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Abstract

Objective—The U.S. PrEP Demonstration Project (Demo) evaluated men-who-have-sex-with-

men on pre-exposure prophylaxis (PrEP) post-marketing and found low seroconversion rates. The 

objective of this study is to examine hair levels as an adherence measure to PrEP.

Design—Using an “opt-in” design, participants of PrEP Demo were invited to enroll into a 

substudy where hair was collected quarterly.

Methods—Tenofovir concentrations were measured in hair by liquid-chromatography/tandem-

mass-spectrometry. Hair levels consistent with ≥4 doses per week (protective in other studies) 

defined adequate adherence. Mixed effects multivariate logistic regression models examined 

factors associated with ≥4 doses/week. Separate mixed effects models evaluated the relationship 

between hair PrEP levels and changes in creatinine clearance (CrCl) over time.
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Results—Overall, 58% of Demo participants enrolled into this opt-in study; reasons for non-

participation included insufficient hair (61%) and concerns about hairstyle (27%). Hair and DBS 

levels consistent with ≥4 doses/week were highly concordant (84%). Hair levels showed adequate 

adherence in 87% of 875 person-visits (among 280 participants). Factors associated with adequate 

adherence in multivariate models were amphetamine use (aOR 2.59 (0.97–6.9, p 0.06), 

condomless receptive anal sex (aOR 2.28 (1.19–4.40, p 0.01), and stable housing (aOR 2.63 

(1.03–6.67), p 0.04). Hair levels of tenofovir showed a monotonic relationship with decline in 

CrCl (p 0.01 for trend).

Conclusions—In this substudy of the PrEP Demonstration Project, hair and DBS levels were 

highly concordant and hair concentrations demonstrated adequate adherence 87% of the time, with 

stable housing and high-risk behavior associated with higher adherence. Daily PrEP drug-taking is 

associated with modest declines in CrCl.
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HIV prevention; pre-exposure prophylaxis; PrEP; pharmacologic measures; tenofovir/
emtricitabine; hair concentrations; PrEP U.S. Demo Project; Enhancing PrEP in Community 
(EPIC); creatinine clearance

INTRODUCTION

After multiple clinical trials demonstrated its efficacy,[1–4] pre-exposure prophylaxis (PrEP) 

with oral tenofovir (TFV) disoproxil fumarate/emtricitabine (TDF/FTC) is now broadly 

recommended by the Centers for Disease Control and Prevention[5] and the World Health 

Organization[6] to prevent HIV acquisition. The measurement of PrEP drug levels in plasma 

(as an objective metric of adherence) proved critical to interpreting the effectiveness of PrEP 

in the clinical trials.[1, 7–9] However, plasma measures of TFV and FTC represent short-term 

exposure and are susceptible to “white-coat” (short term improvement in) adherence 

patterns.[10] Concentrations of TFV and/or FTC (or their metabolites) in dried blood spots 

(DBS)[11] and hair samples[12] measure longer-term adherence and exposure, are highly 

correlated,[13] are associated with both efficacy[14] and toxicities of PrEP,[15, 16] and have 

therefore been increasingly incorporated as adherence metrics into PrEP programs during 

scale-up. Since hair can be collected (even at home[17]) and stored at room temperature 

without biohazardous precautions, providing feasibility in the field, we sought to compare its 

utility as an alternative adherence measure to DBS in a large PrEP study.

The U.S. PrEP Demonstration Project (“PrEP Demo”) enrolled a large cohort of men-who-

have-sex-with-men (MSM) and transgender women in three U.S. cities (Miami, San 

Francisco, Washington DC) for PrEP provision, collection of adherence measurements 

(including self-report and TFV-diphosphate (DP) concentrations in DBS) and testing for 

HIV and sexually transmitted infections (STIs).[18] The incidence of HIV infection in this 

study was very low (0.43 per 100 person-years) and self-reported adherence high (87.4% 

across all visits). The DBS measures in PrEP Demo showed that participants took ≥ 4 doses 

a week (consistent with protective levels[14]) over ~84% of visits. Factors associated with 

protective DBS levels in PrEP Demo were greater sexual risk (two condomless anal sex 
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partners in the past 3 months) and stable housing, whereas being African American or 

enrollment at the Miami site were associated with lower DBS levels.[18]

Since modest but statistically significant declines in renal function with administration of 

daily TDF/FTC have been observed in the PrEP clinical trials and demonstration 

projects,[19–21] the association between drug exposure and decline in renal function is also of 

interest. In iPrEx OLE, we showed a monotonic relationship between number of doses of 

