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Abstract

Objective—We assessed the relationship of self-reported adherence versus antiretroviral therapy
(ART) concentrations in hair with virologic outcomes among young people living with HIV.

Design—This was a cross-sectional study that enrolled young people living with HIV age 11-24
years, who attended a youth HIV clinic in Moshi, Tanzania.

Methods—ART adherence was assessed by self-report, drug concentration in hair samples, and
plasma HIV-1 RNA measurements. Those with virologic failure, defined as plasma HIV-1 RNA >
400 copies/mL, had genotypic resistance assessed. Receiver operating characteristic (ROC) curves
were used to evaluate ART-concentration threshold cut-offs for virologic suppression, after
excluding those with known high-level resistance mutations.

Results—Among 280 young people enrolled, 227 were included in the final analysis. Seventy-
two (32%) self-reported inadequate adherence and 91 (40%) had virologic failure. Hair ART-
concentration (p<0.001), but not self-reported adherence (p=0.53), was associated with virologic
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outcome. Sixty-seven (74%) of those with virologic failure had resistance testing performed, of
whom60% had high-level resistance. ROC curves demonstrated moderate or high classification
performance for association with virologic suppression with specific hair ART-concentration cut-
offs for lopinavir (1.8ng/mg), efavirenz (1.04 ng/mg), and nevirapine (33.2 ng/mg).

Conclusions—Hair ART-concentrations were significantly associated with virologic outcomes
among young people living with HIV. ART-concentration thresholds associated with virologic
suppression are proposed. Hair analysis may provide a non-invasive, cost-effective adherence
assessment tool in settings with limited 2"d and 3"-line treatment options.
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Introduction

AIDS is the leading cause of death for adolescents in Africa and the second cause
globally[1]. Adequate adherence to antiretroviral therapy (ART) is key to remaining healthy,
preventing opportunistic infections, maintaining sustained virologic suppression, and
averting viral resistance [2]; however, young people have particular difficulty adhering to
ART with worse virologic outcomes compared to both children [3] and adults[4]. Poor
adherence among young people could be due to a number of biologic and psychosocial
factors, such as mode of HIV acquisition (perinatally-acquired versus behaviorally-acquired
HIV)[5]; perceived difficulty of regimen and forgetfulness [6]; stigma and/or mental health
issues[7]; and, medication side effects and pill burden [2].

Measuring ART adherence remains a challenge. Self-report from caregivers or patients is
common, low-cost, and easily implemented, but is highly subjective with known limitations
of overestimating adherence compared to objective measures [8]. More objective measures
like pill counts, pharmacy refills, and electronic monitoring systems—pill bottles which
digitally record bottle openings—have shown stronger association with virologic outcomes,
yet are limited by expense[9]and an inability to reflect actual medication consumption[10].
Plasma and urine levels are more reliable quantitative measures of drug adherence; however,
both are limited by reflecting only short windows (one to two days) of adherence and require
specimen collection using biohazardous precautions and cold storage[11, 12]. Compared to
these other measures, direct measurement of HIV-1 RNA levels may afford greater insight
into adherence; however, frequent viral load testing may be limited by expense in less
resourced settings and interpretation might be complicated in the setting of drug resistance.

Analyzing drug concentration in hair as a metric of adherence affords some advantages. Hair
measures are objective and provide a long-term window of adherence (weeks to months)
[13]. Collection is logistically simpler than for blood because phlebotomy skills are not
required, collection is non-invasive, and samples can be stored at room temperature[14],
avoiding cold-storage challenges in settings with unpredictable power outages. When
partnered with viral load testing, ART concentrations in hair can provide further insight into
the possibility of drug resistance (e.g., likely if both hair ART-concentration andHIV-1 RNA
level are high). In adults, a number of studies have shown the relationship between ART
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levels in hair and virologic outcomes [12, 15-18], but little research exists to assess the
validity of this measure among young people. ART concentrations in the pediatric
population can offer not only information on adherence, but also provide pharmacokinetic
information in the setting of dosing changes and maturing metabolizing and clearance
mechanisms. ldentifying drug concentrations at which virologic suppression is expected
may provide insight into dosing and help unravel whether failure is due to adherence versus
resistance.

The aim of this study was to determine the association between self-reported adherence and
ART concentration in hair with virologic outcomes and to define ART-level thresholds
expected to predict virologic suppression in a cohort of young people living with HIV in
Tanzania.

