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ABSTRACT Most measures of adherence to antiretroviral therapy require a blood
sample, and none capture longitudinal daily adherence. A new noninvasive method
for measuring daily adherence to antiretroviral regimens containing emtricitabine
(FTC) was developed for intact hair strands using infrared matrix-assisted laser de-
sorption electrospray ionization (IR-MALDESI) mass spectrometry imaging (MSI). A
directly observed therapy study of daily and intermittent (3, 1, and 0 doses/week)
FTC dosing (n = 12) benchmarked adherence in hair, revealing distinct accumulation
patterns and median FTC signal abundance (1,702, 495, 352, and 0, respectively)
with each dosing frequency. A threshold value of FTCsignal abundance of 500 differenti-
ated daily dosing from 3 or fewer doses/week (specificity, 100%; sensitivity, 100%
over 30 days and 80% over 60 days). Using these criteria, daily FTC hair adherence
was classified in young men (n = 8) who have sex with men (YMSM) engaged in or
initiating preexposure prophylaxis (PrEP). Four types of adherence profiles were
observed in sequential 30-day periods: consistently high, occasional missed doses,
improvement following study initiation, and intermittent. Discrete days of nonadher-
ence were identified across the 60-day window, with the average number of consec-
utive days classified as nonadherent increasing across the four profile types (1, 2, 19,
and 58 days, respectively). Additionally, cumulative FTC response in hair (60-day av-
erage) significantly correlated with dried blood spot tenofovir diphosphate concen-
trations collected simultaneously (rs = 0.79, P = 0.03). Based on these data, IR-
MALDESI FTC adherence classification in hair strands can better delineate short-term
changes in adherence behaviors over a long retrospective window, offering great
potential for noninvasive adherence monitoring and quick supportive interventions.

KEYWORDS adherence, antiretroviral agents, emtricitabine, hair, human
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Adherence to antiretroviral medication is critical for suppressing plasma HIV RNA
(1) and preventing HIV transmission (2) among individuals living with HIV and indi-

viduals at risk for HIV acquisition (3–5). The nucleoside analogue reverse transcriptase
inhibitor emtricitabine (FTC) is an integrated component of many antiretroviral combi-
nations prescribed for both treatment and prevention. However, recommended daily
adherence to therapy or pre-exposure prophylaxis (PrEP) may pose a challenging bur-
den to maintain for some individuals. Poor adherence to daily dosing can lead to viral
rebound and/or drug resistance (6, 7). Therefore, noninvasive, real-time means of
measuring adherence are needed to monitor for failing long-term and short-term ad-
herence (8, 9).

Objective pharmacologic measures of adherence are more accurate than self-report-
ing or pill counts but are limited to either very recent or very extended time scales (10).
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For regimens combining FTC with the nonnucleotide reverse transcriptase inhibitor
tenofovir (TFV), monitoring of recent pharmacologic adherence in clinical and research
settings has been performed primarily in red blood cells preserved as dried blood spots
(DBS). Phosphorylation of FTC in cells yields an active metabolite, FTC triphosphate
(FTCtp), with a half-life of ;35 h that provides a measure of recent adherence on the
time scale of 2 to 7 days (11, 12). Tenofovir diphosphate (TFVdp) has a half-life of
17 days, and its measurement reflects an average of 2 to 3 months of drug exposure
(12). The combined measure of FTCtp and TFVdp concentrations from DBS provides a
picture of recent and cumulative adherence (12, 13) but cannot differentiate daily pat-
terns of dosing behavior or capture time periods of either drug treatment interruptions
or intermittent dosing (12).

The accumulation of antiretrovirals in hair strands, mostly incorporated into the fol-
licle from the bloodstream during growth (14), has been used to measure average lon-
ger-term adherence (15–17). Unlike DBS, hair does not require a cold chain for sample
preservation and represents a simple and relatively noninvasive monitoring method
where each centimeter of hair length corresponds to approximately 1 month of hair
growth (18). Traditionally, measurements of drug in hair have been performed by liq-
uid chromatography tandem mass spectrometry (LC-MS/MS) using segmental analysis,
by which hair strands are routinely cut at intervals of at least 1 cm. While the hair ma-
trix offers a months-long record of behavior, this segmentation length limits the reso-
lution to 1 month or greater.

