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Background. Young men-who-have-sex-with-men (MSM) are disproportionately impacted by human immunodeficiency virus 
(HIV). Preexposure prophylaxis (PrEP) could reduce HIV acquisition among youth, but suboptimal adherence threatens effective-
ness. Optimal metrics of PrEP adherence among adolescents have remain undefined.

Methods. The Adolescent Trials Network 110/113 studies provided daily oral PrEP with tenofovir (TFV) disoproxil fumarate/
emtricitabine over 48 weeks to a diverse population of MSM (aged 15–22 years). Self-reported adherence was assessed and PrEP 
drug concentrations measured from hair and dried blood spot (DBS) samples; 23% of participants received Wisepill electronic 
monitoring devices. The average number of PrEP doses per week taken was estimated, and concordance between measures assessed.

Results. Among 243 participants, hair samples were collected at 1186/1238 (96%) person-visits. The concordance of TFV levels 
in hair and TFV-diphosphate in DBS around thresholds consistent with taking ≥4 and 7 PrEP doses/week was high (76% and 80%). 
Hair and DBS concentrations correlated poorly with self-report and Wisepill metrics. Through week 12, 40%–60% of participants 
(by hair and DBS), ≤31% (Wisepill), and >85% (self-report) were estimated to have taken ≥4 PrEP doses/week (a threshold associ-
ated with protection among MSM). For all measures except self-report, adherence declined over time, with half of participants taking 
<2 doses/week by week 48.

Conclusions. Among youth on PrEP, adherence waned over time. Self-report overestimated adherence, and use of Wisepill was 
limited. Hair collection was highly acceptable and provided similar interpretations to DBS. Incorporation of either metric in future 
PrEP studies among youth could identify suboptimal adherence and trigger interventions.

Keywords. adherence; adolescent; HIV prevention; preexposure prophylaxis. 

Adolescents and young adults have among the highest human 
immunodeficiency virus (HIV) incidence rates in the United 
States and globally [1, 2]. In the United States, young black and 
Latino men who have sex with men (MSM) are disproportion-
ately impacted by HIV [1]. Oral preexposure prophylaxis (PrEP) 
with tenofovir (TFV) disoproxil fumarate (TDF)/emtricitabine 
(FTC) is highly effective at preventing HIV acquisition if taken 
consistently [3–5]. However, in HIV treatment and prevention 
settings, adolescents and young adults have demonstrated sub-
optimal adherence [6–8], threatening to compromise the effect-
iveness of PrEP in this at-risk population.

Given the importance of adherence for PrEP effectiveness, 
strategies to assess adherence are needed. However, the optimal 
PrEP adherence metrics for adolescents have not yet been eval-
uated and may differ from those for adults due to differences in 
acceptability and feasibility of various measures. Self-report is 
subject to recall and social desirability biases and may overesti-
mate adherence [9, 10]. Therefore, more objective measures such 
as electronic devices that track pill bottle openings (eg, Medication 
Event Monitoring System (MEMS) caps [11] and Wisepill [12]) 
and longer-term pharmacologic measures that estimate averaged 
adherence over weeks to months (eg, drug concentrations in 
small hair samples [13–15] and dried blood spots [DBS] [5, 16, 
17]) are of interest. Hair has advantages in terms of collection in 
the field since it does not require phlebotomy, biohazardous pre-
cautions, or shipment/storage at cold temperatures. These objec-
tive adherence measures have been examined to a limited extent 
among young persons on PrEP [18, 19].

In this study, we examined 4 adherence measures (self-report, 
Wisepill, hair, and DBS) and changes in adherence over time 
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among adolescent and young MSM enrolled in the Adolescent 
Trials Network (ATN) 110 [20] and 113 [21] studies. We com-
pared these measures to each other and evaluated the acceptabil-
ity of Wisepill use and hair collection in this at-risk population.