This was a cross-sectional study that enrolled HIV-positive young people between 11 and 24
years of age who knew their HIV status and attended a monthly youth-focused HIV clinic
called “Teen Club”at either Kilimanjaro Christian Medical Centre (KCMC) (December 2013
— December 2014) or Mawenzi Regional Referral Hospital (MRRH) (February — July 2015)
in Moshi, Tanzania. Teen Club is a unique Saturday HIV clinic for young people (11-24
years of age). Young people who know their HIV status are referred to Teen Club from the
standard care and treatment clinic. All young people attending Teen Club receive education
on topics such as stigma, adherence, and sexual reproductive health, in addition to monthly
doctor visit and ART prescription refill.

A structured questionnaire was administered to study participants in Swahili. Four trained,
native Swabhili-speaking, female research assistants aged 25-35 years administered the
questionnaire to study participants, which included queries on self-reported adherence by
asking dichotomously, “Have you missed any doses of your medication in the last two
weeks, yes or no?” and categorically, “Think about the past week (7 days); on average, how
often did you miss a dose of medication?” Response options included, “(1) once a day; (2)
more than once a week, but not every day; (3) once a week; or (4) | don’t miss my
medicine.” Inadequate adherence by self-report was defined as reporting any missed ART
doses on either of the survey items. Participant ART regimen was extracted from the clinical
file. First-line regimens included two nucleoside reverse transcriptase inhibitors (NRTI) plus
a non-nucleoside reverse transcriptase (NNRTI) of either nevirapine (NVP) or efavirenz
(EFV); second-line regimens included two NRTIs plus a ritonavir (RTV) boosted protease
inhibitor (PI) of either lopinavir (LPV) or atazanavir (ATV).

HIV measures

The participants’ most recent CD4 result and current ART regimen at the time of the
questionnaire were extracted from the clinical file. Using previously described methods[15],
hair samples of 20-30 strands were cut from the occipital scalp close to the follicle, enclosed
in foil, sealed in a plastic bag at room temperature, labeled with a participant identifier
number, and stored in a dark locked drawer. If braided, hair was collected between braids.
Blood for HIV-1 RNA measurements was collected concurrently with hair. ART
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concentrations in hair were measured for EFV, NVP, LPV, ATV, and RTV at the University
of California, San Francisco Hair Analytical Laboratory (HAL). The methods for analyzing
ART concentrations in hair are validated, reproducible liquid chromatography-tandem mass
spectrometry-based methods that are peer-reviewed and approved by the National Institutes
of Health-support Division of AIDS Clinical Pharmacology and Quality Assurance
Program[19, 20]. HIV-1 RNA analysis was performed at the Kilimanjaro Clinical Research
Institute (KCRI) Biotechnology Laboratory, which participates in international external
quality assurance programs, using the Abbott m2000 (Des Plaines, IL). Virologic failure was
defined as plasma HIV-1 RNA > 400 copies/mL. For those with virologic failure, plasma
samples were sent to the Duke Human Vaccine Institute (DHVI) where reverse transcriptase
resistance testing was performed using SuperScript® |11 Reverse Transcriptase (Invitrogen;
Carlsbad, CA) following the manufacture’s instruction. Sequencing results were edited using
Geneious R8 (Auckland 1010, New Zealand). Sequences were aligned and the phylogenetic
tree was drawn by using SeaView version 4 [21], with sequence interpretation performed by
the Stanford University HIVdb program[22].

Statistical analyses

Descriptive statistics were used to summarize demographic, adherence, and virologic
outcomes. Statistical analyses to compare demographic characteristics between participants
with virologic suppression versus failure were performed using the chi-square test of
independence or Wilcoxon rank sum test for categorical and continuous variables,
respectively. Drug-concentration threshold values were derived with receiver operating
characteristic (ROC) curves, excluding those with known high-level resistance mutations.
All statistics were generated using Stata/SE 14.1 (StataCorp, College Station, Texas).

Ethical review and informed consent

Results

Written informed consent was provided by participants 18 years or older. A parent or
guardian provided consent for participants younger than 18 years of age, along with youth
assent. The Duke University Medical Center Institutional Review Board, the KCMC
Research Ethics Committee, and the Tanzanian National Institute of Medical Research
approved the study protocol.

