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Background. Intracellular tenofovir diphosphate (TFV-DP) concentration in dried blood spots (DBSs) is used to monitor 

cumulative pre-exposure prophylaxis (PrEP) adherence. We evaluated TFV-DP in DBSs following daily oral PrEP (emtricitabine 

200 mg/tenofovir diphosphate 300 mg) among pregnant and postpartum adolescent girls and young women (AGYW).

Methods. Directly observed PrEP was administered for 12 weeks in a pregnancy (14–24 weeks’ gestation, n = 20) and post-

partum (6–12 weeks postpartum, n = 20) group of AGYW aged 16–24  years in sub-Saharan Africa. Weekly DBS TFV-DP was 

measured by validated liquid chromatography–tandem mass spectrometry assay. Week 12 TFV-DP distributions were compared 

between groups with Wilcoxon test. Population pharmacokinetic models were �t to estimate steady-state concentrations and create 

benchmarks for adherence categories. Baseline correlates of TFV-DP were evaluated.

Results. Median age was 20 (IQR, 19–22) years. Of 3360 doses, 3352 (>99%) were directly observed. TFV-DP median (IQR) half-life 

was 10 (7–12) days in pregnancy and 17 (14–21) days postpartum, with steady state achieved by 5 and 8 weeks, respectively. Observed 

median (IQR) steady-state TFV-DP was 965 fmol/punch (691–1166) in pregnancy versus 1406 fmol/punch (1053–1859) postpartum 

(P = .006). Modeled median steady-state TFV-DP was 881 fmol/punch (667–1105) in pregnancy versus 1438 fmol/punch (1178–1919) 

postpartum. In pooled analysis, baseline creatinine clearance was associated with observed TFV-DP concentrations.

Conclusions. TFV-DP in African AGYW was approximately one-third lower in pregnancy than postpartum. �ese Population-

speci�c benchmarks can be used to guide PrEP adherence support in pregnant/postpartum African women.

Clinical Trials Registration. NCT03386578.
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Pregnancy and the postpartum period represent important 

windows of elevated human immunodeficiency virus (HIV) 

risk for women [1, 2] and this has important implications for 

both mothers and infants in generalized HIV epidemics [3, 4]. 

When taken as prescribed, daily oral pre-exposure prophylaxis 

(PrEP) with emtricitabine/tenofovir disoproxil fumarate (FTC/

TDF) is highly effective for reducing HIV acquisition among 

men who have sex with men (MSM) and HIV-serodiscordant 

couples [5]. PrEP use during pregnancy and breastfeeding ap-

pears feasible, safe, and acceptable [6] and a growing number 

of national HIV programs now recommend PrEP for women at 

elevated HIV risk during these critical periods [7].

PrEP e�cacy correlates directly with FTC/TDF adher-

ence [5]. Because of the limitations of self-reported measures, 

tenofovir diphosphate (TFV-DP; an intracellular metabolite of 

tenofovir)—measured in red blood cells (RBCs) using dried 

blood spots (DBSs)—is used as a biological marker of adher-

ence [8–13] integrated into adherence support strategies [14, 
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15]. Tenofovir diphosphate concentrations in DBSs characterize 

cumulative exposure over the prior 6–8 weeks [11, 16, 17], anal-

ogous to glycated hemoglobin (HbA1c) for cumulative glucose 

exposure. DBS assays report drug concentrations in femtomoles 

measured in a 3mm disc punched from the dried blood on the 

card. Additionally, in studies of MSM, TFV-DP concentrations 

in DBSs were shown to predict PrEP e�cacy [18, 19]. In iPrEX 

Open Label Extension of the iPrEX study (OLE), for example, 

HIV incidence was 4.7 per 100 person-years when TFV-DP 

was not detected, 2.3 per 100 person-years at concentrations 

less than 350 fmol/punch, and 0.6 per 100 person-years at 350–

699  fmol/punch, and no new infections were observed when 

TFV-DP concentrations were 700 fmol/punch or greater.

