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Background. Adequate exposure to antiretrovirals is important to maintain durable responses, but methods to
assess exposure (eg, querying adherence and single plasma drug level measurements) are limited. Hair
concentrations of antiretrovirals can integrate adherence and pharmacokinetics into a single assay.

Methods. Small hair samples were collected from participants in the Women’s Interagency HIV Study (WIHS), a
large cohort of human immunodeficiency virus (HIV)-infected (and at-risk noninfected) women. From 2003
through 2008, we analyzed atazanavir hair concentrations longitudinally for women reporting receipt of atazanavir-
based therapy. Multivariate random effects logistic regression models for repeated measures were used to estimate the
association of hair drug levels with the primary outcome of virologic suppression (HIV RNA level, <80 copies/mL).

Results. 424 WIHS participants (51% African-American, 31% Hispanic) contributed 1443 person-visits to the
analysis. After adjusting for age, race, treatment experience, pretreatment viral load, CD4 count and AIDS status,
and self-reported adherence, hair levels were the strongest predictor of suppression. Categorized hair antiretroviral
levels revealed a monotonic relationship to suppression; women with atazanavir levels in the highest quintile had
odds ratios (ORs) of 59.8 (95% confidence ratio, 29.0-123.2) for virologic suppression. Hair atazanavir
concentrations were even more strongly associated with resuppression of viral loads in subgroups in which there had
been previous lapses in adherence (OR, 210.2 [95% CI, 46.0-961.1]), low hair levels (OR, 132.8 [95% CI, 26.5—
666.0]), or detectable viremia (OR, 400.7 [95% CI, 52.3-3069.7]).

Conclusions. Antiretroviral hair levels surpassed any other predictor of virologic outcomes to HIV treatment
in a large cohort. Low antiretroviral exposure in hair may trigger interventions prior to failure or herald virologic
failure in settings where measurement of viral loads is unavailable. Monitoring hair antiretroviral concentrations
may be useful for prolonging regimen durability.

The use of combination antiretroviral therapy (cART) is robust predictive models of treatment response

the prime determinant of longevity among human im- are needed to identify factors that may threaten viro-
munodeficiency virus (HIV)-infected individuals, and  logic response and herald resistance. By the time a regi-
the focus of treatment has now shifted to maintaining ~ men has failed virologically, important opportunities for

durable responses on existing regimens. Toward this end, adherence interventions and preventing resistance have

been missed. In resource-limited settings, where HIV viral

load monitoring may not be routinely available, resistance
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mutations can accumulate by the time a regimen fails
clinically or immunologically [1, 2]. A low-cost method

that provides an early predictor of virologic failure would
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be useful in both industrialized and nonindustrialized

settings to monitor responses to long-term cART [3].
Adherence to treatment, commonly assessed by self-

report, is a strong contributor to cART outcomes.
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However, limitations of the accuracy of self-reporting and other
commonly used adherence measures are well described [4].
Furthermore, interindividual variations in pharmacokinetics
can lead to outcome disparities even when adherence is high,
indicating the utility of an objective measure that could integrate
both combined effects of adherence and individual pharmaco-
kinetic parameters. We have developed methods for monitoring
antiretroviral exposure by means of determination of anti-
retroviral concentrations in small-volume hair samples [5-9].
We previously reported that hair levels of protease inhibitors
(PIs) were the strongest independent factor associated with
short-term virologic response in individuals initiating new PI-
based regimens [6]. Drug levels in hair were more closely as-
sociated with HIV RNA suppression six months after starting
therapy than were self-reported adherence and other commonly
applied factors, including pretreatment viral load and CD4 cell
count, extent of antiretroviral or PI experience, age, or race. A
better test of the ultimate value of drug levels in hair is whether
these measures predict impending virologic failure. We report
here on a longitudinal study that assessed how well atazanavir
levels measured in hair predict treatment outcomes in a multi-
site observational cohort of HIV-infected women.