Of 280 participants enrolled, we excluded 21 who had not yet started ART, 27 who had
insufficient hair for sampling, and five who had an incorrect ART regimen reported and
tested, leaving 227 in this analysis (Figure 1). Excluded participants were similar to included
participants in demographics and self-reported adherence, with the exception of more
participants being excluded from KCMC and experiencing virologic failure. Individuals with
and without virologic failure had similar demographics (Table 1). Median age of participants
was 16 years and nearly half were female;61% attended KCMC. The median time receiving
ART was six years and the majority (72%) were still receiving first-line ART.
Approximately 30% of participants self-reported missing ART medication overall; 30% of
those with virologic suppression self-reported missing ART and were defined as having
inadequate adherence. Virologic failure was demonstrated in 40% overall. Absolute CD4
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cell counts were significantly higher in those with virologic suppression compared to those
with virologic failure (p<0.001).

Virologic outcomes were not significantly associated with self-reported adherence (p=0.53;
Table 1), but were significantly associated with ART concentration in hair (p<0.001) for all
drugs except ATV (p=0.11; Table 2; Figure 2). Of 91 participants with virologic failure,
67(74%) underwent ART resistance testing, 40 (60%) of whom had high-level resistance
(Figure 1). For participants receiving first-line therapy, high-level resistance was identified
for 15/16 (94%) participants failing NVP and 24/26(92%) failing EFV. The one participant
failing therapy and without resistance to NVP had a hair drug-level below the limit of
detection (<0.50 ng/mg). Similarly, the two youth without resistance to EFV had low hair
drug-levels of <0.05 ng/mg and 0.62 ng/mg. For participants receiving second-line therapy,
1/18 (6%) had high-level resistance to LPV and no youth (0/7) had resistance to ATV.

After excluding those with high-level resistance mutations, the ROC curve demonstrated
high classification performance in predicting virologic outcome for LPV concentrations in
hair (area under the curve [AUC]= 0.94, 95% confidence interval [CI], 0.86-1.00;Figure 3)
and moderate classification performance for EFV hair-levels (AUC = 0.85 [95% ClI, 0.64—
1.00]), as well as NVP hair-levels (AUC = 0.77 [95% CI, 0.57-0.98]). Using the hair ART-
concentration with the highest percent of correctly classified samples, we determined hair
ART-concentration thresholds predicting virologic suppression for LPV (1.80 ng/mg,
sensitivity 100.00%, specificity 80.95%), EFV (1.04 ng/mg, sensitivity 98.11%, specificity
66.67%), and NVP (33.20 ng/mg, sensitivity 94.00%, specificity 61.54%; Figure 3).

Discussion

Our study of young people living with HIV in Tanzania found high rates of virologic failure
(40%) and high rates of viral resistance (60%). The study also demonstrated a strong
relationship between an objective measure of adherence to ART using hair levels (but not
self-reported adherence) with virologic suppression. This study is among the first to
investigate the association of hair ART-concentrations with virologic outcomes among
young people and is the first to determine thresholds of hair concentrations of various ARTs
(NVP, EFV, and LPV) associated with virologic suppression. The only other pediatric study
evaluating hair NNRTI-levels demonstrated a non-significant association of hair metrics
with other adherence measures, but did not examine the association between hair levels and
virologic outcomes [23]. Three other studies in the pediatric population have reported that
increased PI levels in hair are significantly associated with virologic suppression [14, 24,
25]. The age range of children in two of these studies [14, 24] was 7 to 13 years,
representing a younger developmental phase, likely with different pharmacokinetic
characteristics[26] than participants in our study. In a third study, ATV levels in hair were
significantly associated with virologic outcomes in adolescents[25]; however, our study had
only a few participants receiving ATV-based regimens (N=13), limiting our ability to
identify concentration thresholds for this drug.

Self-reported adherence was not associated with virologic outcomes, a finding consistent
with other studies demonstrating the poor utility of self-report as an adherence measure [8].
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Within this finding, 30% of participants who self-reported missing doses, therefore defined
as inadequate adherence over the past 2 weeks, actually had virologic suppression. In the
present age of more robust ART, missing one or two doses a week may be adequate to
maintain virologic suppression with some regimens[27]. Based on the self-report adherence
questions used in this study, we were unable to assess the relationship between longer self-
reported periods of non-adherence and virologic outcomes.