TDF/FTC taken per week as estimated by hair levels and percent decrease in creatinine 

clearance (CrCl).[15] In the full PrEP Demo cohort,[18] the mean creatinine increased from 

baseline to week 12 by 0.03 mg/dL (4.6%) (p<0.0001) and the mean CrCl decreased by 4.76 

mL/min (3.0%) (p<0.0001). These changes remained stable through week 48 and greater 

declines in renal function were associated with higher DBS concentrations of PrEP 

drugs.[22, 23]

A subset of participants in PrEP Demo opted into the “Enhancing PrEP in Community” 

(EPIC) Hair Study, which collected quarterly hair samples for adherence monitoring. This 

analysis presents the results on the hair metrics in the EPIC Hair Study, examining in this 

large study concordance between DBS and hair levels, factors associated with higher 

concentrations of PrEP drugs in hair, and the relationship between drug exposure assessed 

by hair levels and renal function over time.

METHODS

Study population and procedures

PrEP Demo enrolled 557 HIV-negative MSM and transgender women from STI clinics in 

Miami and San Francisco and a community health center in Washington DC from October 

2012 to January 2014.[18] Participants were provided TDF/FTC (300mg/200mg)-based PrEP 

for free over 48 weeks and seen at weeks 4, 12, 24, 36 and 48. Demographics collected at 

baseline included age, race, sexual orientation and gender identification, educational level, 

knowledge of and attitudes towards PrEP, and income. Instruments assessing self-reported 

adherence, depression, drug and alcohol use, current housing status and recent sexual 

behaviors were collected at each visit. Serum creatinine was measured quarterly and 

creatinine clearance (CrCl)[24] was estimated by the Cockcroft-Gault equation.[25] All Demo 

Project participants were approached at their 12 week visit to participate in the EPIC Hair 

Study. For those who opted into and consented for this separate study, hair samples were 

collected every 12 weeks. For those who did not opt into the EPIC Hair Study, reasons for 

not participating were collected.

Laboratory Procedures

Using previously described methods, 100 strands of hair were cut from the occipital scalp[12] 

from EPIC participants with small scissors. Of note, the procedure for cutting the hair takes 

two minutes or less. After storage and shipment at ambient temperature from the different 

sites to our University of California San Francisco (UCSF)-based “Hair Analytical 

Laboratory” (HAL), the proximal 1.5 centimeter of each hair sample (representing ~6 weeks 

exposure) was cut finely with scissors and 5 milligrams (mg) processed and analyzed using 
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liquid-chromatography /tandem-mass-spectrometry (LC-MS/MS)[12]. The assays for 

measuring TFV and FTC in hair samples in the HAL have been peer-reviewed and approved 

by the Division of AIDS’ Clinical Pharmacology and Quality Assurance (CPQA) 

program.[26]

Statistical analysis

Concordance of PrEP drug levels in hair and DBS—The concordance of TFV-

diphosphate in DBS and TFV in hair samples consistent with ≥ 4 doses/week of PrEP was 

tabulated after pooling study visits. The average number of tablets taken per week was 

estimated for each of the adherence measures and dichotomized into < 4 doses/week and ≥ 4 

doses/week. The number of doses taken per week based on participants’ hair concentrations 

used “adherence benchmarks” established in a study called STRAND,[12] where directly 

observed TDF was given to HIV-uninfected volunteers at 2, 4 and 7 doses a week (with 

wash-out periods in-between) and hair levels for those dosing patterns calculated.[15] For 

DBS, dosing categories were based on a pharmacokinetic model[11] (recently confirmed 

with a directly observed dosing study)[27] of TFV-DP concentrations. The concordance 

between hair and DBS PrEP drug concentrations around the threshold of 4 doses/week was 

calculated.

Definition of adequate adherence—In iPrEx OLE, there were no HIV seroconversions 

among participants with DBS TFV-DP concentrations consistent with taking ≥4 doses per 

week (≥700 femtomole (fmol)/punch).[14] In EPIC, therefore, we defined adequate 

adherence as TFV levels in hair consistent with ≥4 doses per week (≥0.023 nanograms (ng)/

milligram (mg) as defined in STRAND[12]).

Factors associated with adequate PrEP adherence—We used mixed effects 

multivariate logistic regression models to examine factors associated with protective TFV 

hair levels across all visits. We first tested a number of covariates - both baseline (age, race/

ethnicity, site of enrollment, gender, knowledge of and attitudes towards PrEP) and time-

varying (housing status, sexual behaviors, depression, drug and alcohol use) - in relationship 

to adequate adherence in univariate models. Any covariate that achieved a p-value of <0.10 

in the univariate model was included in the final multivariate model.

