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Background. Tenofovir-diphosphate (TFV-DP) measured in dried blood spots (DBS) and tenofovir (TFV) measured in urine/ 
plasma have been used to measure TFV-based oral pre-exposure prophylaxis (PrEP) adherence. However, there are limited data 
comparing these 3 metrics and their appropriate use for PrEP adherence monitoring.

Methods. We collected DBS, urine, and plasma samples from HIV-negative adults randomized to a low (2 doses/week), 
moderate (4 doses/week), or perfect (7 doses/week) adherence group (via directly observed therapy) of tenofovir disoproxil 
fumarate/emtricitabine (TDF/FTC) for 6 weeks, followed by a 4-week washout phase. Drug concentrations were measured 
using liquid chromatography tandem mass spectrometry. Linear mixed-effects modeling was used to examine associations 
between drug concentrations and dosing time.

Results. Among 28 participants, the median age was 33 years, and 12 (43%) were female. At steady state, 25th percentile TFV- 
DP concentrations were 466, 779, and 1375 fmol/3 mm punch in the low, moderate, and perfect adherence group, respectively. 
Correlation was stronger between quantifiable TFV-DP and plasma TFV (r = 0.65; P < .01) than between TFV-DP and urine 
TFV (r = 0.50; P < .01). Among all participants, each additional week of cumulative dosing on average led to a mean increase of 
158 fmol/3 mm punch (P < .001) in TFV-DP during the dosing phase. Each additional day after the last dose was associated 
with 43 fmol/3 mm punch lower TFV-DP (P = .07).

Conclusions. TFV-DP levels in DBS provide valuable insight into both dosing recency and cumulative doses from variable 
adherence patterns. Our observed benchmark TFV-DP concentrations were slightly higher than prior predicted estimates based 
on convenience samples.
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Daily preexposure prophylaxis (PrEP) of oral tenofovir diso
proxil fumarate (TDF) and emtricitabine (FTC) reduces the 
risk of human immunodeficiency virus (HIV) acquisition [1] 
and is recommended by the World Health Organization 
(WHO) for high-risk individuals [2–4]. PrEP can also be taken 
as an event-driven (ED) regimen for men who have sex with 

men (MSM), offering more flexibility and convenience for peo
ple with infrequent or predictable risks [5]. The 2016 United 
Nations’ Declaration on Ending AIDS by 2030 included a com
mitment to ensure 3 million eligible people access to PrEP. 
PrEP use is projected to rise at an increasing speed as more 
countries continue to adopt and implement PrEP policies [1].

The efficacy of oral PrEP greatly depends on maintaining 
sufficient drug concentrations from consistent and timely med
ication adherence [6, 7]. Therefore, oral PrEP adherence mon
itoring is critical and can help identify people with suboptimal 
adherence who might benefit from enhanced support or inter
vention. Accurate measurement of oral PrEP adherence is chal
lenging. Methods such as diaries, clinic visit attendance, 
self-report, pill counts, and electronic pill bottles/caps do not 
measure real-time drug concentrations and have only demon
strated limited accuracy and reliability [8–10]. The recent 
approval of the long-acting injectable cabotegravir (CAB) for 
HIV prevention offers a potentially easier alternative for people 
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with demonstrated poor adherence to oral PrEP. Yet, tenofovir- 
based oral PrEP regimens remain the recommended HIV pre
vention approach for high-risk populations, particularly in 
resource-limited areas [11].

Direct pharmacological measurement of drug levels in bio
logical samples is more objective but often difficult to interpret 
regarding the relationship between efficacy, adherence, and 
drug concentrations. Tenofovir-diphosphate (TFV-DP) accu
mulates appreciably in red blood cells with repeated daily doses 
and has a long half-life of 17 days in this cellular compartment 
[12]. Measurement of TFV-DP in dried blood spots (DBS) is 
useful to assess cumulative patterns of adherence over longer 
time periods. High concentrations of TFV-DP measured in 
DBS (>700 fmol/punch) were found to be associated with sub
stantial reduction in HIV infection risks [13]. These “bench
marks” of TFV-DP levels in DBS were simulated using 
statistical models based on samples conveniently collected 
without regard to time since last dose taken and were mostly 
from populations where Asians and/or women were underrep
resented [12, 14]. Additional data defining adherence bench
marks for different cumulative dosing patterns across 
different populations, coupled with timed sample collection, 
would be reassuring. Urine and plasma tenofovir (TFV) con
centrations are short-term adherence monitoring metrics due 
to their short half-life (∼15 hours) [15–17]. Short-term metrics 
may provide valuable information about whether TDF was in
gested recently, which could be potentially helpful to under
stand ED PrEP adherence when cumulative dosing patterns 
are less informative than the recency of dosing [18].