METHODS

Study Population

The ATN 110 and 113 studies were open-label demonstration 
projects and phase 2 safety studies of oral PrEP among MSM 
aged 18–22 and 15–17  years, respectively, in 12 US cities [20, 
21]. Participants were HIV uninfected and reported HIV risk in 
the previous 6 months (eg, condomless anal intercourse, multiple 
partners, recent sexually transmitted infection). Participants were 
provided TDF/FTC 300/200  mg free of charge for 48 weeks of 
daily dosing. HIV testing, safety laboratory studies, and adherence 
assessments were performed at weeks 4, 8, and 12 and quarterly 
thereafter. All participants provided written informed consent, and 
each site’s institutional review board approved study procedures.

Adherence Measurements

Self-reported adherence was measured based on recall of 
pill-taking over the preceding 30  days using the timeline fol-
low-back method [22]. Adherence was operationalized as the 
proportion of pills taken divided by the number expected over 
30 days preceding each study visit.

Study sites were randomly selected to provide participants 
with the Wisepill wireless adherence monitoring device 
(Wisepill Technologies, Cape Town, South Africa), which was 
offered consecutively to up to 60 participants in ATN 110 and 
40 in ATN 113. Each device held approximately a 2-week sup-
ply of TDF/FTC. Participants were responsible for refilling 
the device between visits. Each time the Wisepill is opened, 
the date and time are wirelessly transmitted to a server. 
Adherence was measured based on the number of device 
openings and the number expected over 30  days preceding 
each visit. Device openings >1/day were coded as 1/day.

Small hair samples (50–100 strands) were collected by 
trained study staff from the occipital scalp, although the pro-
tocol allowed for opting-out of collection. Hair samples were 
stored at ambient temperature and shipped to the University of 
California San Francisco Hair Analytical Laboratory. Drug con-
centrations in the 1.5 cm of hair closest to the scalp, represent-
ing drug exposure over the preceding 6 weeks, were used as the 
metric in this study, although segmental analysis can allow for 
determination of adherence over shorter periods of time [23]. 
Hair levels are measured via validated liquid chromatography/
tandem mass spectrometry (LC/MS-MS)–based methods [15]. 
The assays to measure hair TFV and FTC concentrations have 
been peer reviewed and approved by the Division of AIDS’ 
Clinical Pharmacology and Quality Assurance (CPQA) pro-
gram [24] and are validated from 0.002–0.4 ng TFV/mg hair 
and 0.02–4.0 ng FTC/mg hair.

Whole blood was collected via phlebotomy and spotted onto fil-
ter paper to create DBS, which were stored at –20°C or –80°C and 
shipped to the Antiviral Pharmacology Laboratory at the University 
of Colorado. A 3-mm DBS punch sample was extracted in 70:30 
methanol, and the lysed cellular matrix was analyzed for tenofo-
vir-diphosphate (TFV-DP), representing longer-term exposure 
(approximately 17-day half-life), and emtricitabine-triphosphate 
(FTC-TP), representing shorter-term exposure (approximately 
1.5-day half-life) [16]. Our methods are CPQA approved [17, 25] 
and use LC/MS-MS with dynamic ranges of 2.5–2000 fmol/sample 
(TFV-DP) and 0.1–200 pmol/sample (FTC-TP).

Measurement of Acceptability of Hair Collection and Use of Wisepill

At each follow-up visit, participants were asked to provide a 
hair sample. Acceptability was measured based on the number 
of samples collected of the total number expected. A conveni-
ence sample of participants who received Wisepill devices took 
a quantitative, self-completed survey that included questions 
about the likelihood of future use. Given that DBS collection 
requires phlebotomy (a standard procedure for laboratory 
monitoring), we did not separately evaluate its acceptability.

Statistical Analyses

The concordance of drug detection of TFV-DP and FTC-TP in 
DBS and of TFV and FTC in hair was tabulated after pooling 
visits through week 48. Week 4 was excluded from analyses 
because hair samples were cut to 1.5 cm to reflect drug expos-
ure over the preceding 6 weeks and thus could not be used to 
measure adherence at 4 weeks. Spearman correlation coeffi-
cients were estimated to assess the relationship between phar-
macologic (hair and DBS) and nonpharmacologic (self-report 
and Wisepill) measures.