Given limited prior research in this population, TFV-DP 

concentrations in DBSs have not been rigorously evaluated 

in women, most notably during pregnancy and postpartum, 

periods of profound physiological change [20]. Further, women 

continuing PrEP during pregnancy had reductions in plasma 

tenofovir concentrations (58%) and TFV-DP concentrations 

in DBSs (27%) [9]. Similarly, plasma tenofovir area-under-the-

concentration-time curves (AUC) were approximately 20% 

lower during pregnancy compared with nonpregnant women in 

the context of treatment for HIV [21] and hepatitis B [22], likely 

due to increased renal clearance [23]. To account for physiolog-

ical changes that may in�uence drug concentrations, tailored 

TFV-DP in DBS adherence benchmarks are needed in pregnant 

and postpartum women.

�e pharmacokinetic (PK) component of International 

Maternal Pediatric Adolescent AIDS Clinical Trials Network 

(IMPAACT) 2009 sought to establish TFV-DP concentrations 

in DBSs in pregnancy and postpartum over 12 weeks of di-

rectly observed daily oral PrEP. We succeeded in developing 

TFV-DP–based benchmarks to guide future adherence support 

interventions.

METHODS

Study Design and Participants

The PK component enrolled peripartum adolescent and young 

women from Malawi, South Africa, Uganda, and Zimbabwe. 

Briefly, we recruited women from maternal and child health serv-

ices for 2 separate groups: pregnancy and postpartum. Women 

in the pregnancy group enrolled between 14 and 24 weeks’ ges-

tation based on best obstetrical estimate incorporating prior 

obstetric ultrasound [24]. The postpartum group enrolled 6–12 

weeks following delivery. Additional eligibility criteria included 

age 16–24  years, confirmed HIV-negative, agreement to take 

daily oral PrEP under direct observation for 12 weeks, no social 

circumstances that would interfere with study participation, and 

no clinical or laboratory evidence of underlying comorbidities. 

All women were provided with information about the study, in-

cluding the risks and benefits of participation. Written informed 

consent (or assent with parental consent, per local regulations) 

was obtained prior to initiating study procedures.

Study Procedures

At screening, we collected basic demographic and medical in-

formation, measuring height, weight, hematocrit, and estimated 

creatinine clearance (CrCl). Participants agreed to take daily oral 

co-formulated PrEP (FTC 200  mg/TDF 300  mg) under direct 

observation for 84 consecutive days. Following instruction in 

pill-swallowing technique, participants developed dynamic indi-

vidual plans for direct observation, including in-person visits at 

the clinic, home, or alternate community sites. Real-time video 

documentation of pill ingestion was offered as an alternate mode 

of documentation when in-person observation was not feasible.

Participants completed 12 once-weekly visits to collect 

DBS specimens via venipuncture and medical data, including 

weight. Support for sexual health promotion and PrEP use 

was provided using adapted Integrated Next Step Counseling 

[25]. Whole blood (50  μL/spot) was pipetted onto Whatman 

903 Protein Saver Cards (Fisher Scienti�c, Fairlawn, NJ, USA), 

dried at room temperature, stored in plastic bags with a des-

iccant at −80oC, then shipped for centralized testing. Safety 

monitoring reports included grade 3 or higher adverse events 

using the Division of AIDS (DAIDS) toxicity tables [26] and 

adverse pregnancy outcomes: low birth weight (<2500 g), pre-

term delivery (<37 weeks’ gestation), spontaneous abortion 

(fetal loss <20 weeks’ gestation), stillbirth (fetal loss ≥20 weeks’ 

gestation), and small for gestational age (<10th percentile by the 

INTERGROWTH-21st scale).

Pharmacokinetic Testing

Extractions from a 50-μL DBS were tested for TFV-DP using 

a validated high-performance liquid chromatography–tandem 

mass spectrometry (LC-MS/MS) method at the University of 

Cape Town, South Africa (Supplementary Material) [18]. The 

lower limit of quantification for TFV-DP was 16.6 fmol/3-mm 

punch. A  correction factor was applied for the TFV-DP per 

50 μL to convert to fmol/3-mm punch, as these units have been 

used in previous studies.