Prior studies evaluating urine/plasma TFV or DBS TFV-DP 
have primarily focused on only one aspect of “dosing time” in 
PrEP adherence monitoring: either dosing recency or total cu
mulative time of dosing. Data are still limited on how TFV lev
els in urine and plasma and TFV-DP levels in DBS correlate 
with each other. Our objectives were to assess the associations 
between different dosing time (dosing recency and cumulative 
dosing time) and drug concentrations of TFV-DP in DBS and 
TFV in urine/plasma in an Asian population and to estimate 
the correlations between the three metrics.

METHODS

Study Design

The Tenofovir Adherence to Rapidly Guide and Evaluate PrEP 
and HIV Therapy (TARGET) study (ClinicalTrials.gov 
#NCT0301260) was a three-arm randomized, open-label phar
macokinetic clinical trial among healthy adults enrolled in 
Thailand with controlled levels of PrEP adherence. The study 
protocol has been published previously [19]. Eligible volunteers 
without HIV or hepatitis B infection, aged 18–49 years, were 
randomized to receive 2 doses/week (Monday and Thursday), 
4 doses/week (Monday, Wednesday, Friday, and Saturday), 

or 7 doses/week (once daily) of TDF 300 mg/FTC 200 mg 
(Truvada, Gilead Sciences) for 6 weeks, representing low, mod
erate, and perfect PrEP adherence, respectively. During the 
6-week dosing phase, we performed directly observed therapy 
(DOT) for each study drug intake. All participants ingested 
their last dose at the beginning of week 7 and were followed 
for another 4 weeks during the drug washout phase.

Collection of Urine, Plasma, and DBS Samples

We collected predose time-matched spot urine, plasma, and 
DBS specimens before the second dose in week 1/3/5 and be
fore the last dose in week 7. During the washout phase, blood 
and urine samples were collected on the Monday morning of 
week 8/9/10/11. We also conducted weekly liver and renal 
function assessment for all participants at week 1/3/5/7/10.

Measurement of Drug Concentrations

Urine, plasma, and DBS samples were stored at –70°C until 
analysis. TFV concentrations in urine and plasma, as well as 
TFV-DP in DBS, were measured using validated liquid chro
matography tandem mass spectrometry (LC-MS/MS) assays 
over the concentration ranges of 50–50 000 ng/mL in urine 
and 3–2500 ng/mL in plasma. An indirect LC-MS/MS assay 
to quantify the intracellular concentration of TFV-DP in red 
blood cells was validated in Thailand based on a previously 
published assay [14, 20]. Briefly, whole blood was spotted on 
Whatman Protein Saver 903 cards (50 µL/spot), air-dried over
night at room temperature, and then stored at –70°C until anal
ysis. For analysis, a 3-mm whole punch was taken from a single 
DBS, red blood cells were lysed from the paper, and then 
TFV-DP was separated from partially dephosphorylated TFV 
analytes by solid-phase extraction (SPE). TFV-DP was subse
quently dephosphorylated using alkaline phosphatase. Finally, 
TFV was separated using SPE, and the eluted sample was dried, 
reconstituted in mobile phase, and injected into the LC-MS/MS 
system. The range of the standard curve was linear over the 
range 200–3000 fmol/3mm punch.

