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Abstract

The endogenous presence of gamma-hydroxybutyric acid (GHB) complicates the interpretation
of results in cases where an exogenous dosing is suspected. Due to GHB's rapid metabolism
and clearance following exogenous doses, hair has become a preferential matrix for confirmation
of GHB exposure in drug-facilitated crimes. However, unlike blood and urine where an agreed-
upon cut-off concentration for differentiation between endogenous and exogenous GHB has been
made, there has been no consensus on a cut-off concentration for hair. This is due in part to
the wide inter- and intra-individual variation that has been observed in endogenous GHB hair
studies. A large (>50) population study of 214 donors was conducted to better understand these
variations and to evaluate whether a cut-off concentration could be established for endogenous
GHB in human hair. As seen in our previous study, the inter-individual variation was large,
with concentrations ranging from <0.40 to 5.47 ng/mg. This range made an absolute cut-off
concentration recommendation inappropriate, so an alternative approach for GHB discrimination
was investigated utilizing the intra-individual variation. Male donors appeared to have greater
intra-individual variation than female donors, yet it was noted that segment-to-segment variation
along the length of hair had minimal change between individual donor’s adjacent segments.
Overall, 97.1% of the adjacent segment differences were within £0.5 ng/mg. Therefore, instead
of a recommended cut-off concentration, it appears that using adjacent segment concentration
differences could be a strategy to assist in differentiating endogenous from single exogenous GHB
exposure. In the absence of controlled dosing data, previously published segmented results from
controlled and suspected dosing donors are examined using the adjacent segmental difference
approach and the results compared to currently used ratio-based calculations.
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Introduction

Although cut-off concentrations of 5 and 10 pg/mL to differentiate
between endogenous and exogenous gamma-hydroxybutyric acid
(GHB) have been established in blood and urine (1-11), respectively,
consensus for an appropriate cut-off concentration in hair has not
been reached (7, 12-26). This is in part due to the large range of
endogenous GHB concentrations found in hair (0.1-12.0 ng/mg)
(26), as well as the observed overlap of endogenous concentration
ranges with those concentrations in controlled single-dose studies,
suspected exogenous dosing cases, and chronic use/abuse reports
(12-16, 19, 21-31). Because observed intra-individual variation of
endogenous GHB is minimal (12, 32), an alternative solution could
be to use individuals as their own reference or control to assist in
identifying an outlier concentration along the length of hair that
might suggest an exogenous GHB dose (7, 12-17,19,22-25,27-33).

To use the intra-individual variation model, hair must be seg-
mented for analysis to provide a time course of GHB concentrations
(7, 17). Effectively applying an individual as their own reference
has typically involved calculating a ratio between the suspected
exogenous exposure segment and the average of all other endogenous
segments, excluding the first proximal segment (7, 17, 13, 19). The
United Nations Organization on Drugs and Crime (UNODC) recom-
mends that the calculated ratio be greater than 10:1 (7). However,
a controlled dosing study by Bertol et al. (19) and Kintz et al.
(13) indicated that a 3:1 ratio would be more appropriate, as a
documented ratio of 10:1 has not been identified to date in any other
study. Some studies also observed degradation of GHB in hair as the
time between exposure and hair collection increases (19, 24), which
has led to hair collection ~4 weeks after a reported exposure to
improve the chances of getting a maximum ratio close to 3:1 or larger.

When calculating ratios to determine GHB exposure, it is impor-
tant that the individual has a stable baseline GHB concentration.
While there is large inter-individual variation, several studies have
concluded that the intra-individual variation is small enough that
basal levels are consistent, which allow for ratios to be evaluated (12—
17,19, 22-25, 27-32). However, not all studies include segmented
results of endogenous donors (12, 13, 19, 24, 28, 31, 34, 35) or
donors with exogenous exposure (12-16, 19, 22-25, 27-30). Even
fewer studies have a large number (>50) of non-GHB users (12,
22,30-32, 35) to adequately assess the intra-individual, endogenous
concentration variation. One of the larger published donor studies
noted that males have greater endogenous GHB variation along the
length of the hair shaft (32). These results call into question whether
intra-individual variation might be too large for reliable application
of the ratios in hair.

A study involving eight subjects who provided every urine void
over a 1-week period found the coefficient of variation (CV) was
>40% for urine and concluded that a person could not serve as
their own reference when differentiating endogenous from exogenous
GHB exposure (1). However, Goullé (12) calculated the relative
standard deviation (RSD) for 12 non-GHB users, and 11 had a %RSD
<40% in 3-mm-long hair segments. While variation measurement is
highly dependent on the length of hair and the number of segments, it
does still show that hair is likely to have less intra-individual temporal
variability than urine, allowing for an individual to potentially serve
as their own reference control.

To assess intra-individual variation on a larger donor popula-
tion, the analytical results of hair collected from 214 non-GHB-
using donors were examined from our previous work (35). An
inter-individual analysis of the hair samples from the 214 donors

found a similar but smaller range of endogenous GHB concentra-
tions, <0.40-5.47 ng/mg (35), as those previously published (0.1-
12.0 ng/mg) (26). Although the inter-individual variation appears to
discourage the recommendation of cut-off concentrations, a novel
strategy of utilizing adjacent segment differences is presented as a
potential alternative to assist with differentiating endogenous GHB
from a single exogenous exposure.