METHODS

The Women's Interagency HIV Study Cohort and Study Sample

The Women’s Interagency HIV Study (WIHS) is the largest
cohort of HIV-infected women and at-risk HIV-noninfected
women studied in the United States [10]. This ongoing pro-
spective multicenter study with sites in the San Francisco and
Los Angeles, California; Chicago, Illinois; Bronx and Brooklyn,
New York; and Washington, DC metropolitan areas observes
participants via visits that occur at 6-month intervals.
Interviewer-administered survey instruments, physical exami-
nation, and specimen collection are performed at each visit.
A small sample of hair (~10-20 strands, or 1-3 mg) is cut from

the occipital region of the scalp at each study visit from every
consenting HIV-seropositive woman reporting cART. All par-
ticipants who reported taking an atazanavir-based reporting at
any study visit during the period from April 2003 through
April 2008 were included in this particular analysis. WIHS study
protocols and consent materials were reviewed and approved by
institutional review boards at all participating institutions.

Hair Collection, Processing, and Analysis
A hair specimen is collected in the WIHS if the participant
reports taking antiretrovirals for at =1 month. Field staff at all
WIHS sites have been uniformly trained on the method of
collecting hair. Briefly, a small thatch of hair is cut as close as
possible to the scalp from the occiput and the distal portion
labeled to denote directionality (Figure 1). Methods for ex-
traction and analyses of most of the PIs, nonnucleoside reverse
transcriptase inhibitors, and tenofovir have been developed and
optimized in our laboratory and reported elsewhere [6-11].
Atazanavir and ritonavir levels were measured in hair samples
collected at visits during which the participant reported current
use. Using 2 mg of human hair, atazanavir is detected at levels as
low as 0.05 ng/mg hair and ritonavir is detected at levels of as
low as 0.01 ng/mg hair. The method has been validated in the
range of 0.05-20 ng/mg hair for atazanavir and 0.01-4.0 ng/mg
hair for ritonavir with good linearity and reproducibility. Of
note, we have tested antiretrovirals in hair in this diverse WIHS
cohort and found that median levels and interquartile ranges
among participants with undetectable viral loads do not vary
significantly by race or ethnicity.

Statistical Analysis

The primary outcome was virologic success (or “suppression”) at
each study visit, defined as an HIV viral load ef <80 copies/mL.
Multivariate random effects logistic regression models for re-
peated measures were used to estimate the association of hair drug
levels with the dichotomous outcome of virologic suppression.
We used the hair level at each visit to predict virologic success,

Figure 1.

Hair collection procedure for antiretroviral levels: Picture demonstrates the isolation of the 20-strand hair thatch from the occipital region of

the head (left panel) and the cutting of the hair thatch right at the scalp (right panel).
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and levels were analyzed both as continuous measures and as
categorical variables (tertiles, quartiles, or quintiles). Also included
in models were variables that could affect response, including age,
race, viral load at the time of regimen initiation (continuous or
dichotomized into <100,000 vs =100,000 copies/mL), prior
antiretroviral treatment experience (dichotomized into yes vs no),
and degree of PI experience (categorized into naive to Pls, past
experience with 1 PI, or treatment with =2 PIs), nadir and pre-
treatment CD4 cell counts, study year, nucleoside reverse tran-
scriptase inhibitor (NRTI) backbone components, history of
clinical AIDS, and self-reported adherence. Adherence to ataza-
navir was reported as the percentage of prescribed doses con-
sumed during periods of 6 months, 30 days, and 3 days; visual
analog scales aided in estimating percentages [11]. Level of ad-
herence was analyzed either as a continuous measure or catego-
rized into <74%, 75%—-94%, or =95% over the time interval
assessed. Because atazanavir is often coadministered with ritona-
vir, hair levels of each of these agents are substantially collinear, so
separate models were run for atazanavir and ritonavir in the
women receiving ritonavir-boosted atazanavir. All analyses were
performed using SAS software, version 9.2 (SAS Institute).