Mass spectrometry imaging (MSI) provides an alternative approach to analysis of drugs
in hair by using focused laser desorption to probe individual hair strands at high spatial re-
solution, reflecting hours of accumulation and allowing short-term fluctuations in drug
response to be profiled over a long retrospective window of time (19, 20). We have devel-
oped methods for the sensitive analysis of a range of antiretrovirals in hair strands, including
FTC, using infrared matrix-assisted laser desorption electrospray ionization (IR-MALDESI) MSI
(21, 22). Analysis is rapid, with an assessment of the prior month’s record of drug accumula-
tion in five hair strands completed in approximately 1.5 h.

In this work, we benchmarked IR-MALDESI MSI analysis of FTC accumulation in hair
strands collected under directly observed dosing with FTC/tenofovir disoproxil fuma-
rate (TDF) using different weekly dosing schedules. We used these benchmarks to eval-
uate adherence from hair strands of young men using PrEP and compared these
results to adherence measurements in dried blood spots.

RESULTS
IR-MALDESI MSI benchmarking of FTC in hair strands: the ENLIGHTEN study.

Twelve subjects were enrolled in the multiphase ENLIGHTEN directly observed therapy
(DOT) study to assess the dose response of FTC accumulation in hair as measured by
IR-MALDESI MSI. These individuals were between 21 and 63 years of age, with a me-
dian age of 26.5 years. Two participants (17%) were male and 10 participants (83%)
were female, with one individual identifying as non-gender conforming. Eight individu-
als (67%) identified as white, 1 (8%) as Black, and 3 (25%) as Asian. Hair colors ranged
from blonde to black and did not influence measurements of FTC accumulation (22).
FTC was measured over an estimated 1 month of growth in samples collected at the
end of daily dosing and also over an estimated 2 months of growth in samples col-
lected at the end of the subsequent intermittent dosing period. No FTC response was
detected in samples collected from one individual reporting recent hair treatment,
which we have shown can significantly decrease concentrations of FTC in hair when
treatment includes products for bleaching, dyeing, or relaxing (22).

Representative examples of IR-MALDESI MSI results from the combined analysis of
daily and intermittent dosing periods in single hair strands from each dosing group
can be seen in Fig. 1A for samples collected at the end of intermittent dosing. Here,
the position of individual hair strands is apparent based on IR-MALDESI MSI response
to an endogenous ion (m/z 248.2457, unidentified lipid, in blue) that is ubiquitous
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throughout the strands. Measured signal abundance of FTC, determined by detection
of its characteristic fragment (m/z, 130.0410), is also shown on the hair strands ranging
from regions of high accumulation (orange-yellow) to low accumulation (dark red-
black). A comparison of these images indicates that FTC response across all samples is
highest on the right-hand, distal portion of the hair strands corresponding to hair
growth during the period of daily dosing. Hair strands devoid of FTC response, for
example, the single strand associated with DOT-8 in Fig. 1A showing response only to
the endogenous ion, were assumed to represent a resting phase of growth common
to ;15% of scalp hair (14) and were not considered for further analysis. Additionally,
the distance from the scalp at which each strand was cut can vary depending on the
angle at which the scissors were held during sample collection (18), leading to small
differences between strands in the position of changes in measured drug accumula-
tion. This effect is apparent when examining proximal-to-distal changes in FTC signal
abundance from the three DOT-8 strands in an active growth phase, where the posi-
tion of the segment of growth associated with washout between intermittent and daily
dosing periods can be seen to differ between strands.

For each sample, common features within individual strand profiles were aligned
using custom software to ensure that radial averaging between strands was conducted
at matched time points. Composite longitudinal profiles and 95% confidence intervals
for each sample are shown in Fig. 1B, from which differences between daily dosing
and intermittent dosing are more apparent. The profiles show waxing and waning FTC

FIG 1 (A) Representative IR-MALDESI MSI FTC ion maps showing drug accumulation associated with daily dosing and each of the three intermittent dosing
groups (from top: 3 times per week, once per week, and 0 times per week, respectively). FTC signal abundance is represented by a color scale increasing in
concentration from regions of dark red/black to regions of orange/yellow. Also visible is the overlaid IR-MALDESI response to an endogenous ion
homogeneously present in the hair strands (blue) that clearly defines the shape, orientation, and length of the individual strands to assist in seeing regions
of hair growth where FTC was not measured. (B) Composite longitudinal profiles of FTC and 95% confidence intervals (CI) from individual hair strands
shown in panel A. Shaded areas reflect periods of hair growth within the profile attributed to active dosing. Arrows in the intermittent-dosing region
highlight repeating weekly patterns measured by IR-MALDESI.
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exposure with drug initiation and cessation. Shaded boxes in this figure denote the
discrete signatures associated with each dosing frequency in the FTC profile. No
response to FTC was observed following transition from daily dosing to a dosing fre-
quency of 0 doses per week, while distinct weekly repeating dosing patterns were
observed for dosing frequencies of 1 dose per week and 3 doses per week.

