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FOREWORD
The Office of Law Enforcement Standards (OLES) of the National Institute of Standards and Technology (NIST) furnishes technical support to the National Institute of Justice (NIJ) program to strengthen law enforcement and criminal justice in the United States.  OLES’s function is to conduct research that will assist law enforcement and criminal justice agencies in the selection and  procurement of quality equipment.

OLES is:  (1) Subjecting existing equipment to laboratory testing and evaluation, and (2) conducting research leading to the development of several series of documents, including national standards, user guides, and technical reports.

This document covers research conducted by OLES under the sponsorship of the National Institute of Justice.  Additional reports as well as other documents are being issued under the OLES program in the areas of protective clothing and equipment, communications systems, emergency equipment, investigative aids, security systems, vehicles, weapons, and analytical techniques and standard reference materials used by the forensic community.

Technical comments and suggestions concerning this report are invited from all interested parties.  They may be addressed to the Office of Law Enforcement Standards, National Institute of Standards and Technology, 100 Bureau Drive, Stop 8102, Gaithersburg, MD 20899-8102.

Kathleen M. Higgins, Director

Office of Law Enforcement Standards
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INTERLABORATORY STUDIES ON THE ANALYSIS 

OF HAIR FOR DRUGS OF ABUSE

Michael J. Welch and Lorna T. Sniegoski, Analytical Chemistry Division

Chemical Science and Technology Laboratory, National Institute of Standards and Technology

1. INTRODUCTION

In 1990, the National Institute of Standards and Technology (NIST) began research into the analysis of hair for drugs of abuse[1]
.  Included in that research has been an ongoing study of how well laboratories could detect and measure drugs of abuse in hair [2,3,4].  The study has included seven exercises in which NIST has sent hair samples to participants who agreed to analyze them.  The purposes of these exercises were: (1) to evaluate the state-of-the-art for laboratories analyzing hair for drugs of abuse, (2) to provide laboratories with feedback on their performance, (3) to investigate the relationship between drug levels in hair and analytical accuracy, and (4) to compare the efficacy of various approaches used for hair analysis. The exercises were open to anyone who wished to participate and were strictly voluntary.  No fees were charged for participation nor were the laboratories reimbursed for their costs associated with participation.  The participants did not know which hair samples had target analytes in them, but they knew which compounds might be present.

A total of 26 laboratories participated in one or more exercises.   Only a single laboratory participated in all seven of the exercises, while seven participated in only one.  The participants included 15 laboratories from the U.S. and 11 from other countries, mostly in Western Europe.  Law enforcement organizations, commercial drug testing laboratories, and university and government research laboratories made up most of the participants.  The laboratories were promised confidentiality.  The results from a given laboratory were known only to themselves and to the NIST staff involved with the study.  After each exercise, each participating laboratory in that exercise was sent a report in which its results were compared with the overall mean and standard deviation of the group and with the NIST results.   Erroneous results were noted.  These fell into three categories: reports of finding target analytes when they were not present in the samples (false-positives), failing to find target analytes that were present (false-negatives), and reporting quantitative results that greatly disagreed with the study mean values (outliers).

For each exercise, six to eight samples of hair were sent to each participant.  Each sample was one of three types: (1) drug-free hair, (2) drug-free hair into which NIST soaked target compounds, and (3) hair from known drug users provided by the participants.  Although hair 

from drug users would seem to be most appropriate for these studies, there are several factors that limited the use of such hair.  NIST does not perform drug tests on hair of individuals, and therefore, has no direct access to hair from drug users.  The amount of hair required to enable each participant to test for all of the target compounds is very large relative to what is typically collected in drug testing situations. The distribution of drugs in the hair of a drug user may not be uniform.  Finally, there may be other compounds present in such hair that would interfere with some of the analytical methods being used, thus adding an uncontrollable variable to the study.  Therefore, NIST elected to use clean, drug-free hair into which selected target compounds were soaked for many of the samples in the exercises.

The first two exercises included cocaine (COC), benzoylecgonine (BZE), and morphine (MOR) as the target analytes, and codeine (COD) was added for the third exercise.  In subsequent exercises additional analytes were added.  Participants in the seventh exercise had to test for 

10 analytes including 6-monoacetylmorphine (6-MAM), cocaethylene (CE), amphetamine (AMP), methamphetamine (MET), phencyclidine (PCP), and tetrahydrocannabinol (THC) in addition to the four original analytes.  Levels of the target analytes in the recent exercises have generally been much lower than they were in the initial exercises, thus providing a greater challenge for the laboratories.