RESULTS

Participant Demographic Characteristics

Table 1 summarizes demographic and other characteristics for the
424 WIHS participants receiving atazanavir-based cART at any
time from April 2003 through April 2008. The racial and ethnic
distribution of the study sample was 215 African-Americans
(51%), 131 Hispanics (31%), 66 whites (15%), and 12 others (3%
[Native Americans or Asian-Americans]). Each woman con-
tributed 1-9 WIHS biannual study visits to the analysis (median,
3), for a total of 1443 person-visits. Of these 1443 person-visits,
participants reported ritonavir coadministration with atazanavir
in 1136 (79%). One hundred one women in the study cohort
(24%) had never been treated with PIs before starting the ataza-
navir-based regimen, and the median pretreatment CD4 count
was 281 cells/mm’ (range, 5-2046 cells/mm’). Adherence was
reported as =95% at 1116 person-visits (77%), 75%—94% at 244
person-visits (17%), and <74% at 83 person-visits (6%). Viral
loads were below the assay threshold (<80 copies/mL) during 918
(64%) of the 1443 person-visits. On the basis of log-likelihood
statistics, assessment of atazanavir levels as quintiles fit the mul-
tivariate models better than tertile and quartile categorization
schemes and better than continuous measures. Table 1 shows the
hair concentration ranges represented in each quintile (first
quintile, 0.05 to <0.658 ng/mg; second quintile, >0.658 to <1.78
ng/mg; third quintile, >1.78 to <3.13 ng/mg; fourth quintile,
>3.13 to <5.19 ng/mg; fifth quintile, >5.19 ng/mg). A strong
relationship between atazanavir levels in hair and self-reported

Table 1. Characteristics of Women Participating in the Study,
April 2003 Through April 2008 (N = 424)

Characteristic Value
Person-visits 1443
contributing to analysis®
Age, median years (range) 43 (21-71)
Race/ethnicity
White (non-Hispanic) 66 (15)
African-American (non-Hispanic) 215 (51)
Hispanic 131 (31)
Other 12 (3)
Past Pl treatment
None 101 (24)
1PI 156 (37)
=2 Pls 167 (39)
Pretreatment viral load, copies/mL
=100,000 52 (12)
<100,000 372 (88)

HIV viral load, median copies/mL (range) 5950 (80-2,500,000)

Pretreatment CD4 cell count, cells/mm?®

<200 133 (31)
=200 291 (69)
CD4 cell count, median 281 (5-2046)
cells/mm? (range)
Person-visits at which 1136 (79)
atazanavir is boosted
with ritonavir
Person-visits at which 918 (64)
viral load is undetectable®
Adherence during past 6 months
(self-reported) at person-visit
0%-74% 83 (6)
75%-94% 244 (17)
=95% 1116 (77)
Person-visits in each atazanavir
hair level quintile (ng/mg), no. (%)
Quintile 1 (0.05 to <0.658 ng/mg) 289 (20)
Quintile 2 (>0.658 to <1.78 ng/mg) 282 (19)
Quintile 3 (>1.78 to <3.13 ng/mg) 297 (21)
Quintile 4 (>3.13 to <5.19 ng/mg) 289 (20)
Quintile 5 (>5.19 ng/mg) 286 (19)

NOTE. Data are no. (%) of study participants unless otherwise indicated.
PIl, protease inhibitor.

@ Median number of visits per patient was 3 (range, 1-9); 105 women had 1
visit; 70 had 2 visits; 53 had 3 visits; 61 had 4 visits; 66 had 5 visits; 33 had 6
visits; 23 had 7 visits; 11 had 8 visits; 2 had 9 visits.

® Threshold of detection, 80 copies/mL.

adherence (dichotomized into <95% vs =95%) was observed (F
statistic P << .001).

