
cardiovascular events (Morimoto et al., 1997). Salt sensitivity, even
in those who are nonhypertensive, also increases the risk of inci-
dent hypertension and cardiovascular death (Weinberger et al.,
2001). At present, an agreed upon definition and practical tools to
measure salt sensitivity in individuals are unavailable. Hence even
though individuals who are considered salt sensitive should benefit
from a level of sodium intake below the UL of 2.3 g (100 mmol)/
day, there is no practical strategy to identify such individuals, ex-
cept perhaps by identifying specific subgroups of the population
with a high prevalence of salt sensitivity (i.e., older-aged individuals,
African Americans, and individuals with hypertension, diabetes, or
chronic kidney disease).
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In these groups, which together comprise a large fraction of the
population of the United States and Canada, the UL should be
lower than 2.3 g (100 mmol)/day. However, it is not possible at this
time to precisely define such a level.

Interaction with Other Dietary Factors

In addition to sodium intake, the intake of potassium and per-
haps other electrolytes (calcium and magnesium) also affects blood
pressure. Further, the intake of these electrolytes, particularly po-
tassium, may influence the blood pressure response to changes in
dietary sodium intake. Sodium intake may also influence urinary
excretion of these electrolytes.

Potassium. In observational studies, the ratio of sodium to potas-
sium intake is often more strongly associated with blood pressure
than either sodium intake alone (Rose et al., 1988) or potassium
intake alone, especially in older-aged individuals (Khaw and Barrett-
Connor, 1988). In clinical trials, increased potassium intake lowers
blood pressure, and the effects of potassium in reducing blood pres-
sure appear to be greatest when sodium is concurrently high (see

BOX 6-1 Definition of Salt Sensitivity

The prevalence of salt sensitivity depends on the definition. Relevant
aspects of the definition include the type of blood pressure measured (sys-
tolic, diastolic, or mean arterial pressure), the types of thresholds reported
(absolute mm Hg or percent change), the classification scheme (common
categories are “salt sensitive” and “salt resistant”), the thresholds applied to
the classification categories, the contrast in sodium intake tested (lowest and
highest levels), and the mode of sodium delivery (diet versus rapid intrave-
nous infusion). In one study, 73 percent of African Americans with hyper-
tension and 56 percent of hypertensive white subjects were found to be salt
sensitive, whereas in normotensive African-American and white subjects, only
36 and 29 percent, respectively, were salt sensitive (Weinberger et al., 1986).

Despite the use of the terms salt sensitive and salt resistant to classify
individuals in research studies, the change in blood pressure in response to a
change in salt intake is not binary. Rather, the reduction in blood pressure
from a reduced sodium intake has a continuous distribution with individuals
having greater or lesser degrees of blood pressure reduction. Hence, per-
sons termed salt resistant may actually achieve some blood pressure reduc-
tion, just less than that achieved in salt-senstive persons.
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Chapter 5). Increased potassium intake also reduces the sensitivity
of blood pressure to changes in sodium intake (Morris et al., 1999).
The level of sodium intake does not appear to influence potassium
excretion (Bruun et al., 1990; Castenmiller et al., 1985; Overlack et
al., 1993; Sharma et al., 1990; Sullivan et al., 1980), except at levels
of sodium intake above 6.9 g (300 mmol)/day, at which net loss of
potassium has been demonstrated (Kirkendall et al., 1976).

Calcium. In observational studies, an inverse association between
calcium intake and blood pressure has been reported (Cutler and
Brittain, 1990; Witteman et al., 1989). Pooled analysis of clinical
trials showed reductions in systolic and diastolic blood pressure of
0.89 to 1.44 mm Hg and 0.18 to 0.84 mm Hg, respectively, with
calcium supplementation (400 to 2,000 mg/day) (Allender et al.,
1996; Bucher et al., 1996; Griffith et al., 1999).