Materials and Methods

The materials and methods for this study are detailed in Lloyd et al.
(34) and Thomas et al. (35). Two-hundred fourteen individuals [141
females (65.9%) and 73 males (34.1%)] without any known GHB
use provided hair samples cut from the vertex posterior, as close
to the scalp as possible, consistent with the Society of Hair Testing
(SOHT) guidelines (17). A total of 2,074 segments were obtained for
analysis. The analytical method had a limit of quantitation (LOQ)
of 0.40 ng/mg, and the limit of detection (LOD) was determined to
be the same. Concentrations of endogenous GHB in authentic hair
specimens were determined to be in the range of <0.40-5.47 ng/mg,
with a median concentration of 0.72 ng/mg (35). However, there were
also 19.5% of the segmental results that were <LOD/LOQ. These
segments were divided into 2 groups, defined as ‘observed’ (301
segments) and ‘non-detect’ (103 segments), based on the qualitative
(e.g., ion ratio, signal-to-noise ratio, etc.) and quantitative criteria
that were met. Any segment with a calculated GHB concentration less
than the LOQ that met all qualitative peak identification criteria was
defined as ‘observed.” Segments that met all qualitative identification
criteria, but the internal standard area counts were below a set thresh-
old to indicate signal suppression, were also defined as ‘observed’
regardless of the calculated GHB concentration. A segment where the
peak failed any qualitative criterion, regardless of the calculated GHB
concentration, was defined as ‘non-detect.” To simplify, both groups
are considered left-censored, <0.40 ng/mg, and will collectively be
referred to as non-detects. The complete data set with segmented con-
centrations, demographics, and other anonymized donor information
are available as Supplementary Material in Thomas et al. (35).
Intra-individual variability was analyzed two ways. The first
method involved calculating the relative standard deviation (%RSD)
of all segments for an individual with at least two quantifiable
concentrations of GHB. Segments classified as non-detects were not
included in the average or standard deviation calculations. A second
way to assess the variability was to take the difference between
two adjacent segments (i.e., segment 1 minus segment 2, segment
2 minus segment 3, etc.). If a segment did not have a calculated
value (i.e., a non-detect), the associated difference(s) was excluded,
as was the distal segment difference. Separately, to account for the
non-detect segments and force a ‘worst-case’ scenario, a substitution
of 0 ng/mg for all non-detect segments was also performed prior
to calculation of the adjacent segment differences to avoid exclu-
sion. Substituting 0 ng/mg for the non-detect segments was chosen
based on the probability that the concentration was <0.40 ng/mg,
the method’s limit of detection, and would represent an extremely
low concentration. To determine if the adjacent segment difference
distribution was unique to this data set, segmented data results from
non-GHB users in other published studies were assessed for adjacent
segment differences (12, 13,19, 24, 28). If these published studies did
not provide a table with the calculated GHB concentrations for the
segmental results, they were estimated from provided plots/graphs.
For example, estimation of GHB concentrations was required for
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Kintz et al. (13) and Cheéze et al. (28). Specifically, in Cheéze et al. (28),
only 6 of the 13 endogenous donors (T2, T6,T7, T8, T12, & T13) in
the plot could be adequately estimated. The remaining seven donors
all had converging concentrations that were less than 1.0 ng/mg and
were not included.

Results

From the data of the 214 donors, GHB concentrations in 97.5%
of the segments were <2.00 ng/mg. When this is broken down by
gender, 99.3% of female segments and 90.9% of male segments were
<2.00 ng/mg. Six of the donors (5 males and 1 female) volunteered
to have at least 1 additional hair sample collected later. This was to
monitor intra-individual variation of endogenous GHB over longer
periods of time. The longitudinal subset of data is available in
the Supplementary Table SI as an Excel spreadsheet. A graphical
representation of the donor trends by time can be seen in Figure Ta—f.
The corresponding month for each segment represented was approx-
imated assuming an average hair growth rate of 1 cm/month (17).

Intra-individual variability was analyzed two ways. The first
method examined the relative standard deviation (%RSD) for an
individual. Supplementary Figure S1 shows simple frequency plots of
the %RSD for (i) all individuals, (ii) females only, and (iii) males only.
In general, the intra-individual variability of measured endogenous
GHB in hair was >40% in 8.9% of donors, but only 2.8% of females
compared to 20.5% of males had such high %RSDs. Likewise,
greater than 30% RSD was observed in 18.7% of donors. However,
this approach to assess intra-individual variability does not directly
reflect trends along the length of the hair.

In the second assessment, the variability in the difference between
two adjacent segments was used. Figure 2a shows a frequency distri-
bution of the 1,417 calculated differences from the population data.
Using differences as a measure of intra-individual variability, 97.1%
of the adjacent segment differences were within £0.50 ng/mg, and
99.4% of the differences were within +1.00 ng/mg. The range of
adjacent segment differences observed in this data set was —1.62 to
+1.70 ng/mg. In a worst-case scenario, with the addition of the sub-
stituted non-detect segments, a total of 1,858 calculated differences
were plotted in a frequency distribution (Figure 2b), where 94.7% of
the adjacent segment differences were within £0.5 ng/mg and 98.5%
of the differences were within +1.00 ng/mg. All the raw segmental
data with the calculated %RSD and adjacent segment differences
are included in the Supplementary Tables SII and SIII, respectively,
as Excel spreadsheets.

Segmented endogenous GHB results from published studies
(12, 13, 19, 24, 28) along with the calculated differences can be
viewed in the Supplementary Table SIV as an Excel spreadsheet.
In total, from the pooled published segmented endogenous donor
results, 162 differences were calculated. The distribution is shown
in Figure 2c. Using differences as a measure for intra-individual
variability in these published data, 85.2% of the adjacent segment
differences are within £0.5 ng/mg, and 94.4% of the differences are
within £1.0 ng/mg. The range of adjacent segment values observed
in this data set is —0.5 to +35.0 ng/mg.

In the absence of a controlled dosing study within our lab, the
adjacent segment difference approach to discriminate endogenous
from exogenous GHB exposure was applied to the published con-
trolled dosing studies and case reports of GHB in hair with segmented
results (12-16, 19, 22-25, 27-31). The results are summarized
in Table I, with any segments meeting our selection criteria as

summarized in Table I (i.e., adjacent differences greater than
0.5 ng/mg and opposite in magnitude) highlighted. In total, there were
25 controlled dosing examples from 13 individuals and 12 suspected
dosing examples from 11 individuals that provided segmental results
(12, 13, 14, 16, 19, 22, 28, 30, 36). All controlled dosing donors
met the adjacent segment difference criteria approach. Despite two
inconclusive exposure cases (19, 30, 36) and two cases not meeting
the single, discreet segment criteria (14, 30), the remaining seven
suspected dosing donors did meet all adjacent segment difference
criteria. All but one of the seven donors had segment sizes less than
the 1 cm used in the external studies (12, 16,22, 28). The ratio of the
suspected dosing segment concentration to the average concentration
of the basal segments, not including the first segment, for the 13
controlled dosing donor cases and 11 suspected dosing donor cases
ranged from ~1.1 to 7.7 and 1.2 to 7.5, respectively. The average
ratios for the controlled and suspected dosing donor cases were 4.3
and 3.1, respectively.