2. EXPERIMENTAL METHODS

2.1 Selection Process

2.1.1  Recruitment of Participants

Letters of invitation to participate were sent to laboratories known to be investigating hair analysis for drugs of abuse.  Some of the participants spread the word to their colleagues, thus increasing the number of participants.  All laboratories that responded positively for a particular exercise were sent samples.
2.1.2  Determination of Which Analytes to Include in the Exercise

The analytes included were based upon feedback from participants in previous exercises and on capabilities at NIST for accurate measurements for a particular analyte.

2.2 Hair Samples

2.2.1  Preparation of Hair Samples with the Target Analytes at Realistic Levels

NIST has no direct source of drug users’ hair.  Occasionally, reasonably large hair samples from individual drug users were donated to NIST for use in the exercises.   These hair samples were washed and cut into small segments.   For most exercises, the quantity of hair required for each 

laboratory to perform all of their tests was relatively large compared to what is typically available from a drug user.  Consequently, many of the samples included in the exercises were drug-free hair samples obtained from volunteers at NIST and treated with solutions of target compounds.  After considerable trial and error, conditions were developed that permitted incorporation of realistic levels of the various analytes in these hair samples.  Generally, the analytes were dissolved at appropriate concentrations in solutions of dimethylsulfoxide (DMSO) with or without water added.  For most of the exercises, the hair was cut into short segments 

(0.3 cm to 0.7 cm typically) and considerable effort was expended to mix the hair in a given sample to improve homogeneity.  However, for two exercises, the samples included hair that was cryogenically ground to a fine powder. The resulting material is very homogeneous and easy to work with, but is not as realistic or challenging as analyzing hair segments.  Each exercise also included one or two unspiked samples from drug-free individuals.
2.2.2  Analysis of the Samples to Ensure That Appropriate Levels Were Achieved

NIST used gas chromatography/mass spectrometry (GC/MS) methods with isotope dilution to measure the concentrations of the target analytes in the hair samples.  If a hair material that had been soaked in a solution containing one or more target analytes did not have appropriate levels, the hair was soaked further.  If the concentration was too low, the hair was soaked longer or in a higher concentration solution to raise the levels.  If the concentration was too high, the hair was soaked in a drug-free solution of DMSO to extract some of the analyte.  Once appropriate concentrations were achieved, more samples from the batch were analyzed by GC/MS to better measure the mean concentrations of the analytes.

2.2.3  Preparation and Shipment of Samples to Participants

Fortunately, the hair materials are stable at room temperature for at least several weeks, so special precautions in shipping are not necessary. Each hair sample was placed in a small glass, screw-capped vial and carefully packed to prevent damage during shipment.

2.3 Data Assessment

2.3.1  Compilation and Interpretation of Results

With up to 14 participants per exercise, six to eight samples per lab, and up to 10 target compounds, a large quantity of data was generated.  The results were entered into a large spreadsheet with a column for each participant. Each sample had a section of rows, with each row assigned to a target compound.  With this approach it was possible to sum the positives and negatives reported for each analyte in each sample and to calculate means and standard deviations.   The laboratories provided information about the methods they used, thus permitting tests for correlation between methods used and results.  For two of the exercises, a control material, NIST Reference Material (RM) 8448 Drugs of Abuse in Human Hair Segments, was 

sent along with the NIST assigned values, and the participants were asked to analyze the control along with the unknowns and report their results on the control.  From these data, performance on the control material could be correlated with performance on the unknowns. Another aspect of the data to be investigated was the relationship between the level of analyte in the hair and analytical performance.  Such a relationship is important when a laboratory establishes its cutoff levels.

2.3.2  Providing Feedback to Each Laboratory on its Performance Versus the Group

After the results were compiled and analyzed for each exercise, the participants were sent a report that showed how they performed versus the group as a whole.  For each analyte present in a sample, information was provided on the mean, range, and standard deviation as well as the number of positive and negative responses and the number of outliers.  For the analytes not present in a sample, the numbers of positive and negative responses were recorded.  Each participant received an individualized report that included its results compared with the summary results, but did not have the individual results from the other participants.