The average number of tablets/week taken was estimated for 
each adherence measure and categorized as 0 or below the limit 
of quantitation (BLQ) of the assay, <2, 2–3, 4–6, and ≥7 tab-
lets/week. These categories were selected based on analyses that 
suggested that taking ≥4 TDF/FTC tablets/week provides high 
levels of protection against HIV among MSM [5]. For self-re-
port and Wisepill, these categories corresponded to 0%, >0% to 
<21.4%, 21.4% to <50%, 50% to <93%, and ≥93% of expected 
doses taken, with the bounds of the intervals based on 1.5, 3.5, 
and 6.5 tablets/week. For hair, the number of tablets/week was 
estimated [13] based on a directly observed dosing study of 
TDF [15]. Dosing categories for TFV concentrations in hair 
were BLQ, lower limit of quantitation (LLQ) to <0.0096, 0.0096 
to <0.0206, 0.0206 to <0.0370, and ≥0.0370 ng/mg. For DBS, 
dosing categories were BLQ, LLQ to 349, 350–699, 700–1259, 
and ≥1250 fmol/sample based on a pharmacokinetic model 
[17] and confirmed with a directly observed dosing study [26]. 
Adequate adherence consistent with taking ≥4 doses/week has 
been defined as ≥700 fmol/punch for TFV-DP in DBS [5] and 
≥0.023 ng/mg for TFV in hair [15].
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RESULTS

Characteristics of Study Participants and Summary of Adherence 
Measures

This analysis included participants with data on at least 1 adher-
ence measure from at least 1 follow-up visit: 176/200 ATN 110 
participants and 67/79 ATN 113 participants. In this subset, 
median age was 19  years (range, 15–22); 32% self-identified 
as Hispanic/Latino. Among non-Hispanic/Latino participants, 
67.9% identified as black/African American, 26.5% as white, 
4.3% as American Indian, and 1.2% as Asian/Pacific Islander. 
Sixty-five participants had Wisepill monitoring data and were 
similar in age to those not provided the Wisepill but more likely 
to be Hispanic/Latino (46% vs 27%, P  =  .013) and less likely 
to be black/African American (43% vs 58%, P = .066). Table 1 
summarizes median adherence levels across all-person visits for 
the 4 measures.

Acceptability of Hair Collection and Wisepill Usage

Hair samples were collected at 1186/1238 (95.7%) of expected 
person-visits. The main reasons for noncollection were lack of 
time or inability of the participant to provide a sample. Due to 
close-out of the study, 418 (35.7%) of collected hair samples 
were not analyzed. In a survey administered to 18 participants 
who used the Wisepill, 10 (55.6%) said they would be “not at all 
likely,” 5 (27.8%) “somewhat likely,” and only 3 (16.7%) “very 
likely” to use the device in the future if available outside the 
study.

Change in Adherence Over Time by Pharmacologic and Nonpharmacologic 
Measures

Figure 1 demonstrates PrEP adherence over time as assessed using 
the 4 measures. For all measures, adherence declined over time, 
particularly following week 12. Despite this finding, self-reported 
adherence remained relatively high, with more than 75% of par-
ticipants reporting that they took ≥4 PrEP doses/week through 48 
weeks. Fewer than one third of participants had recorded Wisepill 
openings consistent with taking ≥4 doses/week at any visit. For 

hair and DBS measures, adherence rates were similar, with 40%–
60% of participants estimated to have taken ≥4 doses/week at 
weeks 8 and 12. However, adherence declined over time per both 
pharmacologic measures; by week 48, half of participants were 
taking <2 doses/week based on either hair or DBS concentrations. 
Per the pharmacologic measures (although self-reported adher-
ence was higher), fewer than 20% of participants were taking PrEP 
on a daily basis (7 doses/week) at any visit.

Levels of Adherence Among Human Immunodeficiency Virus 
Seroconverters

Seven participants were diagnosed with HIV during the 48 
weeks of follow-up. In samples collected at the visit closest to 
the date of seroconversion, all 7 participants had TFV hair con-
centrations and TFV-DP concentrations in DBS consistent with 
taking <2 doses/week. Six of the 7 participants had TFV hair 
concentrations at or below the assay’s LLQ. Mean self-reported 
adherence (assessed at the seroconversion visit for 4 partici-
pants) was 83%. One participant received a Wisepill device and 
had zero device openings recorded in the 30 days prior to the 
seroconversion visit.