Association between hair levels and declines in renal function—The percent 

change in creatinine or CrCl from the baseline value was estimated across all visits (mean 

± 95% confidence interval (CI)) for each of four estimated dose per week categories by hair 

levels (<2 doses per week (<0.0096 ng/mg), 2–3 doses per week (0.0096 to <0.0206 ng/mg), 

4–6 doses per week (0.0206 to <0.0370ng/mg), daily dosing (≥0.0370 ng/mg)) from separate 

mixed effects models with no covariates (intercept only) and random person effects. To 

obtain a p-value for trend across the categories of estimated doses per week, we assigned 

them integer scores of 1 to 4 and fit a model using all persons together with that score as the 

only predictor.
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Ethical approvals

The study protocols for both PrEP Demo and the EPIC Hair Study were approved by 

Institutional Review Boards at all participating sites and participants provided written 

informed consent. Results of hair testing were not reported back to EPIC participants. Gilead 

Sciences donated study drug and had no input into the study.

RESULTS

Demographics of EPIC participants

Of the 507 participants in PrEP Demo approached to participate in the EPIC Hair Study, 294 

(58%) enrolled, with 280 (55%) of those staying in the study and providing hair. The main 

reasons for not wanting to join the EPIC Hair Study (n=213) were related to concerns 

regarding hair collection (27% worried about hair style disruption; 61% concerned about not 

having enough hair; 2% worried collection could hurt) or not having enough time (9%). 

Only 1% of participants were concerned about hair levels revealing poor adherence to the 

study investigators.

Table 1 summarizes the baseline characteristics of the EPIC Hair Study participants (n=280). 

Demo participants who did not enroll in the EPIC hair study were significantly more likely 

to be from the Miami site (p <0.001) and have lower educational levels (p 0.026), were less 

likely to report condomless receptive anal sex (p 0.0012) or use recreational drugs (p 

0.0013), and were less likely to be adherent to PrEP by both self-report (p 0.0007) and by 

DBS drug level data (p < 0.001). Among the enrollees who entered EPIC, hair data was 

available for a total of 875 person-visits for these 280 participants (mean three samples/ 

participant). The median age of participants was 34 (range 19–65) years; 99% were MSM; 

71% reported condomless receptive anal sex in the past 3 months; and 60% reported 

recreational drug use (13% amphetamine) in the last 3 months. Among 875 person-visits 

with hair data, hair levels were ≥0.023 ng/mg, consistent with ≥4 doses/wk14,15, 87% of the 

time.

Concordance of ≥4 PrEP doses/week in Hair and DBS

We had DBS and hair concentrations at the same visits in 444 person-visits. The 

concordance of levels of TFV in hair and TFV-DP in DBS consistent with taking ≥4 PrEP 

doses/week in these visits was 84.3% (76.6% both ≥4 doses/week; 7.7% both <4 doses/

week; 10.8% < 4 doses/week in hair but ≥4 doses/week in DBS; 4.9% ≥4 doses/week in hair 

but <4 doses/week in DBS).

Factors associated with adequate adherence

Several factors were examined in univariate analyses in relationship to hair TFV levels 

consistent with taking ≥4 doses/week. Table 2 shows the factors associated with adequate 

adherence in both univariate and multivariate analyses. In univariate analyses, increasing 

age, use of amphetamines in the last 3 months, not being from the Miami site, having a 

stable living situation over the past 3 months, and reporting condomless receptive anal sex 

over the past 3 months were all associated with adequate adherence (all p <0.10). Being 

African American was not associated with adherence in univariate analyses and not included 
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in the final models. In the multivariate model, not being from the Miami site (p 0.22) and 

increasing age (per decade, p 0.14) no longer stayed significantly associated with hair levels 

consistent with ≥4 doses/week. Using amphetamines over the past 3 months maintained a 

trend towards a higher odds of adequate adherence (p 0.06). Condomless receptive anal sex 

over the past 3 months maintained a significant association with adherence (p 0.01). And 

finally, more unstable housing (living in a friend or family member’s abode instead of a 

house or apartments one rents or owns) maintained its association with a lower odds of 

achieving adequate adherence in multivariate models (p 0.04).

Relationship between hair concentrations of TFV and changes in creatinine clearance

Another study within PrEP Demo examines the factors associated with changes in creatinine 

clearance over time[22, 23], so our analysis was restricted to examining the relationship 

between dosing patterns as assessed by hair levels among EPIC Hair Study participants and 

mean % changes in creatinine or creatinine clearance across all visits.

Among the 875 person-visits with hair data, 859 had concomitant creatinine measurements. 