The level of sodium intake may affect the blood pressure response
to increased calcium intake, and conversely, the level of calcium
intake may affect the blood pressure response to sodium. In a small
cross-sectional study, sodium intake was associated with increased
blood pressure only at a low calcium intake (Hamet et al., 1991). In
three small trials, calcium supplementation attenuated the effect of
a high sodium intake on blood pressure (Rich et al., 1991; Saito et
al., 1989; Zemel et al., 1986). In a crossover trial that tested the
effects on blood pressure of calcium supplementation, only indi-
viduals previously classified as salt sensitive had a significant reduc-
tion in blood pressure, whereas persons classified as nonsalt-sensi-
tive experienced no such reduction (Weinberger et al., 1993b). As
described previously, higher levels of sodium intake increase the
urinary excretion of calcium. Such observations highlight the com-
plex interactions of dietary sodium and calcium on blood pressure.

Magnesium. Magnesium has been reported to lower blood pres-
sure. While studies have been inconsistent, an analysis of 29 ob-
servational studies concluded that there was an inverse association
between dietary magnesium and blood pressure (Mizushima et al.,
1998). However, in a pooled analysis of 20 randomized clinical
trials, there was no clear effect of magnesium intake on blood
pressure (Jee et al., 2002). Data on the effects of sodium intake
on magnesium excretion are limited. One study concluded that
salt reduction (at levels of 1 to 2 g [43 to 87 mmol]/day) for
3 days did not influence magnesium excretion (Murayama and
Taguchi, 1988).
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Interactions Among Electrolytes. Interactions among all dietary elec-
trolytes may be relevant. In the DASH diet, which was rich in potas-
sium, calcium, and magnesium, sodium reduction lowered blood
pressure, but to a lesser extent than that observed when subjects
consumed a typical American diet that was comparatively low in
these nutrients (Sacks et al., 2001). While this interaction and the
previously described interactions of dietary potassium and calcium
raise the possibility that the UL for sodium should be modified,
available evidence is insufficient to adjust the UL based on concur-
rent intakes of these other nutrients.

Weight

A substantial body of evidence has documented that weight is
directly related to blood pressure and that weight loss reduces blood
pressure (Neter et al., 2003). There is also a strong biological basis
for believing that increased weight should modify the blood pres-
sure response to sodium intake. Obesity increases sympathetic ner-
vous system activity, activates the renin-angiotensin-aldosterone sys-
tem, and increases renal medullary compression, each of which
increases tubular reabsorption of sodium and impairs sodium ex-
cretion (Hall et al., 2003). However, empirical evidence is inconsis-
tent. In some studies, overweight was associated with an increased
blood pressure response to a high sodium intake (Rocchini et al.,
1989). In contrast, in a large trial that explicitly tested for an inter-
action, sodium reduction lowered blood pressure similarly in both
nonobese and obese participants (see Table 6-14).

Overall, it is unclear whether obese individuals are more salt sen-
sitive than nonobese individuals. Available evidence is insufficient
to adjust the UL based on obesity status.

Gender

Observational studies and clinical trials provide some evidence
that the blood pressure response to a reduced sodium intake may
differ by gender. In the Intersalt study, an observational study that
enrolled men and women aged 20 to 59 years, the direct association
of blood pressure with 24-hour urinary sodium excretion was greater
in women than in men (Stamler et al., 1991). In another large
international study, blood pressure was directly and significantly
associated with sodium intake in men, but nonsignificantly in
women (Yamori et al., 1990). In subsequent analyses of this study,
stratified by menopausal status, the direct relationship of blood pres-
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sure to sodium intake was significant in postmenopausal women,
but nonsignificant in premenopausal women (Yamori et al., 2001).

Evidence from clinical trials is likewise inconsistent. In subgroup
analyses of Phase 1 of the Trials of Hypertension Prevention, which
enrolled adults aged 30 to 54 years, a reduced sodium intervention
led to significantly greater systolic blood pressure reduction in
women compared with men; this finding may have resulted from a
lower achieved level of sodium intake in women (Kumanyika et al.,
1993). In the DASH-Sodium trial (see Table 6-14), sodium reduc-
tion lowered blood pressure in both men and women in both a
typical American diet and the DASH diet. In the DASH diet, the
systolic blood pressure reduction in women was significantly greater
than that of the men. In a meta-analysis that explored the effects of
gender on the blood pressure response to a reduced sodium intake,
there was no significant difference in the blood pressure response
in trials that enrolled at least 50 percent women versus those that
enrolled less than 50 percent women (Geleijnse et al., 2003).