3. RESULTS

3.1 Results from the Three Most Recent Exercises

The first four exercises have been described in detail previously [2,3,4].  A summary of the last three exercises, 5, 6, and 7 is shown in table 1.  For exercises 5 and 6, samples included drug users’ hair, soaked hair, and drug-free hair. The analytes for each exercise are listed along with the overall performance of the participants for each exercise. Three of the samples in exercise 5 were cryogenically powdered and three were in the form of segments.  For exercises 6 and 7, all of the samples were in the form of segments.  For exercise 7, only soaked hair and drug-free hair were included. For the positive challenges, the ability of the laboratories to detect the analytes correlates with the mean levels in the hair.  Figure 1 shows how the percentage of correctly identified analytes increases with the mean level.  For analyte levels below 0.5 ng/mg of hair, positive results were reported only 68 percent of the time, while for levels above 2 ng/mg, positive results were reported 100 percent of the time.  In contrast, quantitative results do not show any significant correlation with concentration, as shown in figure 2,  where the relationship between the interlaboratory coefficients of variation (CVs) and concentration is plotted. As with previous exercises, the quantitative results exhibit considerable scatter.  These CVs are calculated after outliers are excluded from the calculations.  For these studies, outliers were defined as any positive result that was more than a factor of three different from the mean.  In these exercises, slightly fewer than half of the participants reported one or more results that were considered to be outliers, with most of these having one or two outliers in an exercise.  In exercise 7, one laboratory accounted for five outliers out of a total of 12.  Most of the outliers reported are low results.  Laboratories with above average incidence of  low results that were outliers were 

advised to carefully examine their procedures, particularly their extractions, to see if their recoveries were low.

The incidence of false-positives was very low in the last three exercises.  There were 12 instances of a particular drug being reported in a sample when it was not present. For exercises 5, 6, and 7, 18 laboratories participated in one or more exercises and three laboratories accounted for all of the false-positives.  Two of these had false-positives in exercise 5 while the third had false-positives in all three exercises, including all of the false-positives in exercise 7.   Thus, the most recent data suggest that most laboratories are quite careful, but there are a few that must improve performance if they are to use hair analysis in their work.  The particular laboratory with the high error rate was advised to carefully check their results to determine if they were misinterpreting interferences as the target compounds.  If the target compounds were actually present in the chromatograms, the laboratory must have had a serious problem with cross contamination, and was advised to take appropriate action.

Both drug users’ hair and fortified (soaked) hair were included in exercise 5.  A comparison of the results is shown in table 2.  All of the missed positives for the soaked samples were for analytes whose mean concentrations were below 0.5 ng/mg as were half of the missed positives 

Table 1. Overall results from interlaboratory Exercises 5, 6, & 7







EXERCISE





5


6


7

Number of Participants

14
12
12

Number of Samples

6
6
6

Analytes


COC
COC
COC





BZE
BZE
BZE





CE

CE
CE





MOR
MOR
MOR





COD
COD
COD





MAM
MAM
MAM







AMP
AMP







MET
MET








THC








PCP

Positive Challenges

      5
     6
        7


  Number
    % 
Number
  %
   Number
  %
Positive Responses
197

87.6
143
84.3
100
92.6

Negative Responses
 
28
   
12.4
  27
15.7
8
 7.4

Outliers

11

5.6
  10
7.0
11        11.0

Negative Challenges
 
    5

  6


    7


Number
%
Number
%
Number
%
Positive Responses
   4

1.6

2
0.7

6
  1.4

Negative Responses
 245

98.4
282
99.3
432
98.6

Table 2.  Comparison of results by hair type and form for Exercise 5

	
	% Positives
	% Negatives
	

	
	correctly
	correctly
	

	Hair type
	identified
	identified
	% Outliers

	Drug users’
	90.6
	97.7
	8

	Fortified
	84.9
	100
	3

	Drug-free
	
	98.7
	

	
	
	
	

	Hair form
	
	
	

	Segments
	98.7
	99.4
	2

	Powder
	81.5
	96.7
	9
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on drug users’ hair.  This agrees with what was described above for the correlation between mean levels and the ability of the laboratories to detect the analytes.  Otherwise, the performance was a little better for the soaked samples.  