IR-MALDESI MSI adherence threshold for FTC. Mean FTC signal abundance eval-
uated from longitudinal profiles in 11 of 12 samples is summarized in Fig. 2A for
regions associated with daily dosing and intermittent dosing intervals. The relative
standard deviation among measurements of daily dosing (45%) exceeded median
within-individual variability (35%), reflecting interindividual variability in FTC hair accu-
mulation. When measurements of FTC within the proximal 1 cm of hair were consid-
ered to reflect growth within the past month, mean FTC responses were significantly
higher for the period of daily dosing than 1 dose per week and 0 doses per week
across all individuals (adjusted P value, 0.05). While median FTC signal abundance for
7 doses per week was 3.44-fold higher than 3 doses per week and individual longitudi-
nal profiles showed consistently higher FTC signal abundance for daily dosing, differ-
ences between all measurements within these groups were not statistically significant.
After the intervening month of hair growth between the end of daily dosing and inter-
mittent dosing periods, the FTC response to daily dosing was found to decrease by
55%, which may reflect drug washout. However, a similar discrimination between daily

FIG 2 (A) Mean IR-MALDESI FTC signal abundance associated with each ENLIGHTEN dosing group evaluated from
composite longitudinal hair profiles. Daily dosing response was measured in the proximal 1 cm of strands collected
after daily dosing and in the distal 1 cm of strands collected after intermittent dosing. (B) Cut point selection for
binary classification of daily adherence based on a receiver operator characteristic curve. (C) Example bar graph of
daily adherence classification of DOT-8 based on the selected cut point. Blue bars reflect days in which FTC response
exceeded the adherence cut point and gray bars reflect days where FTC response did not exceed the adherence cut
point. The inset shows steady-state concentrations of TFVdp and FTCtp at the end of daily and intermittent dosing.
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and intermittent dosing frequencies was maintained regardless of whether the seg-
ment of hair corresponding to daily dosing was proximal or distal.

Selection of a threshold value for FTC signal abundance for binary classification of
adherence was determined from a receiver operating characteristic (ROC) curve based
on all observations. The true-positive rate (sensitivity) and true-negative rate (specific-
ity) of binary classification are shown in Fig. 2B as a function of possible FTC signal
abundance threshold values. Based on clinician and patient perspectives that it was
critical to minimize the likelihood of incorrectly classifying an individual as being non-
adherent to medication (23), a threshold value of FTCsignal abundance of 500 was chosen
(specificity, 100%; sensitivity, 100% over 30 days and 80% over 60 days) to differentiate
3 or fewer doses per week from more frequent dosing. An example of daily adherence
classification by this adherence cut point is shown in Fig. 2C for the longitudinal FTC
profile (daily! 3�/week) shown in Fig. 1B.

Comparison of FTC in hair to TFVdp. Intracellular metabolites were measured by
LC-MS/MS in DBS from samples collected throughout the ENLIGHTEN study at the
same time as the hair samples. Steady-state concentrations of TFVdp and FTCtp for
each dosing group are summarized in Table 1. As was found for FTC in hair, concentra-
tions of both intracellular metabolites were significantly higher in the 7-doses-per-week
group than the 1-dose-per-week and 0-doses-per-week groups (adjusted P value , 0.05
for all) but not higher than in the 3-doses-per-week group. Variation of TFVdp over the
course of DOT periods of daily and intermittent dosing is shown in Fig. 3, which also dis-
plays concentrations of TFVdp in each group. Due to the short half-life of FTCtp in red
blood cells, FTCtp concentrations for intermittent dosing were below the limits of quan-

TABLE 1 FTC hair and FTCtp and TFVdp DBS concentrations for each ENLIGHTEN DOT dosing groupa

No. of
doses/wk

FTC TFVdp FTCtp

Signal abundance

RSD (%)

Concn (fmol/sample)

RSD (%)

Concn (fmol/sample)

RSD (%)Median 1st quartile 3rd quartile Median 1st quartile 3rd quartile Median 1st quartile 3rd quartile
7 1,702 1,200 2,228 45 1,175 1,080 1,410 32 326 251 363.5 28
3 495 386 526 26 919 577 1,255 52 133 50b 243 78
1 352 262 371 31 462 358 676 46 BLQ BLQ BLQ NA
0 0 0 0 0 390 305 539 35 BLQ BLQ BLQ NA
aRSD, relative standard deviation; NA, not applicable.
bImputed at half the limit of quantitation.