Association of Atazanavir Hair Levels with Virologic
Suppression

Figure 2 shows the percentage of person-visits during which
viral loads were <80 copies/mL according to hair quintile. HIV
RNA levels were undetectable in only 25% of visits in which hair
concentrations of atazanavir were in the lowest quintile. In
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Figure 2. Percent of person-visits in each hair quintile where viral load suppressed (entire study sample) and odds ratio of virologic response per hair

quintile (univariate relationship): ATV, atazanavir.

contrast, for person-visits in which atazanavir concentrations in
hair were in the highest quintile (>5.19 ng/mg), the likelihood
of maximal virologic suppression was 87%. Figure 2 also depicts
the univariate relationship between hair atazanavir levels and the
likelihood of virologic suppression in repeated measures anal-
yses. The odds of viral load undetectability increased with each
quintile; the odds ratio (OR) for viral suppression if the
atazanavir level in hair is in the second quintile (>0.658 to
=<1.78 ng/mg) is 4.3 (95% confidence interval [CI], 2.5-7.4; P <
.001), for example, and the OR for virologic response if ataza-
navir levels are in the top quintile is 63.3 (95% CI, 30.8-130.0;
P < .001).

Table 2 presents the multivariate analysis for virologic re-
sponse in which levels of atazanavir in hair are adjusted for age,
race, extent of PI experience, pretreatment viral load, and self-
reported adherence. A pretreatment HIV RNA level of <100,000
copies/mL was associated with a higher odds of achieving
virologic suppression over time, compared with individuals who
started atazanavir-based treatment with viral loads =100,000
copies/mL (OR, 3.2 [95% CI, 1.5-6.9]; P = .002). Participants
who were not African-American showed a trend toward a higher
likelihood of virologic suppression while receiving cART than
did African-Americans. Those who had been treated with =2
PIs prior to atazanavir showed a trend toward a lower likelihood
of virologic suppression while receiving atazanavir. Self-reported
adherence was associated with a higher odds of virologic sup-
pression, with an OR 0f 4.0 (95% CI, 1.9-8.6; P < .001) for visits
when participants reported =95% adherence, compared with
those when participants reported <75% adherence. Adding
pretreatment CD4 cell count, history of clinical AIDS, study
year, or the NRTI backbone agents to the multivariate models
did not significantly alter the results, so these variables were
removed from the final models.

In adjusted analyses, concentrations of atazanavir in hair
were the best independent predictor of virologic suppression.
An atazanavir level in the second quintile, compared with the
first, yielded an OR for virologic suppression that is com-
parable to a self-reported adherence of =95%. Hair atazanavir
the higher
progressively increasing odds of virologic suppression;

levels in quintiles were associated with
women whose atazanavir levels were in the highest quintile
had an OR of 59.8 (95% CI, 29.0-123.2; P <.001) for virologic
suppression.

When models were repeated focusing on the 1136 person-
visits during which ritonavir was coadministered with atazana-
vir, we found that ritonavir levels in hair were similarly the
strongest predictor of subsequent virologic response. Finally,
when we looked at hair level at one visit as a predictor of
virologic suppression at the subsequent WIHS visit, we also saw
a strong and monotonic relationship between hair level and

subsequent response.

Virologic Suppression Rates in Different At-Risk Scenarios

We then investigated the key question of whether higher
atazanavir exposure as indicated by hair levels could reestablish
virologic suppression after a preceding lapse in adherence,
exposure, or virologic suppression. We examined three separate
“at risk” subgroups of the 1443 person-visits in our study: (1)
those preceded by a reported adherence level of <95% at any
previous visit (405 person-visits from 152 participants); (2)
those preceded by a hair atazanavir level in the lowest quintile
(0.05-0.658 ng/mg) at any previous visit (377 person-visits from
125 participants); and (3) those with an HIV viral load >1000
copies/mL at any previous visit (356 person-visits from 139
participants). Each subgroup showed lower overall rates of
virologic suppression than did the entire group over time;
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Table 2. Multivariate Model of Hair Atazanavir Concentrations
and Virologic Success (Entire Study Sample)