Discussion

Longitudinal donor study observations

There have been few examples of the changes that could occur over
time to the endogenous GHB concentrations in an individual (19,
24). The examples in Figure 1 are limited, and few conclusions can
be made. However, an individual’s endogenous GHB concentrations
in hair are not necessarily stagnant. In the repeat examples for Female
Donor A and Male Donor D, there is some overlap in the time
segments. For Male Donor D, there is relatively good agreement in
the overlapping time segments; however, there is some difference
in Female Donor A. As the information we collect from donors is
limited, it is unclear what caused the change. While there was no
record of a chemical or thermal treatment for the second donation, it
could have been left off or there could be other reasons that cannot
be accounted for with the data collected. The remaining donors had
samples collected such that there was no overlap in time and the
trends were reasonably similar in Male Donors B and E, but Male
Donors A and C showed dramatic changes. In any case, the goal
of looking at repeat donors was to understand longitudinal changes.
Some factors, such as chemical and thermal hair treatment (35, 37),
have been shown to impact endogenous GHB concentrations, but
there are clearly other unknown factors that could be impacting Male
Donors A and C that are not fully understood. These other factors
could be related to hair growth rates, the cutting/sampling of the hair,
and the distribution of hair phases in the sample (38—44), but these
cannot be adequately assessed with the current data and only opined
as to whether they are related to the observations here. Therefore,
these changes, which can be great over time for some individuals,
should be considered when comparing multiple hair samples over
time from the same individual.

Overview of intra-individual variation observed

in 214 donors

Based on the large inter-individual variation observed in our data
set (<0.40-5.47 ng/mg) and previously published endogenous data
sets (0.1-12.0 ng/mg) (26), an absolute cut-off concentration for
discrimination of endogenous and exogenous GHB appears unsup-
ported. Additionally, because males and females are from distinct
populations (35), there would likely need to be two cut-off concen-
trations. For instance, 2.0 ng/mg may seem like a reasonable cut-off
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Figure 1. Repeat donor longitudinal trends in five male donors (a-e) and one female donor (f). All proximal segments are the farthest point on the right for each
collection set. Concentration segment data, collection date, and other donor details can be found in Supplementary Table S| as an Excel spreadsheet.
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Figure 2. Adjacent segment differences frequency plots. A. Frequency plot of 1,417 adjacent segment differences without non-detect substitution. (Distribution
does not include ~0.6% of the differences that were <—1.00 or >1.00 ng/mg. Differences within £0.5 ng/mg account for 97.1% of the difference population. The
mean and median differences are —0.02 and —0.01 ng/mg, respectively. The minimum and maximum differences are —1.62 and 1.70 ng/mg, respectively.) B.
Frequency Plot of 1,858 adjacent segment differences with non-detect substitution. (Distribution does not include ~1.5% of the differences that were <—1.00
or >1.00 ng/mg. Differences within £0.5 ng/mg account for 94.7% of the difference population. The mean and median differences are —0.01 and 0.00 ng/mg,
respectively. The minimum and maximum differences are —4.73 and 4.22 ng/mg, respectively.) C. Frequency plot of 162 adjacent segment differences from
published endogenous donor segmented results. (Distribution does not include ~5.6% of the differences that were >1.00 ng/mg. Differences within 0.5 ng/mg
account for 85.2% of the difference population. The mean and median differences are 0.22 and 0.03 ng/mg, respectively. The minimum and maximum differences
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Table Il. Criteria for Identification of Exogenous GHB Exposure Using Local Maxima

Hair parameter

Criterion

GHB conc. Rise on proximal side of local maximum
GHB conc. Drop on distal side of local maximum
Local maximum if segment size equals 1 cm

Local maximum if segment size <1 cm

Less or equal to —0.5 ng/mg

Greater or equal to +0.5 ng/mg

Rise and drop will occur over adjacent segments

Rise and drop may be separated by one or more non-significant difference(s)

recommendation based on our female population, as only 0.7% of
the female segments quantified >2.0 ng/mg. However, using the same
2.0 ng/mg cut-off for males would resultin 9.1% of the segments with
measurable endogenous GHB concentrations >2.0 ng/mg reported
as false positives. Despite the low concentration of endogenous
GHB in females, large-scale, controlled-dosing studies would be
needed to validate a 2.0 ng/mg recommendation for females. The
current absence of such a study supports our position that an
appropriate cut-off concentration recommendation cannot be made.
Instead, leveraging the intra-individual variation of endogenous
GHB in hair is recommended for discrimination of exogenous GHB
exposure.

To use intra-individual variation as a means of identifying exoge-
nous exposure to GHB or GHB-related compounds, segmental anal-
yses must be conducted (7, 17). However, there is no consensus
as to how to confidently determine when a detected ‘GHB spike’
in a segment is significant and warrants the conclusion of exoge-
nous exposure. Ratios of 3:1 to 10:1 of the spiked segment to the
endogenous GHB segments have been recommended (7, 13, 19),
but no formal threshold has been set or applied consistently in
published studies (12-16, 19, 22-25, 27-31). In some cases, even
a 3:1 ratio is not sensitive enough to detect exogenous exposure
in a controlled dose exposure (19). Ratios are also most effective
when the intra-individual variation is small. In addition, ratios are
problematic because as illustrated by the data in Part I of our study
(35), the concentration does not vary randomly but is largely caused
by continuous longitudinal concentration trends.

Previous studies have lacked specific intra-individual variation
measurements, other than to indicate the perceived variation was
small and allowed for an individual to act as their own reference
(12-17, 19, 22-25, 27-32). Hair does appear to have less intra-
individual variation than urine (1, 12), and the majority of donors
in this study, 91.1%, had %RSD values <40%. However, it was
noted that a higher intra-individual variation in men was observed by
Vaiano et al. (32). A few of the donors in our study with the highest
%RSD values are shown in Supplementary Figure S2. In general, the
lower intra-individual variation in women indicates that they may be
better candidates for applying GHB ratios for exogenous exposure
discrimination than men. It is currently unclear what would be
causing the increased male intra-individual variation observation. An
alternative approach is to use the adjacent segment differences, as this
strategy could overcome the issues in individuals with greater intra-
individual variation and potentially be more sensitive to exogenous
GHB exposure than a ratio approach.