Exercise 5 also included both hair segments and powdered hair.  These results are also summarized in table 2.  Previous experience with these two forms suggested that results should be significantly better for the powdered hair.  Analytes should be easier to extract from powdered hair and powdered hair samples should be more homogeneous than hair segment samples.  However, for exercise 5, results were actually better for the hair segments.  The average level of analytes in the hair segments was considerably higher than the average in the powdered hair. Thus one might expect fewer misses on positive challenges, but the results on the hair segments also had fewer false-positives and fewer outliers.  Perhaps the fact that the laboratories have more experience with hair segments than with powdered hair accounts for the difference.

Exercise 6 was the first for which amphetamine (AMP) and methamphetamine (MET) were included and eight laboratories attempted to detect and measure each of them.  Results were much better than had been seen for other analytes.  There were no false-positives reported, no false-negatives, and only one outlier for the two samples that had these compounds present.  The CVs averaged about 20 percent for each of these analytes.

Exercise 7 was the first exercise for which phencyclidine (PCP) and tetrahydrocannabinol (THC) were included and, again, eight laboratories attempted to detect and measure each of these analytes.  Qualitatively, the results were quite good with only one missed positive between the two positive PCP samples and one missed positive for the one positive THC sample.   Quantitatively, the interlaboratory CVs were quite large but there were no outliers. 

As an example of the data reported back to the participants, the results for each hair sample in exercise 7 are summarized in table 3.  The data in the “Your Results” column are not real, but is typical of what was observed. This column would have the results from the particular participant to whom the table was being sent.  Outliers were counted as positives but were omitted from the calculation of the mean if they were more than a factor of three from the mean.  The column headed by "mean w/o outliers" contains the mean results after these outliers were excluded.  Thus each participant could compare its results with the overall mean and the NIST results to determine how good the agreement was. Although amphetamine and methamphetamine were included in the list of analytes to test for, they were not present in any of the samples. There were no false-positives among the nine laboratories that tested for amphetamine and methamphetamine.  These results are omitted from the table to conserve space.

3.2  Composite Results From all Seven Exercises

To date, seven exercises have been completed. A summary of results on the seven exercises is shown in table 4. There has been no trend in the percentage of correct responses over the seven 

Table 3.  Example of results report sent to participants

	Drugs in Hair RR 7
	Overall Lab Results
	Positive Specimens
	Negative Specimens

	
	
	Your
	NIST
	Mean
	Std Dev
	Positives
	Negatives
	Number of
	Positives
	Negatives

	Sample
	Drug
	Results
	Results
	w/o outliers
	w/o outliers
	Reported
	Reported
	3X outliers
	Reported
	Reported

	1
	COC
	3.2
	2.95
	2.9
	2.1
	10
	0
	1
	
	

	
	BZE
	0.3
	0.44
	1.1
	0.1
	9
	1
	3
	
	

	
	CE
	0
	0.32
	0.3
	0.3
	7
	1
	2
	
	

	
	MOR
	
	
	
	
	
	
	
	0
	11

	
	COD
	
	
	
	
	
	
	
	0
	10

	
	MAM
	
	
	
	
	
	
	
	0
	10

	
	THC
	
	
	
	
	
	
	
	0
	7

	
	PCP
	
	
	
	
	
	
	
	0
	7

	2
	COC
	
	
	
	
	
	
	
	1
	9

	
	BZE
	
	
	
	
	
	
	
	1
	9

	
	CE
	
	
	
	
	
	
	
	0
	8

	
	MOR
	
	
	
	
	
	
	
	0
	11

	
	COD
	
	
	
	
	
	
	
	0
	10

	
	MAM
	
	
	
	
	
	
	
	0
	10

	
	THC
	X
	2.81
	1.6
	1.1
	6
	1
	1
	
	

	
	PCP
	
	
	
	
	
	
	
	0
	7

	3
	COC
	
	
	
	
	
	
	
	0
	10

	
	BZE
	
	
	
	
	
	
	
	1
	9

	
	CE
	
	
	
	
	
	
	
	0
	8

	
	MOR
	
	
	
	
	
	
	
	0
	11

	
	COD
	
	
	
	
	
	
	
	0
	10

	
	MAM
	
	
	
	
	
	
	
	0
	10

	
	THC
	
	
	
	
	
	
	
	0
	7

	
	PCP
	2.5
	4.86
	3.7
	2.1
	7
	0
	0
	
	

	4
	COC
	
	
	
	
	
	
	
	1
	9

	
	BZE
	
	
	
	
	
	
	
	1
	9

	
	CE
	
	
	
	
	
	
	
	0
	8

	
	MOR
	
	
	
	
	
	
	
	0
	11

	
	COD
	
	
	