Sample Size Considerations

A target sample size of at least 15 women per group was con-

sistent with similar studies of directly observed PrEP that 

estimated steady-state concentrations of TFV-DP, providing ad-

equate precision for outcome estimates [16]. We increased the 

sample size to 20 participants per group to account for potential 

attrition. This study was not powered to assess safety or efficacy.

Statistical Analysis

We summarized and compared demographic and clinical char-

acteristics at enrollment between the pregnancy and postpartum 

groups. We used Fisher’s exact test to estimate differences in 
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proportions and t tests or Wilcoxon rank-sum tests (as appro-

priate) for continuous measures.

For each group, we plotted median and interquartile range 

(IQR) TFV-DP concentrations for each week and �t a Loess 

curve and 95% con�dence interval (CI) to the concentration-

time data. �e plateau in the concentration-time curve was as-

sumed to represent steady-state. Tenofovir diphosphate at week 

12 (steady-state) was analyzed as median, IQR, mean, standard 

deviation (SD), and 95% CI in the pregnancy and postpartum 

groups. �e Wilcoxon rank-sum test was used to evaluate dif-

ferences in the distribution of 12-week concentrations between 

groups. Additionally, a nonlinear mixed-e�ects population PK 

model was �t to the TFV-DP data using a 1-compartment con-

stant input model using Phoenix (Certara, Princeton, NJ). �e 

model was used to summarize PK parameters for both groups 

and to assess the in�uence of demographic covariates on the PK 

parameters with the groups pooled (Supplementary Material).

To develop benchmarks for TFV-DP in DBSs to guide adher-

ence interpretations, similar to other studies [11, 12, 15], we �rst 

created the 7 doses/week benchmark using the 25th percentile in 

observed TFV-DP concentrations at 12 weeks. Assuming linear 

dose proportionality of TFV-DP concentrations, as demon-

strated in other trials [16], we divided the 7 doses/week bench-

mark by 7 to estimate the TFV-DP concentration produced by 

each dose per week. We then estimated TFV-DP benchmarks 

for 2 additional categories: 2–6 doses/week and <2 doses/week. 

For the second approach, we created benchmarks using simu-

lations of TFV-DP via the PK model. �e simulations included 

1, 2, 3, 4, 5, 6, and 7 doses/week, on average, for each group. 

A  receiver operating characteristic (ROC) curve analysis was 

conducted for each group to identify TFV-DP cuto�s that best 

characterized the same 3 adherence categories.

Ethical Considerations

The protocol was approved by in-country institutional review 

boards and ethics committees and US institutional review boards 

affiliated with the enrolling sites. The trial protocol is regis-

tered in ClinicalTrials.gov (NCT03386578) and can be found at 

https://www.impaactnetwork.org/studies/IMPAACT2009.asp.

RESULTS

From March to June 2019, 20 pregnant and 20 postpartum 

women were enrolled. Baseline characteristics for each study 

group are summarized in Table 1. Of 3360 possible PrEP doses, 

3352 (99.6%) were directly observed: 3335 in-person, 13 by 

real-time video, and 4 by time-stamped video. Eight doses were 

not directly observed; 3 women each took 1 dose that was not 

directly observed and the remaining 5 doses were missed by 3 

women (1, 1, and 3 doses). The 12 weekly visits were completed 

by all 20 pregnant participants. One postpartum participant 

missed her final visit and DBS specimen collection; however, 

given that her concentrations were already at steady-state, we 

carried forward her week 11 TFV-DP concentration and in-

cluded all participants in our final analysis.

Observed Pharmacokinetics of Tenofovir Diphosphate

Weekly concentrations accumulated to steady-state at approxi-

mately week 5 in the pregnancy group (Figure 1A) and week 8 

in the postpartum group (Figure 1B). Table 2 summarizes the 

distribution of observed TFV-DP concentrations (fmol/punch) 

in DBSs collected at week 12. Median concentrations were 31% 

lower in the pregnancy group (965; IQR: 691, 1166) than in the 

postpartum group (1406; IQR: 1053, 1859; P < .05).