Adjacent segment difference false-positive rate
evaluation

Based on the low %RSD and magnitude of the median value change
(~0.2-0.3 ng/mg for women and ~0.5-0.6 ng/mg for men (35)),
the difference in endogenous GHB concentrations between any two

adjacent segments should be small and near zero. As expected,
the distribution of the differences shown in Figure 2a is centered
near zero. While the distribution has a symmetrical shape, it does
not approximate a normal distribution. However, 97.1% of the
differences are within £0.50 ng/mg, suggesting that larger adjacent
segment differences could be significant. Maintaining the assumption
that our donors have not been exposed to an exogenous source
of GHB, the £0.50 ng/mg difference threshold was applied to our
donor population to approximate the probability that an individual
could produce a false-positive result, thereby indicating exogenous
GHB exposure. Another assumption made for this testing was that
a single exogenous dose would produce a segment spike with adja-
cent differences that are greater than 0.50 ng/mg and opposite in
directional trend (i.e., —0.50 then +0.50) to indicate a discrete rise
and then decrease in GHB concentration. The sign changes are an
artifact of the sequential subtractions (i.e., a negative change indicates
a rise in concentration and a positive change a decrease). Table II lists
the criteria used for identification of exogenous GHB in adjacent
segments based on a local maximum. When applying this filtering
approach, only one donor met requirements close to the assumptions,
donor 116, where the difference between segments 3 and 4 was
—0.67 ng/mg and segments 4 and 5 was +0.40 ng/mg. While this
donor does not fully meet criteria and all concentrations, including
the spike being less than 2.00 ng/mg, it is being used to demonstrate
an approximate false-positive rate (FPR). Using our data, the FPR
estimated for this approach suggests that an un-dosed individual has
an ~0.47% chance (1 in 214) of producing a significant difference
or artificial spike. To estimate a confidence interval for the FPR, the
Jeffrey’s interval method was used. The Jeffrey’s interval is known to
provide more reliable coverage of the estimated confidence interval
than does the more commonly used Wald interval (45). The Jeffrey’s
95% confidence interval for the estimated FPR is 0.01-2.16%. The
(nearly) false-positive donor had a maximum GHB concentration of
1.41 ng/mg, and the trend can be seen in Supplementary Figure S3.
To estimate a ‘worst-case’ FPR of randomly seeing a significant
change mimicking exogenous GHB exposure, all non-detect seg-
ments were substituted with 0 ng/mg to maximize the probability of
meeting the exposure decision criteria. With this substitution, three
donors produced at least one pair of adjacent differences greater
than 0.50 ng/mg and opposite in magnitude corresponding to a rise
then fall in GHB concentration, yielding a nominal FPR of 1.40%
for individuals (3 in 214). The 95% confidence interval using the
Jeffery’s interval method for this FPR estimate is 0.40-3.69%. Based
on the worst-case scenario that most likely overestimates the true
false-positive rate, the estimated FPR might be expected to be as high
as 3.69% that an individual could randomly produce two adjacent
changes, —0.50 ng/mg followed by +0.50 ng/mg, to indicate an
increase in GHB concentration. Of course, more data on endogenous
GHB measurements in hair, including higher representation from
non-Caucasians, is needed to make the dataset more representative of
the general US population and would be useful in better establishing
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the most appropriate criteria to minimize the FPR. Further, modifying
the difference threshold value to greater than 0.50 ng/mg would lead
to lower FPRs in this dataset. Also, data from a large controlled GHB
dosing study would be useful in establishing a practical threshold and
criteria for declaring a GHB exposure.

Application of the adjacent segment difference
strategy to published endogenous studies

To determine the robustness of the adjacent difference strategy, we
applied this approach to previously published endogenous GHB
results (12-16, 19, 22-25, 27-31). All segmented endogenous GHB
results (12, 13, 19, 24, 28) with calculated adjacent differences can
be seen in the Supplementary Table SIV as an Excel spreadsheet. In
total, 162 differences were calculated, and a frequency distribution
was determined as shown in Figure 2c. Despite containing fewer
data points and varied segment sizes, the distribution looks similar
to our data set distribution in Figure 2a; the main exception is
more significant skewing on the right side of the distribution. This
could be due to the observation in the published endogenous results
that most first segments have higher GHB concentrations than the
second segment, providing a positive/right skew, as well as the shorter
total lengths of hair analyzed compared to our study (i.e., 3 cm vs.
12 c¢m). It should also be noted that the endogenous concentrations
in these previously published studies were determined using different
analytical methods that could also have an impact on the distribution
shape and skew the data relative to our study. However, most of the
published endogenous differences are still near zero, as 85.2% of the
adjacent segment differences are within +0.5 ng/mg and 94.4% of
the differences are within +1.0 ng/mg. The range of adjacent segment
difference values observed in the published endogenous dataset was
—0.5 to +5.0 ng/mg. The mean and median segment differences
observed in these data are 0.22 and 0.03 ng/mg, respectively. When
filtering for false positives, there was only one individual with a false-
positive peak, donor T12 (all values <2.0 ng/mg) from Cheéze et al.
(28); however, this could be due to the estimation error from the
graph as absolute values were not included for this donor (adjacent
differences = —0.5 and +0.5 ng/mg). With this tentative detection,
an estimated FPR of 3.13% (1 in 32) was calculated and is relatively
similar to the estimated FPR ranges from our study. The slight
increase in FPR for the published endogenous data relative to our
data set may be due to the smaller number of donor samples used in
this calculation.

To look for differences between the FPR in the published endoge-
nous studies and for the FPR in this study (i.e., 1/214), Fisher’s
exact test was used with a null hypothesis that there was no dif-
ference between the two FPRs (46). The use of Fisher’s Exact test
was required because the assumptions required for testing for a
difference in FPRs using the more familiar test based on the normal
approximation are not met by these datasets. Based on the analysis
performed, no statistically significant difference between the FPRs in
the published endogenous study and this one was noted (P = 0.244).
This confirms the similarity between our published results with
previous studies and that the adjacent segment application is not
specific to our data set. While better estimates of the FPR can always
be made with more data, these published data (12, 13, 19, 24,
28), despite different segment sizes and analytical methods, seem to
support the potential value of using adjacent segment differences as a
method for the differentiation of endogenous from exogenous GHB.
It is also clear that controlled dosing studies with large populations
are needed to better understand the limitations of this approach and

better define the recommended threshold and its corresponding false-
positive rate.

Application of the adjacent segment difference strategy
to published exogenous studies—controlled dosing
While some controlled dosing studies concluded that exogenous
exposure might not be detected in hair (8, 29, 31), others were
apparently successful in identifying controlled exogenous exposure
(13, 19). It is unclear why, despite similar dosages, there is a disparity
in these controlled dosing study results. However, the controlled
dosing studies that provided segmented data with negative results
(29, 31) also did not meet the adjacent segment difference strategy
threshold for positive identification of exogenous exposure (data not
shown).