Statistical Analyses

We calculated Spearman correlation coefficients (γ) to estimate 
the correlations between time-matched predose TFV-DP levels 
in DBS and TFV concentrations in urine/plasma during the 
dosing phase. Log transformation (natural base) was used to ac
count for the different scales, ranges, and units between 3 mea
surements. Concentrations in DBS, plasma, and urine below 
the lower limit of quantification (LLOQ) were imputed with 
half of the LLOQ values for each metric, namely 100 fmol/ 
3mm punch for DBS, 1.5 ng/mL for plasma, and 25 ng/mL 
for urine. A sensitivity analysis was also performed by restrict
ing the analysis among samples above the LLOQ. We used lin
ear mixed-effects modeling (LMM) to evaluate the effect of 
cumulative dosing time and dosing recency on drug 
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concentrations detected within each clinical metric. To assess 
the associations between different metrics and dosing time 
for participants who were still on PrEP, we restricted our 
LMM among samples collected during the dosing phase only. 
Cumulative dosing time was included in models as the number 
of weeks into study after the baseline visit. Dosing recency was 
represented with the number of days since last dose for each 
participant. All statistical analyses were performed using R (R 
Core Team).

RESULTS

Twenty-eight participants (43% female) with 224 DBS samples 
were included in the analyses. Half of the samples were collect
ed from 4 visits during the dosing phase, and the other half 
from 4 visits during the washout phase. Overall, 212 of the 
DBS samples were time-matched with predose trough plasma 
and spot urine samples. The median age of participants (inter
quartile range [IQR]) was 33 (28–40) years (Table 1), and the 
moderate adherence group had fewer female participants 
(2/10 [20.0%]) compared with the low (4/9 [44.4%]) or perfect 
(6/9 [66.7%]) adherence group. Participants in the moderate 
adherence group also had a slightly higher median (IQR) esti
mated glomerular filtration rate of 124 (97–149) than the low 
and perfect adherence groups. Other clinical/hematologic/lab 
measurements were similar between the 3 adherence groups.

The median trough TFV-DP levels in predose DBS samples 
during the dosing phase (IQR) were 329 (176–555) fmol/3 mm 
punch in the low adherence group, 622 (332–875) fmol/3 mm 
punch in the moderate adherence group, and 914 (317–1530) 
fmol/3 mm punch in the perfect adherence group (Table 2). 
Female participants showed a ∼40 fmol/3 mm punch higher 
mean, but a similar median TFV-DP concentration as male 
participants during the dosing phase (Table 3). When we re
stricted our analysis to TFV-DP concentrations above the 
LLOQ (30 samples excluded, with 15 from each gender), the 

median TFV-DP (IQR) was 640 (395–1047) and 584 (438– 
902) fmol/3 mm punch among females and males, respectively, 
for the entire study phase (dosing + washout). Figure 1 shows 
the observed TFV-DP concentrations accumulated during the 
dosing phase until week 7, when the last dose of each regimen 
was administered. The 25th quantiles of TFV-DP levels in DBS 
samples before the last dose at the start of week 7 were 466, 779, 
and 1375 fmol/3 mm punch for the low, moderate, and perfect 
adherence group, respectively.

Compared with the low adherence group (2 doses/week), 
moderate (4 doses/week) adherence was on average associated 
with an estimated 250 fmol/3 mm punch higher TFV-DP level 
during the dosing phase [Standard Error (SE), 108; P = .02], 
and the corresponding estimate was 622 fmol/3 mm punch 
higher for the perfect adherence (7 doses/week) group (SE, 
144; P < .01). Each additional cumulative week of TDF dosing 
was on average associated with 158 fmol/3mm punch (SE, 12; 
P < .001) higher TFV-DP concentration for participants with 
the same weekly PrEP regimen (in the same adherence group). 
In another mixed model examining the association between 
“days since last dose” (dosing regency) and TFV-DP levels in 
DBS during the dosing phase, we found that each additional 
day since last dosing was on average associated with 43 fmol/ 
3 mm punch lower TFV-DP in DBS (SE, 24; P = .07) for partic
ipants with the same length of cumulative dosing.