	
	
	
	
	0
	10

	
	MAM
	
	
	
	
	
	
	
	0
	10

	
	THC
	
	
	
	
	
	
	
	0
	7

	
	PCP
	
	
	
	
	
	
	
	0
	7

	5
	COC
	6.2
	2.09
	1.8
	0.4
	10
	0
	2
	
	

	
	BZE
	0.4
	0.22
	0.5
	0.2
	10
	0
	1
	
	

	
	CE
	0
	tr
	0.1
	0.1
	6
	2
	3
	
	

	
	MOR
	
	
	
	
	
	
	
	0
	11

	
	COD
	
	
	
	
	
	
	
	0
	10

	
	MAM
	
	
	
	
	
	
	
	0
	10

	
	THC
	
	
	
	
	
	
	
	0
	7

	
	PCP
	0.8
	1
	0.7
	0.5
	6
	1
	1
	
	

	6
	COC
	
	
	
	
	
	
	
	0
	10

	
	BZE
	0.5
	
	
	
	
	
	
	1
	9

	
	CE
	
	
	
	
	
	
	
	0
	8

	
	MOR
	4.4
	6.9
	3.6
	1.3
	11
	0
	1
	
	

	
	COD
	5.2
	5.54
	3.7
	2.4
	10
	0
	1
	
	

	
	MAM
	0.6
	0.81
	0.4
	0.2
	8
	2
	4
	
	

	
	THC
	
	
	
	
	
	
	
	0
	7

	
	PCP
	
	
	
	
	
	
	
	0
	7

	Pos. on Neg. Challenges
	1
	
	
	
	
	
	
	
	

	Neg. on Pos. Challenges
	2
	
	
	
	
	
	
	
	

	3x Outliers
	2
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	

	
	
	

	
	
	

	
	
	


Table 4. Overall results on positive and negative challenges for the seven exercises

Positive Challenges

Responses

Exercise
Positive

Negative
% correct
1
  46
3
93.9

2
106
25
80.9

3
173
11
94.0

4
158
23
87.3

5
197
28
87.6

6
145
27
84.3

7
100
 8
92.6

Overall
925
125
88.1

Negative Challenges

Responses

Exercise
Positive

Negative
% correct
1
0
63
100.0

2
5
72
93.5

3
5
179
97.3

4
22
323
93.6

5
4
245
98.4

6
2
282
99.3

7
6
432
98.6

Overall
44
1596
97.3

exercises.  However, the challenges for the laboratories have generally become more difficult 

over the course of this study.  The first exercise included only three analytes and these were present at very high concentrations.  In subsequent exercises, more analytes were added and the analyte levels have decreased.  In the most recent exercise, laboratories could test for up to 10 analytes and almost half of the mean concentrations were under 1 ng/mg.  

The most important factors in good performance on these exercises are experience and adherence to good quality assurance procedures.   This was clearly illustrated in exercise 4, when the laboratories analyzed NIST RM 8448 as a control [4].  The results showed a strong correlation between good performance on the reference material and good performance on the unknowns.  

In general, the laboratories have performed at about the same level for all of the analytes.  Table 5 shows the overall performance of the laboratories for the four compounds included in the largest number of exercises: cocaine, benzoylecgonine, morphine, and codeine.  The results for exercises 2 through 7 were included in this table; exercise 1 was not, because cocaine and benzoylecgonine data were combined for this exercise to better compare results from different methods.  The data in table 5 demonstrate that the overall performance is very similar for the different analytes. 

As shown in table 5, the frequency of false-positives is also not related to the analytes.  Figure 3 shows the combined results for COC, BZE, MOR, and COD for the number of false-positives as a function of the level that was reported. If the laboratories use a cutoff value, some of the false-positives seen in this study would probably not be reported as positives in actual drug testing situations.  More than half of the false-positives reported levels below 1 ng/mg, so a cutoff at this level would reduce the number of false-positives by more than a factor of two.  Most of the participants have not reported any false-positives.  An average of 18 percent of the participants in a particular exercise have reported one or more false-positives, ranging from 0 percent for exercise 1 to 36 percent for exercise 4.

As shown in figure 4, there is no correlation between concentration and the rate of outliers.  These results demonstrate that many of the laboratories have serious problems with their quantitative analysis not related to the limit of quantitation.