Published controlled dosing studies with positive, segmented
results are displayed in Table I. All segments meeting our adjacent
segment difference strategy criteria are highlighted. These highlighted
segments are the same ones identified in the respective published
studies showing the successful application of the adjacent difference
approach for exogenous GHB discrimination. However, there were
some interesting observations. One donor, Controlled Dosing 1,
from Kintz et al. (13) identified segment 5 as corresponding to the
controlled dose exposure. While segment 5 does meet the adjacent
segment difference criteria, this donor had a large net change of
approximately —11 ng/mg in GHB across the 3 cm of hair tested.
The large net change across the length of hair, in addition to a
lower concentration just prior to segment 5, makes it difficult to
conclude that the elevation is from the exogenous controlled dosing
exposure, as opposed to normal variation in this donor. It should
also be noted that the 3:1 ratio was not met and that criterion
failed to identify the controlled dosing peak in Controlled Dosing 1.
Considering the short length of hair tested for this donor (3 cm) and
the substantial changes in endogenous concentration in the first few
segments, it is difficult to determine the baseline GHB concentration
for this donor. This could indicate that collecting and testing longer
hair lengths and/or collecting samples closer to ~8+ weeks after
suspected exposure would be beneficial to aid in the interpretation.
The recommendation of waiting ~8 weeks was also made by LeBeau
et al. (38) based on a hair collection study that factored in the
amount of hair typically left behind during sample collection. Other
studies have excluded anywhere from the first segment to the first
centimeter of hair due to sweat contamination concerns (13, 17,
19, 21, 24, 27, 31, 32, 37), which would require lengths greater
than 3 cm to be tested and a longer wait before collection to better
establish pre- and post-exposure basal GHB concentrations. The
Controlled Dosing 1 donor sample (13) also highlights the apparent
greater segment-to-segment variability that may be observed in male
donors that could complicate identification of exogenous GHB
exposure.

Another controlled dosing study by Bertol et al. (19) utilized
12 volunteers who were sampled 1- and 2-month post-exposure.
That study highlighted the decrease or degradation of GHB that can
occur over time and the fact that even the 3:1 recommended ratio
is not always sensitive enough to identify exogenous exposure in
all controlled dosing experiments. However, the adjacent segment
difference approach with a 0.5 ng/mg threshold was successful in
identifying all controlled exogenous exposures in the same Bertol
dataset, even when the 3:1 ratio threshold was not met. The small-
est absolute value of the adjacent differences associated with the
exogenous GHB exposure segment in this data set was 0.64 ng/mg.
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Two other differences were within +1.00 ng/mg, but the remaining
45 differences were greater than +1.00 ng/mg.

Similar to the above controlled dosing study, Busardo et al. (24)
performed multiple collections over time from a single individual
with a single exogenous GHB exposure. Over the course of the year,
with one sample collected and tested per month, the detected peak
GHB concentration decreased by ~50% over the time course of the
repeat sampling and analysis in the study. The segmental data from
this study was not available to be added to Table I, but using the
published calculated ratio for this donor, it was noted that the ratio
dropped below 3:1 in month 11. However, the published difference
between the peak GHB concentration and the concentration in
adjacent segments remained greater than the 0.5 ng/mg threshold for
all 12 months, with the minimum difference listed as 1.3 ng/mg. Both
studies highlight the limitations of the ratio approach, especially con-
sidering the potential for degradation of GHB in hair over time (19,
24). On the other hand, the data suggest that the adjacent segment
difference approach continues to be sensitive to the identification of
exogenous GHB exposure, despite the degradation concerns.

Application of the adjacent segment difference strategy
to published exogenous studies—suspected dosing
The adjacent segment difference approach was applied to 12 different
suspected single-dosing cases from 11 donors (Table I). It should
be noted that in these 11 donors, 3 mm or 5 mm segments were
analyzed, as opposed to the 1-cm segments used in our study. The
region of hair that is identified and consistent with the time frame
of exogenous exposure does meet the —0.5 ng/mg followed by
+0.5 ng/mg difference criteria. The suspected dosing segments with
acceptable differences are highlighted with bolded, italicized text (red
text online version). Of the 12 examples, 8 exactly met our proposed
criteria, 3 met our criteria with modification, and 1 did not.

One subject, Suspected Dosing 7 (28), had an unusually low con-
centration in segment 5. The inclusion of this low value does impact
the average endogenous GHB concentration; without this segment,
the suspected dosing peak would not meet the 3:1 ratio threshold.
However, as there is no average basal GHB concentration calculation
for the adjacent segment difference approach, there is no impact
to the exogenous exposure conclusion. The ratio approach can be
sensitive to the segments used for calculating the endogenous baseline
concentration, whereas the adjacent segment difference approach
seems to be mostly unaffected by those issues.

For another suspected dosing example from Bertol et al. (19)
(Suspected Dosing 3), the donor segment results were not sufficient
to conclude that the observed peak was caused by possible exogenous
GHB exposure, even using Bertol’s adjusted ratio range (2.14-5.48)
(19). Using the adjacent difference approach, it was observed that
the absolute difference between segments 4 and 5 and segments 6
and 7 were both greater than 0.5 ng/mg and opposite in magnitude,
indicating that the possible exogenous exposure peak is actually in
two adjacent segments, 5 and 6, as opposed to just a single segment.
A visual graph of the differences is shown in Figure 3a, with the
differences meeting the threshold criteria indicated by an asterisk.
This observation of exogenous exposure occurring in two adjacent
segments was also seen in two other suspected GHB exposure donors,
Suspected Dosing 5 in Kintz et al. (14) (Figure 3b) and Suspected
Dosing 10 in Martz et al. (30) (Figure 3c). All three of these suspected
dosing donor cases (Suspected Dosing 3, 5 and 10 (14, 19, 30)) have
segment differences greater than 0.5 ng/mg and opposite in magni-
tude; however, these are not adjacent differences as the two segments

display elevated concentrations and instead separate the rise and fall
differences by one difference that is small and less than 0.5 ng/mg
(0.1-0.3 ng/mg). This trend would indicate that the elevated GHB
concentration is not in a single segment but rather spread across two
segments. These three examples, Suspected Dosing Donors 3, 5 and
10, show that segment length, as well as other factors, may have
an impact on the single, discrete segment assumption, as elevated
GHB concentrations were observed in two adjacent segments (14,
19, 30). The assumptions used for the adjacent segment difference
approach and even for the ratio strategy are important to consider
for proper application and result interpretation. It should be noted
that single-dose detection in more than one adjacent segment has
been reported elsewhere (39-41,44) and the single segment spike may
not be an appropriate assumption to use for all cases. Whether these
observations are related to the hair growth rate and phase or other
band-broadening causes is unclear (39-41). Regardless of the cause,
it remains an important consideration for deciding proper segment
length size and for interpreting analytical results.