Approximately 4.4% (38/859) of these person-visits had hair levels consistent with <2 pills 

per week; 8.6% (n=74) had levels consistent with 2–3 pills per week; 44% (n=378) had 

levels consistent with 4–6 pills per week; and 43% (n=369) had levels consistent with daily 

dosing. There was a monotonic relationship between increasing use of PrEP and both mean 

percent decrease in CrCl from baseline (Figure 1) and mean percent increase in creatinine 

from baseline (Figure 2) across all visits (p 0.011 and 0.030 for trend, respectively). For 

participants in the EPIC Hair Study, the percentage of visits where CrCl fell to ≤60ml/min or 

≤70ml/min was low (0% and 0.3%, respectively).

DISCUSSION

This is one of the largest studies to examine hair levels of TFV/FTC as an adherence 

measure among MSM on PrEP. Long-term adherence metrics in the setting of PrEP use have 

the potential to identify those in need of adherence intervention to increase the effectiveness 

of PrEP. Hair collection has some feasibility advantages in the field since no phlebotomy or 

cold chain is required and hair samples can be self-collected.[17] In this substudy of the 

Demo Project, we demonstrated that DBS and hair concentrations of PrEP drugs were 

highly concordant (84%) and that high-risk behavior (condomless receptive anal sex and 

amphetamine use), and a more stable living situation were associated with higher levels of 

adherence to PrEP drugs as adjudicated by hair levels. Furthermore, we found a greater 

decline in renal function (and greater increases in creatinine) from baseline with higher hair 

levels of PrEP drugs.

Our findings of relatively high adherence levels in the EPIC Hair Study by hair 

concentrations (87% of person-visits had hair levels consistent with ≥4 doses per week) were 

very similar to the adherence assessment provided by DBS measures in the overall PrEP 

Demo cohort (84% of person-visits with DBS levels consistent with≥4 doses per week).[18] 

Although objective adherence measures showed low adherence to study product in the 

placebo-controlled trials of TDF/FTC, when the effectiveness of PrEP to prevent HIV 

acquisition was unknown, adherence to PrEP in open-label studies and demonstration 
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projects, after PrEP was proven effective and approved by a variety of regulatory bodies 

around the world,[5, 6] has been high,[14, 18, 28, 29] especially among MSM at high risk. PrEP 

Demo reported similar factors associated with higher levels of adherence as measured by 

DBS concentrations as we report in the EPIC Hair Study, namely higher-risk behaviors (e.g. 

condomless anal sex), stable housing, and older age (trend in both studies)[18].

Long-term pharmacologic measures not only assess behavior (e.g. adherence or drug-

taking), but also serve as direct measures of pharmacokinetic exposure, which can be useful 

when monitoring for the known toxicities of TDF/FTC-based therapy, specifically renal 

toxicity[15] and declines in bone mineral density (BMD).[16] In iPrEx OLE, hair 

concentrations of TFV predicted renal decline[15]; in the randomized iPrEx trial, higher 

concentrations of intracellular TFV-DP in peripheral blood mononuclear cells (PBMCs) 

were associated with greater declines in CrCl[19] or BMD[16]; and in the PrEP Demo project 

both DBS concentrations of TFV-DP and hair levels of TFV and FTC were associated with 

declines in CrCl and increases in creatinine over time.[23] These associations between PrEP 

drug exposure and renal decline stress the need for vigilant attention to monitoring CrCl 

regularly to ensure safety; indeed, patients with high levels of adherence to daily dosing may 

require more frequent monitoring.[15]

Studies are often choosing either hair monitoring, DBS monitoring, or both to examine 

patterns of adherence to PrEP drugs as PrEP rolls out across the globe. The choice of one 

measure over another is often made based on feasibility in the field. Like hair, DBS are easy 

to collect, but require phlebotomy, a cold chain, and biohazardous precautions. DBS 

concentrations of TFV-DP and FTC-triphosphate (TP) can provide information on both 

longer-term and shorter-term patterns of adherence,[11] as can the segmental analyses of hair 

samples.[30] Hair collection has varying levels of acceptability to participants for sampling, 

however, depending on study design. In this “opt-in” study, acceptability was only 58%. Of 

note, many participants who declined to participate were from the Miami site where hair is 

often worn very short (although collection from even very short hair yields testable 

samples). Although 9% participants perceived hair collection would take too much time, the 

procedure takes less than 2 minutes, which can be counseled to field staff and participants to 

mitigate this widely-held misperception.