Separate mixed models to evaluate the effect of dosing time 
(dosing recency & cumulative dosing time) on urine or plasma 
TFV concentrations showed that each additional day since last 
dosing on average contributed to 2435 (SE, 456; P < .001) and 

Table 2. TFV-DP Concentrations (fmol/3 mm punch) by Adherence 
Groups

Dosing Phase No.a Mean SD Median
25th 

Quantile
75th 

Quantile

Low adherence 36 359 202 329 176 555

Moderate 
adherence

40 616 378 622 332 875

Perfect 
adherence

36 988 734 914 317 1530

Week 7 (after the last dose)

Low 
adherence

9 527 134 571 466 610

Moderate 
adherence

10 995 290 1038 779 1168

Perfect 
adherence

9 1635 655 1528 1375 1767

Washout phase

Low 
adherence

36 373 143 383 276 485

Moderate 
adherence

40 638 259 585 437 803

Perfect 
adherence

36 997 562 862 645 1179

Abbreviations: TFV-DP, tenofovir-diphosphate; SD, standard deviation.  
aNo.: total number of DBS samples.

Table 1. Baseline Characteristics by Adherence Groupsa

…

Adherence Groupb

Low (n = 9) Moderate (n = 10) Perfect (n = 9)

Age, years 38 (21–45) 32 (20–49) 34 (25–44)

Body mass index, 
kg/m2

23.1 (20.2–28.4) 24.0 (22.1–25.1) 20.2 (19.1–24.3)

Female, No. (%) 4 (44.4) 2 (20) 6 (66.7)

Hemoglobin, g/dL 14.7 (9.9–15.4) 14.5 (12.6–16.2) 12.4 (10.1–15.8)

Hematocrit, % 43 (33–47) 44 (39–48) 38 (32–48)

eGFR,c mL/min 108 (60–126) 124 (97–149) 91 (83–116)

Abbreviations: eGFR, estimated glomerular filtration rate.  
aData are presented as median (interquartile range) unless otherwise specified.  
bAdherence groups: perfect: 7 doses/week; moderate: 4 doses/week; low: 2 doses/week.  
cEstimated with the Cockcroft-Gault equation.
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9.01 (SE, 0.98; P < .001) ng/mL lower TFV levels in urine and 
plasma, respectively. Each additional week of cumulative dos
ing time was also associated with an increase of 192 (SE, 129; 
P = .14) and 0.95 (SE, 0.36; P = .013) ng/mL in urine and plas
ma TFV during the dosing phase. Correlation was stronger be
tween quantifiable TFV-DP and plasma TFV during the dosing 
phase (n = 79; Spearman r = 0.65; P < .01; 95% Confidence 
Interval (CI), 0.51–0.76) than that between TFV-DP and urine 
TFV (n = 85; Spearman r = 0.50; P < .01; 95% CI, 0.30–0.64). 
The difference between 2 correlation coefficients was signifi
cant (P < .01) with a bootstrapped 95% CI at 0.08–0.32.

DISCUSSION

In a study of directly observed administration of TDF/FTC among 
HIV-negative participants in Thailand, we found that the steady 
state adherence benchmarks for TFV-DP concentrations in DBS 

were 466, 779, and 1375 fmol/3 mm punch for participants taking 
2, 4, and 7 doses per week, respectively. TFV-DP levels in DBS 
were associated with both dosing recency and cumulative dosing 
time. Urine and plasma metrics of TFV (which both measure re
cent adherence) were modestly correlated with TFV-DP levels in 
DBS.

Participants with perfect (7 doses/week) and moderate 
(4 doses/week) adherence had higher TFV-DP concentrations 
than those with low (2 doses/week) adherence, which is consis
tent with former studies that demonstrated dose proportional
ity of DBS TFV-DP measurement [14]. Drug concentrations 
have been increasingly used to assess PrEP or ART adherence 
and corresponding outcomes [21–23]. However, most prior 
studies focused on only one aspect of adherence in relation to 
dosing time: dosing recency or cumulative time. Also, biologi
cal samples tested in prior studies were usually collected at 
“convenient” times without regard to time since last dosing. 
Our study utilized directly observed dosing and predose sam
ples to assess the effect of both cumulative weeks of dosing 
and days since last dose on the concentrations of TFV-DP in 
DBS and TFV in urine/plasma among an Asian population.