One suspected dosing donor, Suspected Dosing 11, did not meet
the adjacent segment difference criteria (underlined value) for suc-
cessful identification of exogenous GHB exposure (30, 36). This
was previously identified with an alternative mathematical outlier
approach (36). Despite the authors’ conclusion of exogenous expo-
sure, the estimated changes, —0.4 and +0.3 ng/mg, are small and well
within the normal differences observed in the endogenous data distri-
bution for both our study and the published data sets (Figure 2a—c)
and lower than the other observed differences in the controlled and
suspected dosing donors from Table I (absolute value range 0.64—
6.1 ng/mg). Therefore, the conclusion of exogenous GHB exposure
cannot be supported using adjacent segment differences. This lack of
positive identification by the adjacent segment difference approach
may be due to some complication that obscures interpretation, such
as a low dose or hair treatment (35, 37), if the exogenous dosing
did indeed occur. Alternatively, this example could indicate a lack of
sensitivity by the adjacent segment difference strategy and result in a
nonzero false-negative rate. It should be noted that this donor does
not meet the 3:1 ratio criterion either.

Conclusions

This is the first study that measures and defines intra-individual vari-
ation in the hair of a large donor population as a means of support for
using an individual as their own reference when determining a single
exogenous GHB exposure. The large inter-individual GHB concen-
tration range observed, <0.4-5.47 ng/mg, along with the absence of
a large controlled dosing study makes selecting an appropriate recom-
mended cut-off concentration to differentiate endogenous GHB from
exogenous exposure ineffective. This conclusion is consistent with
previous studies (7, 12-26). However, the intra-individual variation,
as measured by %RSD in most of the donors, supports the use of
an individual as their own reference to identify possible exogenous
exposure (7, 12-17, 19, 22-25, 27-33). The adjacent segment dif-
ference criteria attempt to reduce the false-negative rate currently
observed in published controlled dosing and suspected exogenous
exposure cases (12-14,16,19,22,28,30) by improving the sensitivity
of the detection method. Additionally, the adjacent segment difference
approach is more efficacious for individuals that have greater intra-
individual variability (%RSD >40%) because it eliminates the need
to determine a specific background GHB concentration.

To further evaluate the suitability of the adjacent segment
difference approach, several other studies need to be conducted under
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Figure 3. Select adjacent segment difference plots A. Suspected Dosing Donor 3. B. Suspected Dosing Donor 5. C. Suspected Dosing Donor 10.
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Figure 3. Continued.

different and varying ingestion conditions. Additional endogenous
data is needed to better represent non-Caucasians and to define the
FPR, which is dependent on the difference threshold set. Therefore, a
large donor-controlled dosing study would be advisable to determine
an appropriate adjacent segment difference threshold and to define
the potential false negative rate. The 0.5 ng/mg threshold applied
here was for demonstration purposes and worked successfully
when applied to published controlled dosing and suspected drug-
facilitated crime case donors. However, the threshold can likely be
better adjusted to decrease the false-positive and false-negative rates
while still providing enough discrimination between endogenous and
exogenous GHB exposure.

There is a clear need in the forensic toxicology community to
define specific experimental criteria (e.g., segment length) for compar-
ison of results from different laboratories so that consistent reliability
of the adjacent segment difference approach can be ensured. Segment
length could have a significant impact on this approach and varies
widely from 3 to 20 mm in the studies we reviewed (12-16, 19,
21-32, 34, 35, 37), as does the total length of hair tested. Smaller
segment lengths (i.e., 3 mm) could be problematic due to varying hair
growth rates and the increased chance of a single dose appearing in
multiple adjacent segments. Thus, we draw the following conclusions
and suggestions: (i) the collection should take place 8 weeks or more
after the suspected dosing event and a length of at least 3 to 5 cm
be gathered from the scalp; (ii) GHB ratios are discouraged as a test
for GHB ingestion, especially for male subjects; (iii) based on our
data, a concentration above 2 ng/mg along with a positive indication
from the adjacent segment difference is likely to indicate exogenous
dosing; and (iv) hair preparation should be standardized/limited for

parameters such as segment length and we recommend using 1 cm
segments.

Overall, using the adjacent segment differences approach shows
promise as an alternative strategy to identify exogenous GHB
exposure that is more discriminating than the ratio approach.
This approach offers unique benefits of being less susceptible to
donors with larger intra-individual variation and more sensitive to
exogenous exposure.

Supplementary data

Supplementary data is available at Journal of Analytical Toxicology
online.

Disclaimer

This publication is number 20-17 of the Laboratory Division of the
Federal Bureau of Investigation. The names of commercial manufac-
turers are provided for identification purposes only, and inclusion
does not imply endorsement by the FBIL. The views expressed in this
article are those of the authors and do not necessarily reflect the
official policy or position of the FBI or US Government. One or more
of the authors is a US Government employee and prepared this work
as part of that person’s official duties. Title 17 United States Code
(USC) Section 105 provides that ‘Copyright protection under this
title is not available for any work of the United States Government.’
Title 17 USC Section 101 defines a US Government work as a ‘work
prepared by an employee of the United States Government as part of
that person’s official duties.’

2202 Joquiaoaq 1 uo 1senb Aq 8650886/L£9/./y/ol0IeRW0o dnodlwepese)/:Sdjy Wolj papeojumoq


https://academic.oup.com/jat/article-lookup/doi/10.1093/jat/bkaa086#supplementary-data

Endogenous GHB in Segmented Hair Part Il

649

Acknowledgements

This research was supported in part by an appointment to the Visiting Scientist

Program at the Federal Bureau of Investigation (FBI) Laboratory Division,

administered by the Oak Ridge Institute for Science and Education, through

an interagency agreement between the US Department of Energy and the FBIL.

References

1.

10.

11.

12.

13.

14.

15.