Concordance of Drug Detection in Hair and Dried Blood Spots

The concordance of levels of TFV in hair and TFV-DP in DBS 
consistent with taking ≥4 and 7 PrEP doses/week was high 
(76% and 80%, respectively; Figure 2). The concordance of drug 
detection and nondetection between hair and DBS measures 
was high across study visits (88.6% for TFV in hair and TFV-DP 
in DBS; Table 2). Concordance was also high for TFV and FTC 
detection and nondetection in hair samples (84%). Concordance 
was lower between both hair measures and FTC-TP in DBS and 
between TFV-DP and FTC-TP in DBS (Table 2).

Correlations between Pharmacologic and Nonpharmacologic Measures

Hair and DBS concentrations of TDF and FTC metabolites 
were poorly correlated with self-report (all r < 0.40, P <  .001; 
Table  3). Adherence estimates for both pharmacologic meas-
ures were also poorly correlated with Wisepill openings.

DISCUSSION

In this study of primarily racial/ethnic minority adolescent 
and young MSM in urban centers in the United States, we per-
formed the first comprehensive analysis and comparison of 4 
metrics that are increasingly used to assess adherence in PrEP 
studies and programs: self-report, Wisepill device openings, 
and the quantification of PrEP drug concentrations in hair and 
DBS. With all 4 metrics, we found higher rates of initial adher-
ence to PrEP, with waning adherence over time and inadequate 
adherence by 48 weeks. As in prior studies [27], self-report 
overestimated adherence compared to pharmacologic meas-
ures. In contrast, Wisepill openings underestimated adherence 
relative to pharmacologic metrics, likely because the devices 

Table  1. Summary Statistics for Each Adherence Measure Across All 
Person-Visits in the Adolescent Trials Network 110 and 113 Studies

Measure N Median
Interquartile 

Range Range

TFV in hair, ng/mg 768 0.013 0.003, 0.030 0.002, 0.32

FTC in hair, ng/mg 761 0.16 0.02, 0.45 0.02, 2.84

TFV-DP in DBS, fmol/sample 993 592.9 90.4, 1073.6 0, 3171.5

FTC-TP in DBS, pmol/sample 993 0.14 0, 0.25 0, 0.60

Self-reported adherence, % 992 90 70.0, 100 0, 100

Wisepill bottle openings, % of 
expected

254 3 0, 35.5 0, 100

Due to study close-out, not all hair samples that were collected were analyzed.

Abbreviations: DBS, dried blood spot; FTC, emtricitabine; FTC-TP, emtricitabine-triphos-
phate; TFV, tenofovir; TFV-DP, tenofovir-diphosphate.
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were not being used. We found hair and DBS measures to be 
concordant in terms of estimating number of PrEP doses taken 
per week and found high acceptability (>95%) of hair collec-
tion. Therefore, future investigators may elect to use either DBS 
or hair, with the decision on which metric to use based on feasi-
bility and acceptability in the particular study context and pop-
ulation. In all 7 participants who seroconverted, levels of PrEP 
drugs in hair and DBS were low, although self-reported adher-
ence was high. Overall, our findings underscore that self-report 
to PrEP overestimates actual adherence in young people, that 
either hair or DBS are acceptable adherence metrics in this 
group, and that the waning of adherence over time is particu-
larly dramatic among youth.

Over the first 3 months of the study, approximately half of 
youth achieved hair and DBS drug concentrations consistent 
with taking ≥4 doses/week, estimated to provide protection 
from HIV acquisition among MSM [5]. However, adherence 
decreased over time, and by week 48, only one third of partic-
ipants had drug concentrations in hair or DBS consistent with 
taking ≥4 doses/week. Of note, declining levels of adherence 
over time have been demonstrated in other clinical trials [28, 
29] that used subjective measures, with younger participants 
at greater risk. However, the decline in adherence seen in our 

study is more profound than has been noted in other trials, 
likely reflecting the increased accuracy of objective measures 
to demonstrate this phenomenon over nonobjective measures.