By contrast, in a study of young MSM where hair collection was “opt-out” (Adolescent 

Trials Network (ATN) studies 110 and 113), the hair collection rate was >95% (personal 

communication, manuscript under review[31]). In other studies where hair collection is 

incorporated early in the protocol and the field staff trained that hair can be collected from 

very short hair, takes very little time, and does not disrupt hair styles, acceptability has been 

very high.[32–34] New data that self-collected hair yields similar concentration data to hair 

collected in the field[17] may enhance the acceptability of this measure. Of importance in 

this study was that only 1% of participants were concerned about providing a sample that 

could reveal their adherence level and other studies have suggested that provision of drug 

levels could improve subsequent drug-taking.[35, 36] However, both DBS and hair require 

expensive liquid chromatography/ tandem mass spectrometry equipment for analyses and 

are performed in high-level research laboratories in the U.S. Lower-cost methods that can be 
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applied to real-world implementation in the field and to assess drug taking using point-of-

care technology will be the next advances in the field.

In sum, we demonstrate the utility of hair measures for adherence monitoring within a PrEP 

demonstration project among MSM and transgender women in the U.S., finding hair and 

DBS PrEP drug levels to be concordant, and confirming findings from the larger cohort that 

high-risk behavior likely encourages adherence to PrEP. As in the parent study, higher levels 

of PrEP use are associated with greater declines in renal function. Since current US PrEP 

guidelines are not recommending anything less than daily dosing to achieve maximal PrEP 

efficacy, older patients with higher adherence patterns may require more frequent monitoring 

of creatinine clearance to maximize safety in this population. Both DBS and hair measures 

can provide objective assessment of adherence and indicate high exposure levels associated 

with risk of toxicities, providing studies with choices on adherence metrics based on their 

setting, participant preference, and design. The provision of PrEP to at-risk individuals 

worldwide is integral to ending the HIV epidemic, and approaches to maximize efficacy and 

minimize adverse effects will aid in effective roll-out.
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Figure 1. 
Mean % changes in creatinine clearance (top panel) and creatinine (bottom panel) in the 

EPIC study by doses per week as estimated by hair TFV concentrations
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Table 1

Baseline characteristics of EPIC Hair Substudy participants (N=280)

Participant Characteristics (N=280) N or Median (%, range or IQR)

Age at study entry 34 (range 19–65) years

Gender

 Male 276 (99%)

 Transgender female 4 (1%)

Site

 San Francisco 201 (72%)

 Miami 22 (8%)

 DC 57 (20%)

Race/ethnicity

 White 219 (78%)

 Black 15 (5%)

 Latino 65 (23%)

 Other (Asian, Native, etc.) 36 (13%)

Living situation (assessed at each of 875 person-visits)

 Living in house or apartment you rent or own 243 (87%)

 Living in house or apartment of friend or family 37 (13%)

Receptive condomless anal intercourse (last 3 months) 199 (71%)

 Median episodes 3 (range 0–115)

Any recreational drug use (last 3 months) 217 (60%)

Amphetamine use (last 3 months) 35 (13%)

Baseline creatinine (mg/dL) 0.97 (IQR 0.83–1.10)

Baseline creatinine clearance (mL/min) 129 (IQR 109–147)

“Good adherence” ≥ 4 doses/week (out of n= 875 person-visits) 759 (87%)

Distribution of doses/week (out of 875 person-visits)1

 <2 doses/week 39 (4.5%)

 2–3 doses/week 77 (8.8%)

 4–6 doses/week 381 (43.5%)

 7 doses/week 378 (43.2%)

CrCl = creatinine clearance, calculated using the Cockcroft-Gault equation;

1
Based on hair levels (as estimated by STRAND study)
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Table 2

Correlates of TFV Concentrations Consistent with Protection in Hair Samples

Characteristic OR (95% CI), p-value aOR (95% CI), p-value

Age (per decade) 1.42 (1.02–2.00), p 0.04 1.30 (0.92–1.83), p 0.14

African American vs. other 0.83 (0.18–3.80), p 0.81

Depressed (PHQ2 scale) 0.84 (0.40–1.72), p 0.63

Site (versus San Francisco)

 Miami 0.31 (0.09–1.05), p 0.06 0.45 (0.13–1.60), p 0.22

 Washington DC 1.39 (0.60–3.20), p 0.44 1.53 (0.64–3.6), p 0.34

Receptive condomless anal intercourse (yes vs no, last 3 months) 1.99 (1.11–3.60), p 0.021 2.28 (1.19–4.40), p 0.01

Living situation (unstable vs not, last 3 months) 0.36 (0.14–0.89), p 0.026 0.38 (0.15–0.97), p 0.04

Using amphetamines (yes vs. no, last 3 months) 3.09 (1.18–8.10), p 0.022 2.59 (0.97–6.9), p 0.06
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