16.

LeBeau, M.A., Christenson, R.H., Levine, B., Darwin, W.D., Huestis, M.A.
(2002) Intra- and interindividual variations in urinary concentrations of
endogenous gamma-hydroxybutyrate. Journal of Analytical Toxicology,
26, 340-346.

Brenneisen, R., ElSohly, M.A., Murphy, T.P., Passarelli, J., Russmann, S.,
Salamone, S.J., et al. (2004) Pharmacokinetics and excretion of gamma-
hydroxybutyrate (GHB) in healthy subjects. Journal of Analytical Toxi-
cology, 28, 625-630.

Shima, N., Miki, A., Kamata, T., Katagi, M., Tsuchihashi, H. (2005)
Urinary endogenous concentrations of GHB and its isomers in healthy
humans and diabetics. Forensic Science International, 149, 171-179.
LeBeau, M.A., Montgomery, M.A., Morris-Kukoski, C., Schaff, J.E.,
Deakin, A., Levine, B. (2006) A comprehensive study on the variations
in urinary concentrations of endogenous gamma-hydroxybutyrate (GHB).
Journal of Analytical Toxicology, 30, 98-105.

LeBeau, M.A., Montgomery, M.A. (2010) Challenges of drug-facilitated
sexual assault. Forensic Science Review, 22, 1-6.

Marinetti, L., LeBeau, M.A. (2010) The use of GHB and
analogs to facilitate sexual assault. Forensic Science Review,
22, 41-60.

(2011) Guidelines for the Forensic Analysis of Drugs Facilitating Sexual
Assault and Other Criminal Acts. United Nations Office on Drugs and
Crime. https://www.unodc.org/documents/scientific/forensic_analys_of_
drugs_facilitating_sexual_assault_and_other_criminal_acts.pdf (accessed
June 26, 2019).

Schrock, A., Hari, Y., Konig, S., Auwirter, V., Schiirch, S., Weinmann, W.
(2013) Pharmacokinetics of GHB and detection window in serum and
urine after single uptake of low dose of GBL—an experiment with two
volunteers. Drug Testing and Analysis, 6, 363-366.

Busardo, EP., Kyriakou, C. (2014) GHB in biological specimens: which
cut-off levels should be taken into consideration in forensic toxicological
investigation? Recent Patents on Biotechnology, 8,206-214.

(2017) Recommended minimum performance limits for common DFC
drugs and metabolites in urine samples. Society of Forensic Toxicology.
http://soft-tox.org/files/MinPerfLimits_DFC2017.pdf (accessed June 26,
2019).

Busardo, EP., Kyriakou, C., Marchei, E., Pacifici, R., Pedersen, D.S., Pichini,
S. (2017) Ultra-high performance liquid chromatography tandem mass
spectrometry (UHPLC-MS/MS) for determination of GHB, precursors
and metabolites in different specimens: application to clinical and forensic
cases. Journal of Pharmaceutical and Biomedical Analysis, 137,123-131.
Goullé, J.P,, Cheze, M., Pépin, G. (2003) Determination of endogenous
levels of GHB in human hair. Are there possibilities for the identification
of GHB administration through hair analysis in cases of drug-facilitated
sexual assault? Journal of Analytical Toxicology, 27, 574-580.

Kintz, P, Cirimele, V., Jamey, C., Ludes, B. (2003) Testing for GHB in hair
by GC/MS/MS after a single exposure. Application to document sexual
assault. Journal of Forensic Sciences, 48, 1-6.

Kintz, P, Villain, M., Ludes, B. (2004) Testing for the undetectable in drug-
facilitated sexual assault using hair analyzed by tandem mass spectrometry
as evidence. Therapeutic Drug Monitoring, 26, 211-214.

Rossi, R., Lancia, M., Gambelunghe, C., Oliva, A., Fucci, N. (2009)
Identification of GHB and morphine in hair in a case of drug-facilitated
sexual assault. Forensic Science International, 186, e9—-e11.

Cirimele, V., Baumgartner, M., Vallet, E., Duez, M. (2010) Interpretation
of GHB concentrations in hair. Annales de Toxicologie Analytique, 22,
161-164.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Cooper, G.A.A., Kronstrand, R., Kintz, P. (2012) Society of hair testing
guidelines for drug testing in hair. Forensic Science International, 218,
20-24.

Jagerdeo, E., Montgomery, M.A., LeBeau, M.A. (2015) An improved
method for the analysis of GHB in human hair by liquid chromatography
tandem mass spectrometry. Journal of Analytical Toxicology, 39, 83-88.
Bertol, E., Mari, E, Vaiano, F, Romano, G., Zaami, S., Baglio, G., et al.
(2014) Determination of GHB in human hair by HPLC-MS/MS: devel-
opment and validation of a method and application to a study group
and three possible single exposure cases. Drug Testing and Analysis, 7,
376-384.

Xiang, P., Shen, M., Drummer, O.H. (2015) Review: drug concentrations
in hair and their relevance in drug facilitated crimes. Journal of Forensic
and Legal Medicine, 36,126-135.

Kintz, P. (2016) A novel approach to document single exposure to GHB:
hair analysis after sweat contamination. Journal of Analytical Toxicology,
40, 563-564.

Shi, Y., Cui, X., Shen, M., Xiang, P. (2016) Quantitative analysis of
the endogenous GHB level in the hair of the Chinese population using
GC/MS/MS. Journal of Forensic and Legal Medicine, 39, 10-15.

Wang, X., Linnet, K., Johansen, S.S. (2016) Development of a UPLC-
MS/MS method for determining y-hydroxybutyric acid (GHB) and GHB
glucuronide concentrations in hair and application to forensic cases.
Forensic Toxicology, 34, 51-60.

Busardo, E.P., Vaiano, F,, Mannocchi, G., Bertol, E., Zaami, S., Marinelli, E.
(2017) Twelve months monitoring of hair GHB decay following a single
dose administration in a case of facilitated sexual assault. Drug Testing
and Analysis, 9, 953-959.

Mehling, L.-M., Wang, X., Johansen, S.-S., Spottke, A., Heidbreder, A.,
Young, P, et al. (2017) Determination of GHB and GHB-B-O-glucuronide
in hair of three narcoleptic patients-comparison between single and
chronic GHB exposure. Forensic Science International, 278, e8—e13.