Since adherence to PrEP is critical to its effectiveness [27], 
strategies to both monitor and promote adherence over time will 
be essential to the success of PrEP among youth. Incorporation of 
adherence measures that are accurate, acceptable to participants, 
and feasible to collect will be important as PrEP is rolled out in 
both domestic and global settings. This study used the timeline 
follow-back method to assess self-reported adherence, a validated 
tool [30] that prompts participants to remember key life events 
that may have impacted pill-taking in the preceding 30 days [22]. 
Yet, even with this enhanced assessment tool, self-report appeared 
to vastly overestimate pill consumption compared to pharmaco-
logic measures in this study. Although positive provider–patient 
interactions can reduce the social desirability bias that plagues 
self-reported adherence [31, 32], multiple studies have demon-
strated at this point that incorporation of some form of objective 
adherence monitoring into PrEP assessment is useful.

Wisepill devices send a signal to a server each time the device 
is opened, leading to interest in using them for both real-time 
adherence monitoring and to trigger feedback or reminders if 
missed doses are detected [12]. In the subset of participants in 

Figure 1. Levels of adherence by study week for 4 adherence measures: self-report, Wisepill openings, tenofovir concentrations in hair, and tenofovir-diphosphate concen-
trations in dried blood spots. Estimated number of preexposure prophylaxis doses taken per week are displayed. Abbreviations: TFV, tenofovir; TFV-DP, tenofovir-diphosphate.
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this study who were provided with the Wisepill device, 84% said 
they were only somewhat or not at all likely to use it in the future. 
Moreover, many participants who had evidence of drug ingestion 
based on hair and DBS concentrations had no Wisepill openings 
recorded, suggesting that participants did not use the devices 
even when provided. The relatively bulky and conspicuous nature 
of the device, which limited acceptability in other studies [33], 
may not be appealing to US-based adolescents. The low number 
of device openings could also have resulted from participants 
taking out multiple pills at once to store elsewhere (“pocket 
doses”) or not refilling the devices between study visits. Our find-
ings therefore raise concerns about the accuracy and acceptability 
of Wisepill as an adherence metric among young people on PrEP.

Because pharmacologic measures of adherence (mainly 
plasma) were critical to the interpretation of PrEP trial results 
and because hair and DBS concentrations can estimate aver-
age drug intake over longer time periods than plasma, there has 
been increasing interest in using hair and DBS metrics to mon-
itor PrEP adherence. In the iPrEx open-label extension study, 
DBS measures were associated with protective efficacy, [5] and 
hair and DBS drug concentrations were highly correlated [19]. 
The current study is the largest to date to compare hair and DBS 
concentrations among adolescents. We found concentrations of 
TFV-DP in DBS and TFV and FTC in hair (all relatively long-
term measures of exposure) to be concordant (88.6% and 88.9%, 
respectively; Table  2). FTC-TP levels in DBS represent drug 
exposure over shorter time frames [16], which is likely responsi-
ble for the lower concordance rates between FTC-TP in DBS and 
TFV concentrations in hair (73.7%), FTC levels in hair (76.5%), 
or TFV-DP levels in DBS (71.2%). The high rates of acceptability 
of hair collection in this study (which used an opt-out approach 
to sampling) were similar to acceptability rates (95%) for hair 
sampling in studies in Africa and Asia [34–36]. Together, these 
data suggest that in future studies, investigators may choose to 
include either hair or DBS measurements, depending on the 
feasibility and acceptability of sample collection and storage 
capabilities in their setting. A limitation of both long-term meas-
ures is that drug-taking is generally assessed over the preceding 
4–6 weeks. Thus, if hair or DBS samples are collected quarterly 
or less frequently, these measures may not reflect dosing >6 
weeks prior to sample collection. Moreover, both hair and DBS 
levels assess averaged dosing but cannot discern patterns of pill 
consumption, for example, in relation to sexual activity.