Pharmacokinetic Model

The model-fitted concentrations (Figure  1C and 1D) were 

similar to the observed concentrations. One postpartum par-

ticipant had outlier measurements at week 11 (8743  fmol/

punch) and week 12 (6696 fmol/punch), which were severalfold 

higher than the next highest concentrations. These data were 

retained in all analyses. The fitted week 12 median TFV-DP 

was 881  fmol/punch (IQR: 667, 1105)  in pregnancy versus 

1438  fmol/punch (IQR: 1178, 1919)  postpartum, a 39% dif-

ference. Tenofovir diphosphate accumulated with a median 

half-life of 10 days (IQR: 7.4, 12.4) in pregnancy and 17 days 

(IQR: 13.7, 21.2) postpartum, consistent with steady-state 

being achieved by 5 and 8 weeks, respectively (Figure  1). In 

analyses combining both groups, age was not associated with 

clearance. Weight and hematocrit reduced the objective func-

tion but did not reduce interindividual variability on clearance. 

Baseline CrCl reduced the objective function (44.67 to 19.92) 

and reduced interindividual variability (49% to 34%) on clear-

ance; thus, baseline CrCl was associated with lower steady-state 

TFV-DP. For every 1-mL/min difference in baseline CrCl there 

was a 0.96% (95% CI, 0.65%, 1.26%) difference in TFV-DP in 

the opposite direction.

Adherence Benchmarks for Tenofovir Diphosphate

Figure 2 shows adherence interpretations using the 25th percen-

tile approach and ROC analysis approach for each group. The 

observed 25th percentile TFV-DP concentrations for 7 doses/

week were rounded down to the nearest 50 fmol/punch (691 to 

>650 and 1053 to >1050). Because dose proportionality was as-

sumed, we estimated that the concentration corresponding to 1 

dose/week in the pregnancy group was 650/7 = 93 fmol/punch. 

Therefore, the lower value was set at 200  fmol/punch for less 

than 2 doses/week. The same approach was used for the post-

partum group. Estimates based on the 25th percentile approach 

and the ROC approach were similar.

Safety

Daily oral PrEP was well tolerated by participants in both 

groups. Eight grade 3 or higher adverse events were observed 
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among 4 pregnant women; 1 participant experienced 1 grade 

4 event (placenta accreta) and 4 grade 3 events (disseminated 

intravascular coagulation, peritoneal hemorrhage, intrauterine 

fetal death, and endometritis); 1 participant had a grade 3 event 

(decreased CrCl, transient); another 2 participants had 2 grade 

3 events (spontaneous abortion and failed induction of labor). 

Due to the circumstances surrounding these events, and based 

on site investigators’ extensive clinical experience managing 

Figure 1.  Observed and fitted TFV-DP concentrations in pregnant and postpartum women by study week (A and B, observed; C and D, modeled). Dashed line = USA 

median; gray shading represents the 95% confidence interval for Loess curve. Abbreviation: TFV-DP, tenofovir diphosphate.

Table 2.  Summary of Tenofovir Diphosphate Concentrations at Steady-State

Statistic Pregnancy Group Postpartum Group P

N 20 20  

Mean fmol/punch 964 1713 .0205a

 SD 345 1295  

 95% CI (802, 1125) (1107, 2319)  

Median fmol/punch 965 1406 .0064b

 Q1 691 1053  

 Q3 1166 1859  

Minimum fmol/punch 419 624  

Maximum fmol/punch 1618 6696  

Steady-state was defined as week 12 for all but 1 participant; for 1 participant in the postpartum group who missed the week 12 visit, values from the week 11 visit were used. Abbreviations: 

CI, confidence interval; Q1, first quartile; Q3, third quartile; SD, standard deviation.

a
t test.

bWilcoxon test.
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pregnant women and other adults receiving FTC/TDF for an-

tiretroviral therapy or PrEP, all were deemed not related to 

study treatment; upon review of all available information, the 

protocol team confirmed agreement with each assessment. No 

grade 3 or higher events were reported for postpartum ma-

ternal participants.

For the pregnancy group, 2 infants each had 1 grade 3 ad-

verse event (increased blood creatinine, neonatal respiratory 

distress). One grade 3 infant adverse event was observed in the 

postpartum group (increased blood creatinine). �ese transient 

events were all coded as not related to treatment following site 

and protocol team review.