OR of virologic

Variable response (95% Cl) P
Age, per decade 1.05 (0.78-1.42) .75
Race
Not African-American 1.6 (0.99-2.7) .06
African-American Reference
Pretreatment HIV
RNA level, copies/mL
<100,000 3.2 (1.5-6.9)
=100,000 Reference .002
Past Pl treatment
None Reference
1PI 0.94 (0.49-1.8) .84
=2 Pls 0.56 (0.29-1.08) .09
Adherence level
0%-74% Reference
75%-94% 2.5(1.1-5.5) .03
=95% 4.0 (1.9-8.6) <.001
Hair concentration,
quintile
1 Reference
2 4.3 (2.5-7.4) <.001
8 12.7 (7.1-22.8) <.001
4 22.9 (12.2-43.1) <.001
5 59.8 (29.0-123.2) <.001

NOTE. Adjusting for pretreatment CD4 cell count, a history of clinical AIDS,
study year, and/or nucleoside reverse transcriptase inhibitor backbone
components used with atazanavir did not significantly alter the results of the
analysis, and these variables were therefore removed from the final model. AA,
African-American; Cl, confidence interval; OR, odds ratio; PI, protease inhibitor.

subgroups 2 and 3 showed differences in suppression rates that
were statistically significant (Table 3).

"Redemption" Through Improved Atazanavir Exposure
Although each at-risk subgroup had lower overall rates of
virologic suppression than did the entire cohort (Table 3), each

subgroup subsequently revealed a pattern of increasing rates
of virologic suppression by increasing quintile of hair atazanavir
level (Figures 3A, 3B, 3C). Indeed, increasing atazanavir levels in
hair became even more determinative of virologic suppression
(or resuppression for subgroup 3) in multivariate models for
each subgroup than for the overall cohort (Table 4). The ORs for
reaching a viral load of <80 copies for person-visits in which
hair levels were in the highest quintile were 210.2 (95% CI, 46.0—
961.1), 132.8 (95% CI, 26.5-666.0), and 400.7 (95% CI, 52.3—
3069.7), respectively, for subgroups 1, 2, and 3.

DISCUSSION

In this multivariate analysis of a cohort of HIV-infected women
over time, we reveal that antiretroviral concentrations in hair are
the strongest independent predictor of virologic suppression.
Levels of antiretroviral drugs in hair showed a monotonic re-
lationship to the likelihood of viral suppression (OR for success,
4.3, 12.7, 22.9, and 59.8 for each increasing quintile of hair
atazanavir concentration; each P < .001) in multivariate models.
Because low hair antiretroviral concentrations can predict
virologic failure prior to its development, this measurement may
be useful in designing interventions aimed at prolonging the
durability of cART.

Concentrations of antiretroviral drugs in hair samples may
provide an integrated measure of behavior and biology. Levels
of medications in hair reflect drug uptake from the systemic
circulation over periods of weeks to months [12] and capture
average, as well as individual, pharmacokinetic information.
Single adherence measures or plasma antiretroviral concen-
trations provide “snapshots” of exposure, but a level measured
in hair synthesize adherence and pharmacokinetic variability
over time to provide a robust exposure measure in a single assay
[13]. The value of single plasma antiretroviral levels is further
limited by the so-called “white coat effect,” in which adherence
transiently improves prior to clinic appointments [14], and by
an inability to define meaningful therapeutic antiretroviral

Table 3. Rates of Virologic Suppression in Overall Cohort Compared With Rates in 3 Scenarios (Subgroups) of Failure

Person-visits P (compared with visits

Group No. of visits suppressed, % not in subgroup)®®
Entire cohort: all visits 1443 64°
Subgroup 1: self-reported 405 58 11
adherence <95% at a previous visit
Subgroup 2: hair value in lowest 377 51 .01
quintile at a previous visit
Subgroup 3: viral load >1000 copies/mL 356 38 <.001

at a previous visit

@ Pvalue was obtained by comparing visits in the subgroup of interest with visits not in the subgroup (accounting for repeated measures).