FIG 3 TFVdp concentrations (fmol/sample) in DBS for ENLIGHTEN throughout daily dosing (blue) and intermittent
dosing (orange, 3 times weekly; light gray, once weekly, dark gray, 0 times weekly). Concentrations selected for
comparison to hair FTC are shown by vertical lines.
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titation in 44 of 59 total samples and 10 of 12 samples under steady-state conditions.
Therefore, comparison of IR-MALDESI MSI measurements of FTC in hair to DBS used
TFVdp concentrations. The relationship between mean FTC signal abundance and
steady-state concentrations of TFVdp is shown in Fig. 4, and the correlation was strong
(rs = 0.78, P, 0.0001).

Demonstration of adherence with PrEP. Once benchmarked, PrEP adherence was
investigated using IR-MALDESI MSI of FTC in hair strands for a set of longitudinal clini-
cal samples collected as part of field testing for the Prepared, Protected, emPowered
(P3) study (24). This study is focused on use of a smartphone application (app) and is
enrolling HIV-uninfected transgender women and young men who have sex with men
(YMSM) who are starting PrEP or are non-adherent to PrEP. YMSM volunteers (n = 8)
reporting a range of recent adherence to PrEP at enrollment (Table 2) provided hair
and blood samples at study initiation (T0) and after 1 month (T1). Figure 5 shows
30-day adherence assessments to PrEP at both sampling time points based on IR-
MALDESI MSI profiling of FTC. Adherence at T1 and T0 in these subjects was catego-
rized into four groups: consistently high adherence (Fig. 5A), high adherence with
occasional missed doses (Fig. 5B), dramatically improved adherence after study initia-
tion (Fig. 5C), and intermittent adherence (Fig. 5D). Insets in this figure show matching
metabolite concentrations of FTCtp and TFVdp with categorization following adher-
ence benchmarking by Anderson et al. (12) that has been adjusted based on known
bias in quantitative measurements between the two labs. Detectable FTCtp reflected
dosing within the prior 7 days. Adherence based on TFVdp concentrations was differ-
entiated into the following categories: low (,4 doses/week, BLQ [below the limit of
quantification] to 980 fmol/sample), medium (4 to 6 doses/week, 980 to 1,750 fmol/
sample), and high (.6 doses/week, .1,750 fmol/sample). A summary of adherence
measures and classification can be seen in Table 2 along with baseline self-reported
adherence. Trends in the FTC profiles agree with the metabolite data from DBS, while
the hair profiles also indicate discrete patterns of adherence over days. Comparison of
FTC in hair to TFVdp concentrations in DBS from P3 samples is shown in Fig. 6. We
investigated the agreement between these two metrics over time scales ranging from
30 to 60 days by either evaluating the 16 paired samples at the individual time points
or comparing the T1 TFVdp measurement to a longitudinal FTC profile concatenating
30-day periods of T0 and T1, as illustrated in the inset in Fig. 6. Correlation between
the two measures was found to improve as the period over which FTC response was
measured was extended to include a greater proportion of both T1 and T0 profiles.

FIG 4 Comparison of mean FTC signal abundance relative to steady-state TFVdp concentrations in
DBS associated with each identified daily and differential dosing interval. Symbols reflect intermittent-
dosing groups (orange circles, 3 times weekly; light gray diamonds, once weekly; white squares, 0
times weekly), with data points outlined in blue corresponding to daily dosing periods. FTC signal
abundance was uniformly higher for daily dosing than intermittent dosing.
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Ultimately, the TFVdp concentrations were most highly correlated with a 60-day FTC
average, combining the entire T1 and T0 profiles (rs = 0.79, P = 0.03).

DISCUSSION

This study investigated the use of a new pharmacologic measure for classifying ad-
herence to HIV treatment or prevention regimens containing FTC. IR-MALDESI MSI cap-
tures the changes in accumulation of FTC along individual hair strands at a high spatial
resolution. This, in turn, allows us insight into longitudinal drug dosing behavior. Each
discrete measurement (corresponding to 1 pixel in the MSI image) along individual
hair strands represents an estimated 8 h of growth. These pixels can then be combined
to represent daily drug exposure. The window over which adherence can be moni-
tored in this way is limited only by the length of the hair and the extent to which drug
may be removed from strands through hair treatments (22, 25, 26).