Of the 20 pregnancies, 5 (25%) had an adverse pregnancy 

outcome. One spontaneous abortion and 1 stillbirth were ob-

served and deemed not related to the study treatment (see 

above). Of the 18 pregnancies resulting in live births, there was 

1 (6%) preterm delivery at 36 weeks’ gestation and 2 children 

(11%) were born small for gestational age. No new HIV infec-

tions were observed during follow-up.

DISCUSSION

Among adolescent girls and young women in sub-Saharan 

Africa—in the setting of near perfect PrEP adherence—we 

found that TFV-DP concentrations in DBSs were approx-

imately one-third lower in pregnancy than postpartum. 

Tenofovir diphosphate levels in DBSs observed in pregnancy 

also appeared lower than those reported in analogous studies 

of men and nonpregnant, nonlactating women in the United 

States [16]. The implication of these findings for PrEP effi-

cacy is unknown, as data about the adherence-efficacy rela-

tionship during pregnancy remain limited. As HIV programs 

integrate PrEP into maternal–child health settings [4, 27, 28], 

additional research is needed. The adherence benchmarks 

established in this study can guide future adherence-efficacy 

studies in this population.

�e lowered TFV-DP concentrations in DBSs observed 

during pregnancy are consistent with existing medical literature 

[23]. An important limitation of these past studies was lim-

ited assessment of adherence, which is especially needed for 

TFV-DP in DBSs as it captures adherence over weeks of dosing. 

Our study addressed this problem by incorporating direct ob-

servation of daily PrEP. With only 8 of 3360 (0.2%) doses not 

directly observed, this study provides a high level of con�dence 

about PrEP adherence over the 12-week follow-up period.

�e implication of these lowered TFV-DP concentrations for 

PrEP e�cacy remains unclear. Existing data suggest that PrEP is 

e�ective across a range of TFV-DP concentrations. In the iPrEX 

OLE study, for example, only 1 of 28 men newly diagnosed with 

HIV had TFV-DP levels greater than 350 fmol/punch at the se-

roconversion visit, and the observed concentration (611 fmol/

punch) was in the range of 2–3 doses/week on average [11]. 

In HPTN 082 (Evaluation of Daily Oral PrEP as a Primary 

Prevention Strategy for Young African Women: A Vanguard 

Study), all 4 women who acquired HIV had TFV-DP concen-

trations less than 350  fmol/punch [15]. In the Pre-exposure 

prophylaxis (PrEP) Implementation for Young Women and 

Adolescents in Kenya (PrIYA) study, which provided PrEP to 

pregnant and postpartum women, the single HIV seroconver-

sion documented was in a woman with TFV-DP concentration 

below the limit of quantitation [29]. In these studies, PrEP was 

provided as part of broader HIV-prevention services, so it is 

di�cult to accurately attribute its independent protective ef-

fect. Because TFV-DP levels in DBSs measure the cumulative 

average exposure over the past 6–8 weeks, it is also di�cult to 

assess temporal changes in PrEP adherence within that window. 

Nevertheless, all HIV infections occurred in individuals with 

very low TFV-DP concentrations, suggesting that higher adher-

ence and drug levels confer protection against HIV during this 

period of heightened risk.

Since higher TFV-DP concentrations are associated with 

greater levels of protection—and lowered concentrations were 

observed in pregnancy in our study—our �ndings highlight the 

importance of strict adherence to PrEP during this period. Our 

proposed adherence benchmark for 7 doses/week, on average, 

Figure 2.  Proposed adherence thresholds for study groups. Abbreviations: DBS, dried blood spot; ROC, receiver operating characteristic curve; TFV-DP, tenofovir 

diphosphate.
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was 650 fmol/punch, which in MSM corresponds to an adher-

ence level of 4 doses/week (ie, 700 fmol/punch) [17]. Similarly, 

the median steady-state concentration for 7 doses/week ob-

served during pregnancy (965  fmol/punch) was also substan-

tially lower than for similar studies of men and nonpregnant, 

nonlactating women (1540  fmol/punch) in the United States 

[16].