b QOverall P value for the chance of virologic suppression for a person-visit in any of the 3 subgroups (compared with not being in any of the subgroups) is .02.
¢ Median HIV RNA level for person-visits where viral load is not suppressed in the entire cohort, 1800 copies/mL (interquartile range, 310-17,000 copies/mL).
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Figure 3. Percent of person-visits in each hair quintile in which viral load was suppressed for 3 subgroups in which "failure" was previously revealed
(Figure 3A: subgroup 1; Figure 3B: subgroup 2; Figure 3C: subgroup 3). ATV, atazanavir.
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Table 4. Multivariate Models of Hair Atazanavir Concentrations and Virologic Success (3 Subgroups)

Hair Subgroup 1 Subgroup 2 Subgroup 3
quintile Person-visits OR (95% CI) Person-visits OR (95% CI) Person-visits OR (95% CI)
1 83 Reference 116 Reference 112 Reference
2 91 14.1 (4.7-42.8) 83 9.6 (3.4-27.2) 78 43.8 (8.9-215.7)
B 99 26.3 (8.4-82.0) 72 30.0 (8.8-102.5) 61 47.2 (9.3-240.2)
4 73 60.5 (17.2-211.7) 61 24.1 (7.0-82.4) 60 82.5 (15.5-439.3)
5 59 210.2 (46.0-961.1) 45 132.8 (26.5-666.0) 45 400.7 (52.3-3069.7)

NOTE. All Pvalues are <.001. All models adjusted for age, race, previous treatment with protease inhibitors, pre-atazanavir HIV viral load, and self-reported
adherence. Subgroup 1: self-reported adherence <95% at a previous visit (n = 405); subgroup 2: hair value in lowest quintile at a previous visit (n = 377); subgroup
3: viral load >1000 copies/mL at a previous visit (n = 356). Cl, confidence interval; OR, odds ratio.

ranges because of substantial interindividual pharmacokinetic
variability [15, 16]. Therefore, despite the importance of en-
suring adequate exposure to the components of HIV regimens,
no gold standard exists in current practice to assess antiretroviral
exposure.

Our models show that antiretroviral exposure as measured
in hair far surpasses commonly used covariates to predict HIV
treatment outcomes [17]. Failed antiretroviral regimens result in
substantial long-term adverse effects, including increased drug
and diagnostic testing costs, as well as avoidable clinical and
transmission events. Because patients who experience virologic
failure on a regimen demonstrate attenuated rates of immune
reconstitution on future regimens [18], substantial efforts
should be made to optimize first-line cART. Preserving
responses to first-line regimens are of particular import in
resource-limited settings, where the average annual cost of
second-line cART regimens can be up to 8 times that of first-line
regimens [19]. The risk of viremia on therapy is highest in the
first year after initiating cART and can be linked to increased
HIV transmission rates [20]. Therefore, when initiating HIV
treatment, the incorporation of an effective antiretroviral
exposure measure, such as hair concentrations, during initial
monitoring may avert early virologic failure, blunted responses
to subsequent regimens, and the need for expensive or
inaccessible second-line regimens.

Previous models of outcomes with atazanavir-based regimens
have failed to define precise parameters of atazanavir exposure
that increase the likelihood of virologic suppression [15, 21].
This failure could be a result of using single plasma atazanavir
concentrations in these models to define exposure instead of a
longer term measure. A recent report revealed that average ad-
herence to dosage with boosted PI regimens was a better pre-
dictor of virologic suppression than was duration or frequency
of missed doses [22]. Hair antiretroviral concentrations average
daily exposure variability in a manner analogous to that of
glycosylated hemoglobin A1C providing information on mean
daily glucose levels in diabetic patients. A previous analysis by
our group demonstrated that hair levels of antiretrovirals are

more closely correlated with areas under the curve from in-
tensive pharmacokinetic studies than are single plasma levels
[23].
measurements predict treatment outcomes with greater accuracy

Therefore, it is not surprising that hair antiretroviral

than do single plasma levels. Another analysis by our group, di-
rectly comparing levels of antiretrovirals in hair with plasma levels
to predict treatment responses, demonstrated the superiority of
hair levels [23].