We characterized FTC disposition in hair strands by IR-MALDESI over approximately
2 months of known adherence behavior through directly observed dosing with FTC/
TDF. TFV, which accumulates much less in hair than other antiretrovirals and typically
requires pooling 50 to 100 hair strands to provide sufficient sample mass for detection
by LC-MS (15, 27), could not be targeted in single-strand analysis by IR-MALDESI. This
investigation revealed clearly defined patterns of FTC accumulation from which differ-
ent dosing frequencies and washout can be resolved. Dose-response analysis for FTC
by IR-MALDESI from DOT samples indicated discrimination between daily dosing and
less frequent dosing patterns more clearly than found in the STRAND study for TFV in
hair (28). While the difference in daily dosing and 3�/week dosing was not found to
be statistically significant, the 25th to 75th quartiles of the respective measurements

FIG 5 Longitudinal adherence profiles observed in 8 subjects (S1 to S8) enrolled in the P3 study. Profiles are grouped into four types: consistent high
adherence (A), high adherence with occasional missed doses (B), dramatically improved adherence after study initiation (C) and intermittent adherence (D).
Images are arranged as hair samples would be analyzed most recent information (T1 visit) closest to the hair follicle on the left and baseline information
(T0 visit) on the right. Inset values are intracellular metabolite concentrations (fmol/sample) measured in paired DBS samples. These values are color coded
based on adherence categorization (for FTCtp, green indicates dosing within 7 days and red indicates no recent dosing; for TFVdp, green indicates .6
doses/week, yellow indicates 4 to 6 doses/week, and red indicates ,4 doses/week).
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were resolvable (Fig. 2A) following the approach taken by Anderson et al. to differenti-
ate dosing frequency based on TFVdp in DOT (12).

Although the measured FTC response to daily dosing incorporated into hair strands
was found to be reduced with continued growth over time, which may be a result of
personal hair care attenuating longitudinal analyte concentrations (29), daily dosing
was still effectively differentiated from less frequent dosing throughout the 2-month
period investigated. Selection of a threshold for classifying adherence behavior from
the resulting ROC curve prioritized classification sensitivity in order to minimize the
likelihood of a false-negative test result, incorrectly misclassifying an individual as non-
adherent. The resulting binary classification of a longitudinal FTC profile conservatively
discriminates daily drug exposure consistent with 3 or fewer doses per week from
more frequent dosing. This threshold for FTC exposure in hair is likely applicable to
diverse populations of individuals engaged in prevention or treatment, because FTC
hair concentrations are not correlated with hair color or melanin (22) and are not
expected to be dependent on patient sex or age based on findings associated with the
structurally similar nucleoside reverse transcriptase inhibitor tenofovir (28, 30, 31).

In application of the benchmarked FTC adherence classification criteria to samples
from YMSM engaged in PrEP, short-term fluctuations in FTC apparent in longitudinal
profiles could be categorized into four general patterns across the paired longitudinal
samples, which are intended solely as a descriptive means of grouping the observed
patterns of behavior. In each case, the combined 30-day adherence profiling of FTC in
samples collected 1 month apart provides a granularity of day-to-day behavior not
offered by the information derived from FTCtp and TFVdp concentrations in DBS. For
individuals exhibiting sustained adherence at .3 doses/week with signal abundance
consistently above the defined cut point of 500 (S1 to S4), relative changes in FTC sig-
nal abundance within individuals can still be observed. This is most apparent in Fig.
5A, where an accumulation period is apparent in the distal portion of S1_T0 following
restart of PrEP in the same month as study enrollment, in agreement with the baseline

FIG 6 Comparison of mean FTC signal abundance relative to steady-state TFVdp concentrations in DBS for P3 study samples. Light gray circles correspond
to 30-day comparisons between T1 (open circles) and T0 (filled circles) sampling time points. To investigate agreement between TFVdp and longer period
of adherence behavior, T0 and T1 profiles were partially or completely concatenated (inset) for 45- and 60-day FTC profile periods.
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questionnaire. For samples reflecting sporadic dosing behavior (Fig. 5D), clustered pat-
terns of dosing can be resolved either weeks prior to sampling (S5_T0) or within recent
days (S5_T1). In cases where paired FTCtp and TFVdp concentrations reflected high
dosing frequency (S4_T1, S7_T1), IR-MALDESI profiling of FTC was able to differentiate
between instances of intermittent dosing (S4_T1 and S7_T0) either following a period
of sustained adherence (S4_T0) or prior to re-engagement in PrEP in dosing akin to a
prolonged drug holiday (S7_T1). In all cases, clustering of days below the adherence
cut point could be evaluated from the longitudinal profiles.