Overall, it is unclear whether women are more salt sensitive than
men. Thus, the UL is set at the same level for men and women.

Hypertension

As previously described, a substantial body of evidence has docu-
mented that sodium reduction lowers blood pressure to a greater
extent in hypertensive than in nonhypertensive individuals. These
studies were typically conducted in hypertensive individuals not on
medication. In individuals on antihypertensive drug therapy, so-
dium reduction can further lower blood pressure (Appel et al.,
2001). In the setting of hypertension, the UL should be lower than
2.3 g (100 mmol)/day. However, it is not possible at this time to
precisely define such a level.

Diabetes

Individuals with diabetes have increased total body sodium, in-
creased renal tubular sodium reabsorption, and an impaired ability
to excrete a sodium load compared with individuals without diabe-
tes (de Chatel et al., 1977; Roland et al., 1986). Inadequate suppres-
sion of the renin-angiotensin-aldosterone system may be partly re-
sponsible for these effects (de Chatel et al., 1977). Increased salt
sensitivity, as well as increased weight, may contribute to the high
prevalence of hypertension in diabetics (Tuck et al., 1990). Few
randomized trials have tested the effects of sodium reduction on
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blood pressure in diabetics. In a trial of 16 type 1 diabetic patients
with nephropathy who increased their normal intake by 2.3 g (100
mmol)/day, a significant rise in diastolic blood pressure and a non-
significant rise in systolic blood pressure were observed (Mulhauser
et al., 1996). In a trial of 34 individuals with type 2 diabetes with
hypertension, a reduction of sodium intake from approximately 4.6
to 3.1 g (199 to 137 mmol)/day significantly lowered systolic blood
pressure by 11.9 mm Hg, but did not lower diastolic blood pressure
(Dodson et al., 1989). In a trial of 20 individuals with type 2 diabe-
tes, which tested the effects of sodium reduction in the setting of
drug therapy (i.e., an angiotensin-II receptor blocker), sodium re-
duction further lowered both systolic and diastolic blood pressure
(Houlihan et al., 2002). Overall, available data indicate that persons
with diabetes should be salt sensitive. In this setting, the UL should
be lower than 2.3 g (100 mmol)/day. However, it is not possible at
this time to precisely define such a level.

Chronic Kidney Disease

Animal studies and a variety of clinical research studies have docu-
mented that altered renal sodium handling occurs in the setting of
chronic kidney disease (Strazzullo et al., 2003). It has also been
postulated that subtle, acquired defects in renal sodium handling
cause hypertension prior to the onset of chronic kidney disease
(Johnson et al., 2002). In chronic kidney disease, sodium retention
can raise blood pressure and may have detrimental effects on kid-
ney function by inducing hyperfiltration and increasing filtration
fraction and glomerular pressure. In a cross-sectional study of 839
nonhypertensive and hypertensive individuals, there was a direct,
positive relationship between sodium intake and urinary albumin
excretion (du Cailar et al., 2002). However, no randomized trial has
specifically examined the effects of different levels of sodium intake
on blood pressure and kidney function in the setting of chronic
kidney disease.

Despite the absence of empirical evidence from controlled trials,
available data suggest that as chronic kidney disease progresses, salt
sensitivity increases. Dietary sodium reduction is routinely recom-
mended as a way to reduce volume expansion and lower blood
pressure in patients with chronic kidney disease, particularly at ad-
vanced stages. In the setting of chronic kidney disease, the UL
should be lower than 2.3 g (100 mmol)/day. However, it is not
possible at this time to precisely define such a level.
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Genetic Factors

A rapidly increasing body of evidence indicates that genetic fac-
tors affect blood pressure levels and the blood pressure response to
a reduced sodium intake. Several genotypes that influence blood
pressure have been identified. Most of these genotypes influence
the renin-angiotensin-aldosterone axis or renal salt handling. Con-
sequently, these genotypes likely affect salt sensitivity. In a line of
investigation that focused on Mendelian diseases associated with
either high or low blood pressure, six genes associated with higher
blood pressure and another eight genes associated with lower blood
pressure have been identified (Lifton et al., 2002). It is noteworthy
that each of these genes regulates renal sodium chloride handling—
mutations that increase net sodium chloride reabsorption raised
blood pressure, while mutations that reduce sodium chloride reab-
sorption lowered blood pressure.