In addition to showing that atazanavir concentrations in
hair predict virologic responses more strongly than self-re-
ported adherence or other factors, we demonstrate that lapses
in adherence, antiretroviral exposure, or virologic suppression
are all associated with an increased likelihood of subsequent
failure. Since adherence difficulties or the presence of de-
tectable virus during therapy are well-known contributors to
virologic failure, either state is likely to trigger corrective
measures in the clinical setting. However, the inaccuracy of
self-reported adherence, the lack of routine virologic mon-
itoring in many resource-limited settings, and the fact that
detectable viral loads when available may already indicate
mutations [24] all increase the appeal of finding another tool
to prospectively predict failure. Our models show that low
antiretroviral hair levels portend a high risk of virologic fail-
ure; hair measures in the clinical setting could therefore
trigger interventions to correct either adherence or low
pharmacokinetic levels (eg, through assessing drug-drug in-
teractions or diet) to extend regimen durability (Figure 4). Of
note, only participants with hair atazanavir measurements in
the higher quintiles during WIHS visits following a failure
scenario had rates of virologic suppression similar to those in
clinical trials. This supports the concept that the reasons for
low drug levels in hair must be investigated and addressed by
adherence intervention, change in regimen, or possibly dose
increase (the latter requires additional study). Our group is
currently planning a clinical trial assessing adherence inter-
ventions, regimen change, or dose modification of anti-
retrovirals based on hair measurements of anchor regimen

components in a clinical setting.
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As we proposed previously [7], one possible algorithm for
testing would involve measuring antiretroviral levels in hair
soon after starting a new antiretroviral regimen and performing
HIV viral load testing only if the hair levels fall into the lower
quintiles as defined above (Figure 4). Data showing that the risk
of viremia on therapy is highest during the first year after ini-
tiating cART [20] supports the use of these measures soon after
regimen initiation. Data from the resource-limited setting
showing that routine viral load monitoring decreases rates of
virologic resistance over routine monitoring alone may argue for
the use of hair measures as a surrogate for the former [25]. If the
atazanavir level in hair is <1.78 ng/mg (first or second quintile),
the rates of virologic failure approach 50% and intensive ad-
herence interventions (vs a pharmacokinetic evaluation for low
exposure if adherence is deemed adequate) should be triggered.
After a patient is receiving stable HIV therapy, antiretroviral
measurements using hair need not be performed routinely but
only when clinical disease progression is observed (for settings
where routine CD4 cell count or viral load monitoring are not
available) or when an alteration in drug exposure is predicted,
such as a new drug-drug interaction, pregnancy, change in di-
etary patterns, change in liver or renal function, and so on.

Unlike phlebotomy, hair collection is noninvasive and does
not require specific skills, sterile equipment, or specialized
storage conditions. The collection of hair samples for analysis
merely requires a pair of scissors, and storage is at room tem-
perature. Hair can be stored for long periods of time prior to
analysis, shipped without precautions for biohazardous mate-
rials, and analyzed economically in a high-throughput hair

low levels

Possible algorithm for use of atazanavir hair levels in the clinical setting. ATV, atazanavir.

analysis laboratory. These features may make this monitoring
tool particularly advantageous in the resource-poor setting,
especially when routine viral load monitoring is prohibitively
expensive. We recently applied these hair measures in a nested
case-control study in 2 South African public health clinics and
found that low concentrations of lopinavir in hair had a high
predictive value for virologic failure in that setting [25]. We are
currently working on developing a lower cost, point-of-care
method of analyzing antiretroviral levels in hair for resource-
constrained settings to increase the feasibility of this tool. The
results of the analyses presented here argue for the possibility of
hair antiretroviral concentrations serving as a method of HIV
therapeutic drug monitoring that may increase the durability of
current antiretroviral regimens in a variety of settings.
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