Our study is also the first to assess concordance between TFV 
and FTC concentrations in hair samples among participants on 
PrEP. We found that TFV and FTC concentrations in hair were 
also concordant. Thus, if hair samples are collected to assess 
adherence to TDF/FTC, either TFV or FTC can be measured, 
rather than both. The concordance between TFV and FTC lev-
els also has implications for the use of coformulated FTC and 
tenofovir alafenamide (TAF), which is increasingly replacing 
TDF/FTC for treatment in the United States and is being stud-
ied for PrEP among MSM and transwomen. Thus, if clinical tri-
als find that TAF/FTC is effective for PrEP in these populations, 

Figure 2. Concordance of tenofovir concentrations in hair and tenofovir-diphos-
phate concentrations in dried blood spots based on drug concentrations consistent 
with taking 7 preexposure prophylaxis doses per week (A) and 4 PrEP doses per 
week (B). Abbreviations: DBS, dried blood spot.

Table 2. Concordance of Detection of Tenofovir, Emtricitabine, and Their 
Metabolites in Dried Blood Spot and Hair Samples Across All Person-
Visits, Excluding Study Week 4

Adherence Measure

Concordant Discordant

%
Detectable/

Undetectable, %
Undetectable/
Detectable, %

TFV in hair, TFV-DP in DBS 88.6 2.9 8.5

FTC in hair, TFV-DP in DBS 88.9 2.6 11.2

TFV in hair, FTC-TP in DBS 73.7 24.4 2.0

FTC in hair, FTC-TP in DBS 76.5 21.6 2.0

TFV-DP in DBS, FTC-TP in DBS 71.2 28.6 0.2

TFV in hair, FTC in hair 84.0 6.0 3.2

Abbreviations: DBS, dried blood spot; FTC, emtricitabine; FTC-TP, emtricitabine-triphos-
phate; TFV, tenofovir; TFV-DP, tenofovir-diphosphate.

Table  3. Spearman Correlation Coefficients for Pharmacologic and 
Nonpharmacologic Adherence Measurements Across All Person-Visits, 
Excluding Study Week 4

Adherence 
metric Hair TFV Hair FTC DBS TFV-DP DBS FTC-TP Self-report

Self-report 0.28a 0.29a 0.39a 0.40a

Wisepill 0.40a 0.36a 0.58a 0.36a 0.25a

Abbreviations: DBS, dried blood spot; FTC, emtricitabine; FTC-TP, emtricitabine-triphos-
phate; TFV, tenofovir; TFV-DP, tenofovir-diphosphate.
aP < .001 for all correlations.
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FTC hair concentrations could be used to measure long-term 
drug exposure in future studies.

This study is subject to several limitations. Not all participants 
were provided with Wisepill devices, although sites that pro-
vided Wisepill devices to participants were randomly selected. 
Reasons for Wisepill nonopenings (eg, pocketed doses) were not 
collected, and survey participants were not asked why they would 
be likely/unlikely to use Wisepill in the future. Participants were 
also responsible for refilling the device between visits. In add-
ition, due to attrition during the parent studies, not all adherence 
measures were available at each time point. Finally, due to study 
close-out, some collected hair samples were not analyzed.

In this study of TDF/FTC-based PrEP, we found that hair 
and DBS drug concentrations provided similar estimates of 
adherence and were highly acceptable among racially/eth-
nically diverse adolescent and young MSM. Although some 
surveyed participants stated the Wisepill was acceptable, this 
device appeared not to be used by many participants, and most 
did not envision using it in the future, raising concerns about 
its ultimate utility among adolescents and young adults. Given 
that levels of adherence to PrEP waned over time, strategies 
to bolster adherence such as text message reminders, finan-
cial incentives, and peer support will be needed to ensure that 
young people on PrEP consistently achieve adequate levels of 
protection from HIV (eg, ≥4 doses per week among MSM [5]). 
As PrEP use expands among the populations at highest risk for 
HIV infection, including young people in the United States and 
globally, measuring and supporting adherence to this powerful 
prevention method will be essential to its success.
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