Glucocorticoid-remediable aldosteronism is an example of a
disease associated with increased sodium reabsorption. In this
autosomal-dominant condition associated with severe hypertension,
chronic aldosterone secretion leads to increased intravascular vol-
ume. An example of a Mendelian disease associated with salt wast-
ing is Gitelman’s syndrome. In analyses that compared blood pres-
sure and urinary sodium excretion in individuals from a large group
of related persons who carried zero, one, or two copies of the
mutant gene, lower blood pressure was seen in those with two cop-
ies of the mutant gene (homozygotes) compared with those with no
copy (wildtype) or one copy (heterozygotes). Both the homozygotes
and heterozygotes consumed more salt than their wild-type rela-
tives, indicating dietary compensation for their renal salt losses.
Hence, although renal salt wasting leads to lower blood pressure in
Gitelman’s syndrome, there was actually an inverse relationship be-
tween salt intake and blood pressure. These Mendelian conditions,
while uncommon, demonstrate the importance of renal sodium
chloride handling as a determinant of blood pressure.

Three trials have tested whether certain genotypes modify the
blood pressure response to a reduced salt intake. In subgroup analy-
ses (n = 1,509) from Phase II of the Trials of Hypertension Preven-
tion (Hunt et al., 1998), a reduced sodium intervention significantly
lowered the risk of developing hypertension over 3 years in those
with the AA genotype of the angiotensinogen gene, but not those
with the GG genotype. Those individuals with the AG genotype
tended to have an intermediate phenotype. Because the GG geno-
type is uncommon in African Americans, this study focused only on
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white subjects, of whom 20 percent had the AA genotype, 48 per-
cent the AG genotype, and 32 percent the GG genotype.

In a separate trial of 86 hypertensive men and women, genotypic
variation in the M235T locus of the angiotensinogen gene was evalu-
ated to determine if it affects the blood pressure response to a low-
sodium mineral salt (Hunt et al., 1999). Over the 6 months of fol-
low-up, those with the TT and MT genotypes had greater blood
pressure reductions than those with the MM genotype. In a third
trial that enrolled 46 persons aged 60 years and older, there was a
direct dose-response between reported salt intake and both systolic
and diastolic blood pressure (Johnson et al., 2001). Angio-
tensinogen genotypes appeared to influence the effects of sodium
intake on diastolic blood pressure, but not systolic blood pressure.

Genetic variation of the angiotensinogen gene appears to modu-
late the blood pressure response to other nonpharmacologic inter-
ventions. Specifically, the AA genotype compared with the GG geno-
type has been associated with a greater blood pressure reduction
from weight loss (Hunt et al., 1998) and from the DASH diet
(Svetkey et al., 2001).

While it is interesting to speculate that genotyping might assist in
developing nutritional guidelines to target those most likely, or
those least likely, to benefit from a reduced sodium intake, cur-
rently available data are insufficient to modify the UL.

Risk Characterization

Data from the Third National Health and Nutrition Examination
Survey (NHANES III) (Appendix Table D-8) indicate that more
than 95 percent of men and 75 percent of women in the United
States consumed in excess of the Tolerable Upper Intake Level
(UL). Because estimates of sodium intake in NHANES III do not
include sodium directly added to foods while eating (e.g., from the
salt shaker), it is likely that a higher percentage of adults have in-
takes that exceed the UL. In phase I of the same survey (Burt et al.,
1995), 24.7 percent of men and 24.3 percent of women 18 years of
age and older had hypertension, meaning that a substantial num-
ber of individuals appear to experience this adverse effect identi-
fied in the risk assessment related to sodium.

Data on Canadian consumption (Appendix Table F-3) indicate
that 90 to 95 percent of younger men (aged 19 to 50 years) and
between 50 and 75 percent of younger women had usual intakes
above the UL. Again, this does not include discretionary salt usage.