Virologic failure rates among the Tanzanian young people in this cohort were staggeringly
high (40%), higher than youth studies elsewhere in Africa[28-30] and Asia[31, 32]. With
limited access to viral load testing, one reason might be the challenge for physicians of
knowing when to switch a patient from first-line to second-line therapies, leading to
conditions in which viral resistance mutations can accumulate on a failing regimen. Self-
report poorly assesses adherence, and while the WHO has established clinical criteria to help
physicians judge when to switch regimens, in resource-limited settings these criteria have
also been documented as poor predictors of failure[33-35].

The high rate of virologic failure observed in this study underscores the vulnerability of this
population and represents a major public health concern. Sub-optimal adherence can lead to
virologic failure which increases the risk of forward transmission and the development of
additional resistance mutations over time, limiting future treatment options[36]. The longer
virologic failure persists, and at a higher viral load, the greater the number of resistance
mutations that accumulate [37].

A large proportion (74%) of participants with virologic failure (HIV-1 RNA > 400
copies/mL) in our study underwent resistance testing. The majority of young people failing
first-line therapy had high-level resistance mutations to NVP and EFV. As NNRTI-based
regimens are considered first-line treatment for children over 3 years old in developing
settings, resistance to these backbone medications poses a significant public health
challenge. As these settings have limited access to second- and third-line treatments, it is
necessary that children and adolescents be maintained on first-line medications as long as
possible; however, a major limitation to durability is inadequate adherence. The WHO
global 90-90-90 targets (90% of people with HIV diagnosed, 90% of diagnosed receiving
treatment, and 90% of treated with virologic suppression) will be significantly challenged
with high rates of virologic failure and ART resistance[38].

Determining ART-concentration thresholds in hair above which young people are likely to
suppress virologically is clinically useful. If plasmaHIV-1 RNA is elevated, one must
determine whether the problem is poor adherence, a resistant virus, or both. Through
identifying a low drug concentration in hair, practitioners can intervene with adherence-
focused counseling with the goal to reach an adequate drug level and suppress viral loads
without the need to switch regimens. Chawana et al.[25] were able to identify a threshold
level of ATV in hair (>2.35 ng/mg) associated with virologic suppression, although 38% of
those above the cut-off still exhibited virologic failure. Using ROC curves, we identified a
threshold with high classification performance for LPV (1.80 ng/mg) and thresholds with
moderate performance for EFV (1.04 ng/mg) and NVP (33.20 ng/mg). All three had high
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sensitivities, but with reduced specificities, especially for EFV and NVP, possibly due to a
quarter of the samples lacking resistance data.

Although hair collection is inexpensive and easy, liquid chromatography/tandem mass
spectrometry-based methods of analyses are expensive[16]. However, lower-cost methods
using thin-layer chromatography are currently in development[39]. As data on the promise
of this adherence metric burgeons, the benefit to reducing the risk of high-level HIV
resistance mutations for both adults and young people by objective adherence measurement
might prove cost-effective[40]. Hair analysis coupled with viral load measurement has the
added benefit of allowing the clinician to infer information regarding resistance. Knowing
the viral load alone cannot provide the distinction between failure due to poor adherence or
secondary to viral resistance.

Our study has limitations. First, this is a cross-sectional study and therefore cannot assess
the development of resistance mutations and their association with adherence overtime.
Second, since resistance testing was not available for a quarter of those with virologic
failure, inclusion of these samples in the ROC analysis might have skewed the results if
high-level resistance was indeed present. Lastly, we have not rigorously tested threshold
ART levels in hair. Future research with a larger sample size and more complete resistance
data is needed to validate the sensitivity and specificity of ART-specific threshold levels
associated with virologic suppression to enable implementation of these thresholds into
clinical care.

Finding low-cost, effective methods to assess adherence remain critical to managing HIV
treatment outcomes of young people. In this study, ART concentrations in hair were
significantly associated with virologic outcomes and represented a more accurate adherence
measure compared to self-report. Identifying an ART-concentration threshold associated
with virologic suppression may provide a non-invasive, cost-effective, clinically-useful tool
for young people living with HIV in settings with limited second-and third-line treatment
options.
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Figure 2. Hair ART-concentration by virologic outcome
VS, virologic suppression; VF, virologic failure: HIV-1 RNA >400 copies/mL; p-value for

Wilcoxon rank sum test; participants with VVF and high-level resistance mutations shown
(X), if known.
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Figure 3. Hair ART-concentration receiver operating characteristic curves
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area under receiver operating characteristic curve; Cl, confidence interval.
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