Using these data, we developed DBS TFV-DP adherence 

benchmarks for pregnancy and postpartum women taking 

oral PrEP. �ese benchmarks will inform the second phase of 

IMPAACT 2009, in which participants receive drug concentra-

tion–guided counseling to support adherence a�er choosing 

oral PrEP for HIV prevention. Given the paucity of adherence 

metrics for PrEP in women, however, this may also provide a 

valuable framework for ongoing work in the �eld. �ese bench-

marks were similar whether using 25th percentiles of observed 

data or ROC curves on modeled data (Figure 2); however, we 

recommend the use of 25th percentiles as a more conservative 

approach. Such benchmarks may help characterize adherence 

behaviors in longitudinal studies and provide more granularity 

compared with qualitative interpretations (eg, detectable vs un-

detectable) of TFV-DP concentrations. When integrated into 

clinical care, DBS TFV-DP concentrations should be used to 

initiate nonjudgmental conversations about challenges, and so-

lutions, and not interpreted as absolute indicators of adherence.

In our study of possible TFV-DP correlates, baseline CrCl best 

explained variability in TFV-DP. Hematocrit and weight also re-

duced the objective function but did not explain interindividual 

variability as well as baseline CrCl. All variables are biologically 

plausible covariates for TFV-DP, but all were also di�erent be-

tween the pregnant and nonpregnant groups, creating redun-

dancies that make it di�cult to attribute cause and e�ect in 

these analyses. Nevertheless, assessments of baseline CrCl may 

assist in the interpretation of TFV-DP values that are borderline 

between 2 adherence categories.

Alongside the study’s many strengths, we acknowledge im-

portant limitations. First, while measurement of intracellular 

TFV-DP via DBSs holds practical advantages for adherence 

monitoring [16, 17] and has been used in numerous set-

tings, RBCs are not the target site for tenofovir drug action. 

Measurement of tenofovir in other compartments during 

pregnancy and postpartum, including in cervicovaginal �uid, 

and peripheral blood mononuclear cells (PBMCs), is needed 

to enhance our understanding of PrEP exposure during these 

periods. Second, our validated TFV-DP assay is dependent 

on RBC concentration and the physiologic change observed 

in pregnancy will result in dilution of RBCs and therefore 

TFV-DP. �ese concentrations also represent an averaging of 

TFV-DP over the course of the second and third trimesters of 

pregnancy. �e study was not designed to obtain separate esti-

mates of median TFV-DP levels for each trimester because of 

the duration of follow-up needed to reach steady-state and the 

unpredictable timing of delivery. �ird, we focused on tenofovir 

as the primary agent of interest consistent with other studies; 

however, tenofovir in PrEP is paired with FTC, which was not 

analyzed in this study. �e PKs of FTC require further evalu-

ation, but it is plausible that this second agent provides some 

HIV protection, even if tenofovir and tenofovir metabolite 

concentrations are low. Fourth, we recruited separate partici-

pants in the pregnancy and postpartum periods. A study that 

performed PK evaluations in the same participants for both 

time periods could have reduced interindividual variability. 

However, such an approach would present important prac-

tical challenges (eg, a lengthy overall observation period, an 

intensive daily follow-up, need for an intermediary “washout” 

window) that may have compromised study implementation. 

Finally, there is emerging evidence that other formulations 

for PrEP, including emtricitabine/tenofovir alafenamide, are 

e�cacious; however, these regimens have not been studied in 

women. �ese TFV-DP adherence benchmarks require further 

validation when other agents are used. �is study did not at-

tempt to assess the safety or e�cacy of TDF/FTC when used for 

HIV prevention in pregnancy.

In summary, in the setting of directly observed PrEP adminis-

tration, we show that TFV-DP concentrations were approximately 

one-third lower during pregnancy compared with postpartum. 

Additional research is needed to understand tenofovir levels at 

pharmacologically active sites, cervicovaginal �uid, and PBMCs, 

and to further characterize the relationship between PrEP adher-

ence and e�cacy. Nevertheless, when risk of incident HIV infec-

tion during pregnancy and breastfeeding is high, we recommend 

the continued scale-up of such services and provide tailored 

TFV-DP benchmarks to support PrEP adherence.
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