For both isolating the analytes from the hair matrix and for the analysis of the extracts, no single analytical approach has been found to be clearly superior.  Participants in these studies have used three principal approaches, acid extraction, methanol extraction, and enzyme digestion for removing drugs from the hair matrix.  For each of these approaches, some laboratories have consistently performed well, while others have been less successful, although error rates, particularly very low quantitative data, are significantly higher for laboratories using methanol extractions.  For analysis of the extracts, GC/MS has been the approach used by most of the laboratories, with again a wide range in the quality of results received.  A few laboratories have used other techniques for measurement.  Good results were obtained by one laboratory 
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Table 5.  Laboratory performance by analyte

                                                          COC

    BZE

  MOR

   COD

Correct Positives

88.3
86.3

89.4

88.1

Correct Negatives

96.4
96.6

96.1

98.8

% Outliers

 14.0

11.2

 9.3

 9.3

performing tandem mass spectrometry (MS/MS) after extraction of analytes from the hair and further processing of the extracts.  In contrast, the worst performance observed in any exercise involved a laboratory experimenting with direct MS/MS analysis of intact hair.  Liquid chromatography with electrochemical detection has also been used with mixed results.

3.2  Future Work

Participation in a proficiency testing program is an important part of a laboratory’s effort to evaluate its performance and to demonstrate its commitment to monitoring and improving the quality of its work.  This study has served as a means for laboratories to assess the quality of their analyses.   However, the focus was not on proficiency testing, but rather to assess the overall quality of laboratory measurements of drugs of abuse in hair. Laboratories and their customers would benefit from a formal proficiency testing program, involving at least two regularly scheduled exercises per year.  Such a program should be a full-time activity for an organization with experience in proficiency testing programs for drug testing.  NIST is not the organization to operate such a program, but could provide quality assurance for the program. 

An important aspect of quality assurance that would fit with NIST strengths and interests would be to develop new Standard Reference Materials (SRMs) for drugs of abuse in hair that laboratories could use to evaluate the accuracy of their methods.  Several years ago, NIST developed two reference materials (RM 8448 and 8449) that were human hair into which cocaine, benzoylecgonine, morphine, and codeine were soaked [5].  Concentrations were determined by GC/MS.  As noted previously, good performance on control materials such as these RMs correlates well with performance on unknown specimens [4].  These materials are now out of stock and resources have not been available for a renewal of these materials. The next generation will be SRMs containing more analytes that are certified using two independent analytical methods.  These reference materials will help laboratories assess and demonstrate the accuracy of their methods and help assure public confidence in forensic measurements.
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Figure 1.  The relationship between mean analyte levels (in ng/mg) in hair samples and the ability of laboratories to correctly identify the presence of the analyte for exercises 5, 6, and 7.
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Figure 3.  The relationship between reported analyte levels (in ng/mg) and the number of false positives reported.  Only data for cocaine (COC), benzoylecgonine (BZE), morphine (MOR), and codeine (COD) in exercises 2 through 7 were included.




Figure 4.  The relationship between mean analyte levels (in ng/mg) in hair samples and results that were outliers. Only data for cocaine (COC), benzoylecgonine (BZE), morphine (MOR), and codeine (COD) in exercises 2 through 7 were included.
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Figure 3.  The relationship between reported analyte levels (in ng/mg) and the number of false positives reported.  Only data for cocaine (COC), benzoylecgonine (BZE), morphine (MOR), and codeine (COD) in exercises 2 through 7 were included.




Figure 4.  The relationship between mean analyte levels (in ng/mg) in hair samples and results that were outliers. Only data for cocaine (COC), benzoylecgonine (BZE), morphine (MOR), and codeine (COD) in exercises 2 through 7 were included.
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Figure 1.  The relationship between mean analyte levels  (in ng/mg) in hair samples and the ability of laboratories to correctly identify the presence of the analyte for exercises 5, 6, and 7.                                                                                               
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Figure 2.  The relationship between mean analyte levels (in ng/mg) in hair samples and the interlaboratory imprecision for exercises 5, 6, and 7.
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Figure 3.  The relationship between reported levels (in ng/mg) and the number of false positives reported.  Only data for cocaine, benzoylecgonine, morphine, and codeine in exercises 2 through 7 are included.
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Figure 4.  The relationship between mean analyte levels (in ng/mg) in hair samples and results that were outliers.  Only data for cocaine, benzoylecgonine, morphine, and codeine in exercises 2 through 7 are included.
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