SODIUM AND CHLORIDE 395

RESEARCH RECOMMENDATIONS

The effects of sodium on health have been debated, often vocif-
erously (Alderman, 2002; deWardener, 1999; Perry, 2003). Over
the past decade, key evidence has emerged that has informed this
debate and which has, in general, strengthened the case for so-
dium reduction in the general population. Specific developments
include: (1) dose-response trials that have documented a direct,
progressive relationship between sodium intake and blood pres-
sure in a broad range of individuals, including nonhypertensive
persons, and (2) appropriately designed, prospective observational
studies that have linked sodium intake with subsequent cardiovas-
cular disease. Still, others argue that sodium reduction has adverse
metabolic effects (e.g., increased plasma renin activity and perhaps
insulin resistance), that sodium reduction has little or no effect on
blood pressure in many individuals, and that other dimensions of
diet (e.g., increased potassium intake or adoption of a mineral-rich
diet) mitigate the harmful effects of dietary sodium on blood pres-
sure in some individuals. Conversely, proponents of sodium reduc-
tion argue that sodium reduction could have benefits beyond blood
pressure, including a reduced risk of left ventricular hypertrophy,
osteoporosis, and gastric cancer.

Given the issues outlined above, some have argued for a large-
scale, long-term trial that tests the effects of sodium reduction on
clinical outcomes, including total mortality—while many have ar-
gued that such an undertaking is not feasible. Indeed, one major
aspect of the sodium debate pertains to the level of evidence that is
sufficient to guide policy in the absence of definitive trials that might
be impossible to conduct.

As for most other nutrients, the absence of such a trial does not
preclude the identification of reference values for dietary sodium
intake. Given available evidence, it is concluded that a reduced so-
dium intake lowers blood pressure and that lower levels of blood
pressure should reduce the risk of cardiovascular disease. Evidence
of other potential benefits of sodium reduction was either inconclu-
sive or insufficient to set reference values. Importantly, there was no
credible evidence of harm from sodium intakes at or above the
Adequate Intake (AI).

It is well-recognized that the current intake of sodium for most
individuals in the United States and Canada greatly exceeds both
the AI and the Tolerable Upper Intake Level (UL). Progress in
achieving a reduced sodium intake will be challenging and will likely
be incremental. Changes in individual behavior toward salt con-
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sumption will be required, as will replacement of higher salt foods
with lower salt versions. This will require increased collaboration of
the food industry with public health officials, and a broad spectrum
of additional research. The latter includes research to develop re-
duced sodium food products that maintain flavor, texture, con-
sumer acceptability, and low cost. Such efforts will require the col-
laboration of food scientists, food manufacturers, behavioral
scientists, and public health officials.

In reviewing the literature, gaps have been identified and the fol-
lowing are recommendations for additional research:

• Development of public health strategies to achieve and sustain a
reduced sodium and increased potassium intake in the general
population, including behavioral change studies in individuals, and
community-based intervention studies.

• Development of alternative processing technologies to reduce
the sodium content of foods, with a special emphasis on maintain-
ing flavor, texture, consumer acceptability, safety, and low cost.

• Assessment of the feasibility of a large-scale, long-term clinical
trial designed to assess the impact of sodium reduction on clinical
cardiovascular outcomes.

• Main and interactive effects of sodium and potassium intake on
noncardiovascular clinical outcomes, specifically bone mineral den-
sity, osteoporosis, and kidney disease progression.

• Assessment of genetic and dietary factors that affect salt
sensitivity.

• Assessment of the clinical relevance of sodium-induced changes
in plasma renin activity.

• Main and interactive effects of sodium and potassium intake on
plasma renin activity.

• Main and interactive effects of sodium and potassium intake on
insulin resistance.

• Development of practical tools to measure intakes of sodium
and potassium and to assess total body levels of sodium and
potassium.

• Development of practical tools to define and measure salt
sensitivity.

• Better characterization of salt sensitivity as a phenotype and de-
termination of its relationship to cardiovascular outcomes.

• Influence of sodium intake during infancy and childhood on
blood pressure later in life.

• Main and interactive effects of sodium and potassium intake on
the age-related rise in blood pressure.
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• Sodium and potassium balance studies to provide estimates of
electrolyte loss (sweat concentrations and total sweat loss) by physi-
cal activity level, climatic conditions, and dietary electrolyte intake
in broad populations.

• Sodium and potassium balance studies during pregnancy.
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