Identification of short-term patterns within long-term dosing behavior has impor-
tant implications for the care of individuals using antiretrovirals for treatment and pre-
vention. Perfect adherence with modern, long-half-life antiretrovirals may not be
required to maintain full viral suppression or protection from infection, but frequently
missed doses may have deleterious consequences. Treatment interruptions longer
than 48 h can result in HIV viral load rebound (6) and may lead to enhanced inflamma-
tion and immune activation (32, 33) even in the absence of virologic failure. Capturing
short-term changes in patterns of adherence may become increasingly beneficial as
on-demand and time-based nondaily dosing schemes for PrEP become more popular
(34, 35). It may also be useful to understand the role of missed doses in the last few
months in breakthrough infections (36).

Long-term adherence behavior from longitudinal hair profiles, assessed by averag-
ing FTC signal abundance measured in hair strands over a designated growth period,
was compared to intracellular metabolite concentrations based on their prevalence in
adherence monitoring. Through combination of the IR-MALDESI hair profiles for T0
and T1 time points, adherence behavior could be assessed over a period of 1 to
2 months, corresponding to 1 to 2 cm of hair growth. Correlation between hair FTC
and TFVdp measurements was greatest when evaluating the 2-month cumulative
response in hair strands, which is consistent with the 2 to 3 months of dosing behavior
that the TFVdp concentrations reflect. Agreement between cumulative measurements
of FTC in hair and TFVdp was similar to those from the iPreX OLE study evaluating 806
paired samples (rs = 0.742, P , 0.001), which used the segmental analysis of the proxi-
mal 1.5 cm of hair strands (15).

The long-term, daily adherence classification provided by IR-MALDESI FTC hair pro-
files may allow new and easy to interpret capabilities in adherence monitoring. These
data have the potential to be directly correlated with self-reported daily adherence
(including through use of the medication tracking feature within the P3 app) or non-
pharmacologic adherence monitoring measures such as Wisepill data. The retrospec-
tive daily adherence information offered by IR-MALDESI FTC hair profiles, which can
also be represented in calendar format, was found to be readily interpretable by both
patients and providers. Its short analysis time is compatible with the time scale of a
clinic visit. As part of care, it has the potential to facilitate discussions and shared deci-
sion-making about adherence behavior and may represent a useful new approach for
targeting interventions to individuals at greatest risk for transmission or viral rebound.
We have demonstrated sensitivity of IR-MALDESI MSI to physiologically relevant con-
centrations of other antiretrovirals (ARVs) in hair (21, 22), and the MSI approach offers
flexibility for assessment of multiple analytes simultaneously from the same analysis
such that the adherence classification approach implemented for FTC can be expanded
to other ARVs alone or in combination.

Primary limitations of this study relate to sample size. Benchmarking of FTC in hair
strands by IR-MALDESI MSI from the ENLIGHTEN study included a total of 12 partici-
pants. With only 4 individuals in each of the three intermittent dosing groups, we did
not observe statistically significant differences between daily dosing and 3 doses per
week. The resulting adherence threshold can distinguish daily hair responses consist-
ent with dosing of 3 or fewer doses per week from more frequent dosing behavior, but
additional benchmarking would be required to further refine detection of dosing fre-
quency. Additionally, agreement between FTCtp and the proximal 5 to 7 days of FTC
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adherence classification was not always consistent. We attribute this incongruence to
the sample collection approach for the hair strands. It can take 3 to 5 days for hair to
emerge above the scalp line, and cutting techniques likely add additional uncertainty
to how recently in the past accumulation of drug into the proximal end of a cut strand
occurred. We adjusted hair sampling to plucking. Including the hair root ensures that
profiling reflects the most recent incorporation of drug. With only 5 strands of hair
needed to account for variability in hair growth phases, this represents minimal partici-
pant burden. While acceptability of hair collection is among patients is generally high
(27, 37), this may differ in some communities (38). Given that some hair treatments can
remove FTC from hair or modulate FTC in hair, cultural differences in hair care may
also need to be considered for diverse populations. Benchmarking has focused on
scalp hair, but grooming habits or lack of hair growth may preclude sampling from this
location for some individuals. Longitudinal profiling can also be performed using body
hair from other sampling locations, though variability in growth rates and possible
external contamination from sweat would need to be considered through further
benchmarking.