Based on statistical models, previous studies estimated clin
ically meaningful TFV-DP thresholds of 350, 700, and 
1250 fmol/punch in DBS at steady state (week 8 to 12) for 2, 
4, and 7 doses/week [12, 14]. These benchmarks showed strong 
correlations with PrEP effectiveness among MSM and have 
been used to assess gradients of adherence [6, 24–26]. 
TFV-DP levels of >700 fmol/punch has been considered 

Figure 1. TFV-DP concentrations in DBS (y-axis) by adherence groups (low vs moderate vs perfect) over weeks into the study for the dosing and washout phases (separated 
by the dashed vertical line). Abbreviations: TFV-DP, tenofovir-diphosphate.

Table 3. TFV-DP Levels in DBS by Gender

Dosing 
Phase No.a Mean SD Median

25th 
Quantile

75th 
Quantile

Male 64 636 521 557 241 800

Female 48 675 582 554 176 1088

Washout phase

Male 64 667 390 560 419 844

Female 48 670 503 566 351 835

Abbreviations: DBS, dried blood spots; TFV-DP, tenofovir-diphosphate; SD, standard 
deviation.  
aNo.: total number of DBS samples.
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equivalent to oral TDF-FTC dosing of  
≥ 4 doses/week and correlated with a 100% reduction in 

HIV risk [13]. However, this benchmark was estimated with 
the rounded 25th percentiles of TFV-DP concentrations of par
ticipants taking ≥ 4 doses/week. In other words, there were also 
at least 25% of participants taking ≥ 4 doses/week who had 
TFV-DP levels ≤700 fmol/punch. For such individuals, the 
clinical implication of TFV-DP benchmarks as proxies for suf
ficient weekly doses offering good enough protection is yet 
unclear.

Our benchmark TFV-DP concentrations were slightly high
er but comparable to prior predicted estimates. Several reasons 
might have contributed to the observed differences. First, the 
participants in the prior study were on 33% vs 67% vs 100% 
weekly dosing regimens. Predictions were made for dosing 
rates at 2 and 4 doses/week on average based on a mixed model 
with log(TFV-DP) levels as a smooth, nonlinear function of 
time and weekly doses, while our benchmarks were directly ob
served from participants with 2, 4, and 7 doses/week. In addi
tion, all DBS samples in the prior study were collected every 
2 weeks during the 12-week dosing phase conveniently without 
regard to time since last dose. In the current analysis, trough 
TFV-DP concentrations were tested with predose DBS samples 
collected before the second dose in week 1/3/5 and before the 
last dose in week 7. Second, our study population was entirely 
Asian from Thailand, whereas the prior study included no 
Asian participants, and race was recently found to be associated 
with different TFV-DP concentrations, possibly driven by 
pharmacogenomics [14, 27]. Finally, our study used the drug 
concentrations at week 7 as steady state levels, whereas the pri
or benchmarks were calculated with drug concentrations be
tween week 8 and week 12 (steady state). There was concern 
that the DBS TFV-DP levels at week 7 in our study had not 
yet reached steady state levels; however, the median TFV-DP 
concentration from daily dosing at week 7 in our study was 
1528 fmol/3 mm punch, which was comparable to median con
centrations reported at week 8 (1493 fmol/punch) and during 
the entire steady state (1534 fmol/punch) in the prior study. 
Consistent with previous findings, our study also showed high
er quantifiable median TFV-DP concentrations in females than 
males [14]. A greater number of doses received per week among 
females than males might have contributed to the observed sex 
differences. In our study, more females were randomly assigned 
to the perfect adherence group (7 doses/week) than males. 
Females on average received 4.83 doses per week during the 
dosing phase, while males only received 3.94 doses per week. 
Whether there would be higher drug concentrations among fe
males than males with the same number of weekly doses war
rants further research.

Pharmacologic measurements for PrEP adherence monitor
ing are generally grouped into short-term and long-term met
rics based on their half-lives in different biological specimens. 