Van Elsué, N., Crunelle, C.L., Verbrugge, C.A., van Baarle, K., Rodrigues,
A., Neels, H., et al. (2018) Gammahydroxybutyrate in hair of non-GHB
and repeated GHB users: a new and optimized method. Forensic Science
International, 291, 193-198.

Bertol, E., Argo, A., Procaccianti, P., Vaiano, E, Di Milia, M.G., Furlanetto,
S., et al. (2012) Detection of gamma-hydroxybutyrate in hair: validation
of GC-MS and LC-MS/MS methods and application to a real case. Journal
of Pharmaceutical and Biomedical Analysis, 70, 518-522.

Cheéze, M., Hoizey, G., Deveaux, M., Muckensturm, A., Vayssette, F,
Billault, E, et al. (2012) Series of new cases of intoxication by GHB or
GBL. Determination in blood, urine, hair and nails. Annales de Toxicologie
Analytique, 24, 59-65.

Hari, Y., Konig, S., Schrock, A., Coro, P, Auwirter, V., Thierauf, A., et al.
(2013) LC-MS/MS of GHB in head hair and beard. Toxichem Krimtech,
80, 224-227.

Martz, W., Nebel, A., Veit, E. Intraindividual variation of endogenous levels
of GHB in hair. In: 56th TIAFT Annual Meeting: Ghent, Belgium, 2018;
Poster Presentation.

Martz, W., Nebel, A., Veit, F. (2019) Variation of intraindividual levels of
endogenous GHB in segmented hair samples. Forensic Science Interna-
tional, 302. doi: 10.1016/j.forsciint.2019.109913.

Vaiano, E, Serpelloni, G., Furlanetto, S., Palumbo, D., Mari, E, Fiora-
vanti, A., et al. (2016) Determination of endogenous concentration of y-
hydroxybutyric acid (GHB) in hair through an ad hoc GC-MS analysis: a
study on a wide population and influence of gender and age. Journal of
Pharmaceutical and Biomedical Analysis, 118, 161-166.

Giorgetti, R., Busardd, EP.,, Tagliabracci, A. (2020) Interpreting GHB
concentrations in hair: can a cut-off be established? Forensic Science
International, 306. doi: 10.1016/j.forsciint.2019.110009.

Lloyd, E.W., Thomas, ].L., Donnelly, C.C., Montgomery, M.A., Karas,
R.P, Miller, M.L,, et al. (2020) Evaluating endogenous GHB variation in
hair with a synthetic hair matrix. Journal of Analytical Toxicology, 44,
354-361.

Thomas, J.L., Lloyd, E.W., Donnelly, C.C., Strickland, E.C., Rankoth, A.,
Miller, M.L., et al. (2020) Endogenous GHB in Segmented Hair Part I:

2202 Joquiaoaq 1 uo 1senb Aq 8650886/L£9/./y/ol0IeRW0o dnodlwepese)/:Sdjy Wolj papeojumoq


https://www.unodc.org/documents/scientific/forensic_analys_of_drugs_facilitating_sexual_assault_and_other_criminal_acts.pdf
https://www.unodc.org/documents/scientific/forensic_analys_of_drugs_facilitating_sexual_assault_and_other_criminal_acts.pdf
http://soft-tox.org/files/MinPerfLimits_DFC2017.pdf
https://doi.org/10.1016/j.forsciint.2019.109913
https://doi.org/10.1016/j.forsciint.2019.110009

650

Strickland et al.

36.

37.

38.

39.

40.

Inter-individual Variation for Group Comparisons. Journal of Analytical
Toxicology. doi: 10.1093/jat/bkaa080 (in publication).

Lusthof, K.J., Bosman, I.]. (2010) GHB in hair—a mathematical approach
to the evaluation of a possibly positive case. Toxichem Krimtech,77,201.
del Mar Ramirez Ferndndez, M., Wille, S.M.R., Di Fazio, V., Samyn, N.
(2019) Influence of bleaching and thermal straightening on endogenous
GHB concentrations in hair: an in vitro experiment. Forensic Science
International, 297, 277-283.

LeBeau, M.A., Montgomery, M.A., Brewer, J.D. (2011) The role of vari-
ations in growth rate and sample collection on interpreting results of
segmental analyses of hair. Forensic Science International, 210, 110-116.
Henderson, G.L. (1993) Mechanisms of drug incorporation into hair.
Forensic Science International, 63, 19-29.

Pragst, F,, Rothe, M., Spiegel, K., Sporkert, F. (1998) Illegal and therapeutic
drug concentrations in hair segments—a timetable of drug exposure?
Forensic Science Review, 10, 81-112.

41.

42.

43.

44,

45.

46.

Balikovd, M. (2005) Hair analysis for drugs of abuse. Plausibility of
interpretation. Biomedical papers of the Medical Faculty of the University
Palacky, Olomouc, Czechoslovakia. 149, 199-207.

Pragst, F, Balikovd, M.A. (2006) State of the art in hair analysis
for detection of drug and alcohol abuse. Clinica Chimica Acta, 370,
17-49.

Xiang, P., Sun, Q., Shen, B., Chen, P., Liu, W., Shen, M. (2011) Segmental
hair analysis using liquid chromatography-tandem mass spectrometry
after a single dose of benzodiazepines. Forensic Science International, 204,
19-26.

Kintz, P. (2013) Issues about axial diffusion during segmental hair analysis.
Therapeutic Drug Monitoring, 35, 408-410.

Brown, L.D., Cai, T., DasGupta, A. (2001) Interval estimation for a
binomial proportion. Statistical Science, 16, 101-133.

Agresti, A. (1992) A survey of exact inference for contingency tables.
Statistical Science,7,131-153.

2202 Joquiaoaq 1 uo 1senb Aq 8650886/L£9/./y/ol0IeRW0o dnodlwepese)/:Sdjy Wolj papeojumoq


https://doi.org/10.1093/jat/bkaa080

	Endogenous GHB in Segmented Hair Part II: Intra-individual Variation for Exogenous Discrimination
	Introduction
	Materials and Methods
	Results
	Discussion
	Longitudinal donor study observations
	Overview of intra-individual variation observed in 214 donors
	Adjacent segment difference false-positive rate evaluation
	Application of the adjacent segment difference strategy to published endogenous studies
	Application of the adjacent segment difference strategy to published exogenous studies---controlled dosing
	Application of the adjacent segment difference strategy to published exogenous studies---suspected dosing

	Conclusions
	Supplementary data
	Disclaimer