We have presented a sensitive new approach for measuring FTC in hair strands at
clinically relevant concentrations that preserves the record of drug accumulation asso-
ciated with different dosing behaviors through a unique approach to mass spectrome-
try imaging, IR-MALDESI. This approach is a noninvasive, long-term measure of daily
adherence for patients and clinicians, applicable to both treatment and prevention,
that can differentiate patterns of adherence. Feasibility and acceptability of imple-
menting this approach in a clinical setting are being evaluated as part of the
ENLIGHTEN study (NCT04232540), and scalability will be a focus of future work.

MATERIALS ANDMETHODS
Reagents. Methanol (high-performance liquid chromatography [HPLC] grade), acetonitrile (HPLC

grade), water (HPLC grade), acetic acid (80% [wt/wt]), and formic acid (Optima) were obtained from Fisher
Scientific (Hampton, NH). The electrospray solvent was a 50/50 (vol/vol) mixture of methanol and water
with 0.2% formic acid. Blank (drug-free) human hair samples were obtained from BioreclamationIVT
(Westbury, NY).

Study design. Samples were evaluated from two clinical trials:
(i) Benchmarking: ENLIGHTEN. As part of the ENLIGHTEN study (NCT03218592), conducted at the

North Carolina Translational and Clinical Sciences (NC TraCS) Institute Clinical and Translational Research
Center (CTRC), HIV-uninfected healthy volunteers (n = 12) were administered TDF 300 mg plus FTC
200 mg by directly observed therapy. All study volunteers (DOT-1 to DOT-12) participated in a 28-day
period of daily dosing after which they were randomized (n = 4) for a subsequent 28-day period to one
of three differentiated dosing frequencies: 0 doses per week, 1 dose per week, or 3 doses per week. An
interval of 7 days separated each dosing period. This enabled characterization of FTC accumulation in
hair strands by IR-MALDESI MSI under different dosing patterns.

Hair and whole blood samples were collected during study visits on days 3, 7, 14, 21, and 28 of each
dosing period. Benchmarking of IR-MALDESI MSI response to FTC accumulation in ENLIGHTEN hair
strands in daily and intermittent dosing periods was conducted using samples collected at the end of
daily and intermittent dosing phases. FTC was evaluated in the proximal 1 cm of each strand collected
following daily dosing and the proximal 2 cm of each strand collected following intermittent dosing.
The segment lengths associated with these longitudinal samples reflect 1 month and 2 months of hair
growth, respectively, and correspond to accumulation of FTC in each of the two dosing periods. FTCtp
and TFVdp were measured in DBS collected at the same time as hair samples.

(ii) Application: P3. P3 (Prepared, Protected, emPowered) (NCT03320512) is an ongoing clinical
study investigating the 6-month use of an electronic social networking, gamification, and adherence
support application to promote PrEP adherence and persistence in PrEP care among HIV-uninfected
young men who have sex with men and young trans women aged 16 to 24 years. Eligible individuals
are currently on PrEP or are planning to start PrEP soon. As part of a randomized-controlled trial across
11 study locations, longitudinal analysis of TFVdp and FTCtp in dried blood spots and FTC in hair is being
performed as objective measures of adherence. Prior to commencement of the trial, a brief field test was
undertaken to validate study protocols. Participants eligible for participation in the field trial included
those who were not currently on PrEP but were planning to initiate in the next 7 days and those who
had an active PrEP prescription or were on PrEP and had an active PrEP prescription. In the current work,
we evaluated hair and blood samples (n = 16) collected from 8 YMSM field testing participants in the
field test at two time points: at enrollment (T0) and 1 month after enrollment (T1). These measures were
compared to self-reported adherence administered through an online survey at baseline and study com-
pletion (1 month).
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Sample collection for both clinical trials. (i) Hair. Hair sampling was conducted by cutting approxi-
mately 10 hair strands from the occipital region close to the scalp using scissors. Strands were adhered
to aluminum foil at their distal end to preserve orientation before being sealed and stored with a desic-
cant gel pack at 4°C until analysis.

(ii) Dried blood spots. Whole blood was collected in one 3-mL K2 EDTA tube (Becton, Dickinson &
Company, Franklin Lakes, NJ, USA) and then spotted (40 to 60 mL) within 1 h of collection onto
Whatman 903 Protein Saver cards that were subsequently dried at room temperature for at least 2 h but
no more than 24 h before being placed in the280°C freezer.