Though both sets of metrics have demonstrated strong associ
ations with PrEP efficacy/effectiveness, most prior studies have 
only assessed short-terms metrics for “dosing recency” or long- 
term metrics for “cumulative dosing.” For instance, plasma 
TFV concentrations can inform drug adherence within the pre
ceding 2 days up to a week [15]. Plasma TFV concentrations of 
at least 35.5, 4.2, 2.5, and 0.5 ng/mL also indicated adherence 
consistent with at least 7, 4, 2, and 1 dose in the prior week, re
spectively, from the HPTN 066 study [28]. With similar half- 
life to plasma TFV, urine TFV concentrations are much higher 
and more variable. Urine TFV levels ≥1500 ng/mL have accu
rately classified 98% of participants who took their last dose 
within the past 24 hours [29] and are gaining in interest as 
point-of-care urine-based tests become available. Although 
short-term metrics can be susceptible to the “white-coat” effect 
where nonadherent participants may appear to be adherent by 
ingesting a dose right before drug level testing, a recent analysis 
examining emtricitabine triphosphate (FTC-TP, short-term 
metric) and TFV-DP levels in study participants who knew 
their blood was being monitored for adherence testing did 
not show that effect [30]. Long-term metrics such as TFV-DP 
are therefore increasingly preferred in clinical trials to evaluate 
established adherence patterns over a longer period of time. 
The resulting drug concentrations in DBS and peripheral blood 
mononuclear cells (PBMCs) [6] and hair samples [31, 32] have 
provided important benchmarks for interpreting the adher
ence–drug concentration–efficacy relationship. For example, 
a TFV-DP concentration of 700 fmol/punch in DBS and a 
TFV level of 0.023 ng/mg in hair were found to be commensu
rate with a median adherence of 4.1 doses/week, which is highly 
protective against HIV infection among MSM [32].

Since the endorsement of the ED PrEP “2-1-1” regimen from 
the International Antiviral Society-USA and the WHO as an al
ternative to the daily regimen, there is growing acceptance of 
ED PrEP among MSM [33]. However, current adherence 
benchmarks for short- or long-term metrics have mostly 
been based on established dosing patterns (1 dose per day, 
1–7 doses/week), and their interpretations in the setting of 
ED-PrEP is unclear. Because ED PrEP is normally taken at ir
regular intervals due to the sex act–dependent nature of ED 
PrEP, drug concentrations are very likely not to reach steady 
state levels when tested for adherence. A recent study of 
ED-PrEP adherence in Amsterdam reported a median 
TFV-DP concentration of 591 fmol/punch, suggesting that 
half of the participants on ED-PrEP offering good protection 
were below the 700 fmol/punch threshold [33]. Hence, a metric 
to measure both dosing recency and cumulative dosing infor
mation may be critical when assessing ED PrEP adherence. 
More data are urgently needed to assess the association be
tween cumulative dosing time/time since last dose and the con
centrations of both short- and long-term metrics for PrEP 
adherence monitoring.
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Contrary to expectations that TFV-DP in DBS, a long-term 
metric, can only provide information about cumulative doing, 
our results showed that each additional day since last dose tak
en (dosing recency) was also associated with lower TFV-DP in 
DBS. Though the finding was not statistically significant, the as
sociation between TFV-DP and dosing recency was further 
supported by its moderate to strong correlations with urine 
and plasma TFV. Both urine and plasma TFV were associated 
with dosing recency but not necessarily cumulative dosing ac
cording to our data. The higher correlation coefficient between 
DBS TFV-DP & plasma TFV vs that between DBS TFV-DP & 
urine TFV may partly be explained by the much higher concen
tration and variability of TFV in urine than in plasma. Of note, 
the associations between drug concentrations and dosing time 
(either dosing recency or cumulative doses) in our study should 
be limited to the dosing phase only. Future studies with time 
since last dosing information available are needed to elucidate 
the relationship between long-term metrics such as TFV-DP in 
DBS and dosing recency.

In conclusion, urine/plasma TFV levels modestly correlate 
with TFV-DP concentrations in DBS. The latter metric pro
vides valuable insight into both dosing recency and cumulative 
doses from variable adherence patterns. Our study provides 
new information on defining benchmarks of adherence from 
a direct-observed therapy study. Benchmarks of TFV-DP con
centrations observed from our study will help guide PrEP ad
herence monitoring and interventions.
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