IR-MALDESI MSI analysis of FTC in hair. Hair strands (n = 4 to 5) were adhered to glass microscope
slides with VHB double-sided tape (3M, St. Paul, MN) and oriented horizontally with proximal strand
ends positioned to the left side of the slides. Sample slides were then transferred to an IR-MALDESI MSI
source enclosure, described in detail elsewhere (39). Briefly, samples were placed on a temperature-con-
trolled stage and cooled to29°C under dry nitrogen gas flow to reduce humidity. After temperature sta-
bilization, the enclosure was opened to the ambient atmosphere, allowing growth of an ice layer pro-
moting absorption of energy from single IR laser pulses (l = 2,940 nm; IR Opolette; Opotek, Carlsbad,
CA) for sample desorption (40). An orthogonal electrospray plume entrained and ionized volatilized sam-
ple material, with resulting ions measured by the mass spectrometer coupled to the IR-MALDESI MSI
source (Q Exactive Plus; Thermo Fisher, Bremen, Germany). During experiments, the source was closed
and humidity was controlled to;14% by a low flow of nitrogen gas to maintain ice thickness. The sample
stage was translated in 100-mm increments such that each sampling location (100- by 100-mm pixel size)
along the hair strands corresponds to approximately 7 to 8 h of growth based on the average growth rate
(;1 cm/month) in the occipital region (18). Interrogated regions of interest on hair strands were at least
1 cm in length. For analysis of FTC, the mass spectrometer was operated in a selected reaction monitoring
tandem mass spectrometry mode in positive polarity (m/z 248.1 6 4 ! m/z 130.041; normalized collision
energy (NCE) = 10 with charge z set at12; resolving power, 140,000 atm/z 200; s-lens RF level, 50) (22).

Data were processed using MSiReader (41) and custom MATLAB software (MathWorks, Inc., Natick,
MA). Raw mass spectrometry files were converted into the imZML file structure using MSconvert (42)
and imzMLconverter (43) serially before applying MSiReader to extract the ion heat maps delineating
ions of interest along the hair strands with a mass window of 5 ppm. A custom MATLAB interface (44)
evaluated longitudinal profiles of FTC response in individual strands within a sample, which were then
aligned to a common reference and averaged radially to create a composite sample profile. For daily ad-
herence classification, responses from adjacent sampling locations (n = 3) were binned to provide an av-
erage FTC ion abundance reflecting a period of 24 h.

LC-MS/MS analysis of DBS. Analysis of TFVdp and FTCtp in DBS was performed by a validated LC-
MS/MS assay (45). Extraction of metabolites from 3-mm DBS punches was performed using a combina-
tion of protein precipitation and a liquid-liquid extraction. Separation was performed by anion exchange
(Thermo Scientific BioBasic AX column) in a Shimadzu Prominence HPLC system using 750 mM ammo-
nium acetate (mobile phase A) and 75:25 5 mM ammonium acetate-acetonitrile, pH 10.1 (mobile phase
B). Detection of analytes was performed using an API-5000 triple quadruple mass spectrometer (SCIEX,
Foster City, CA, USA) operated in positive ion TurboIonspray mode by selected reaction monitoring to
detect the analyte transitions (precursor m/z/product m/z) as follows: TFVdp, 448/270; FTCtp, 488/130.
Limits of detection were 100 fmol/sample.

Statistical analyses. (i) Determination of adherence cut point. A receiver operating characteristic
curve was evaluated to guide selection of an adherence cut point for IR-MALDESI MSI daily adherence
classification profiles. This analysis compared DOT FTC signal abundance measurements associated with
daily dosing to the pooled measurements from all intermittent dosing frequencies to discriminate
between daily dosing and 3 or fewer doses per week. True-positive and false-positive rates for IR-
MALDESI MSI FTC response on the hair strands were determined based on known adherence behavior.
Specificity and sensitivity were then used as criteria to delineate a cut point threshold for classifying FTC
signal abundance as either adherent or nonadherent in an approach similar to that used in a prior
assessment of FTC dose ranging (46).

(ii) Comparing FTC signal abundance in hair with TFVdp concentration in DBS. Comparisons
between FTC signal abundance in hair associated with each of the investigated dosing frequencies were
analyzed by the Kruskal-Wallis one-way analysis of variance (ANOVA) followed by Dunn-Šidák P value
corrections for multiple comparisons with significance at a P value of ,0.05. The Spearman’s rank order
correlation coefficient (Spearman’s rho [rs]) was determined to characterize the relationship between
response of FTC in hair measured by IR-MALDESI MSI and concentrations of TFVdp measured in DBS by
LC-MS.
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