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Objectives: To determine factors associated with interindividual variability in tenofovir diphosphate (TFV-DP)
concentrations in dried blood spots (DBSs) among persons living with HIV (PLWH).

Methods: PLWH who were at least 18 years old and taking tenofovir disoproxil fumarate-containing ART were
prospectively recruited and enrolled from a clinical cohort and followed longitudinally (up to three visits over
48 weeks). With log-transformed TFV-DP concentrations in DBSs as the outcome, mixed-model regression analy-
ses were used to assess associations between self-reported 3 month ART adherence, race and other clinical
covariates (gender, age, BMI, CD4! T cell count, estimated glomerular filtration rate, haematocrit, duration on
current ART and anchor drug class) on TFV-DP in DBSs.

Results: Five hundred and twenty-seven participants (1150 person-visits) were analysed. Adjusting for race and
other clinical covariates, every 10% increase in self-reported 3 month ART adherence was associated with an
average TFV-DP concentration increase in DBSs of 28% (95% CI: 24%–32%; P < 0.0001). In the same model,
female participants had 20% (95% CI: 3%–40%; P = 0.02) higher TFV-DP concentrations in DBSs, compared with
male participants, and every 1 kg/m2 increase in BMI was associated with a decrease in TFV-DP concentration
in DBSs by 2% (95% CI: #3% to #1%; P < 0.0001).

Conclusions: Individual patient characteristics were predictive of TFV-DP concentration in DBSs in PLWH
receiving tenofovir disoproxil fumarate-based ART. Future research to incorporate these predictors into the inter-
pretation of this ART adherence biomarker, and to establish whether these associations extend to PLWH taking
tenofovir alafenamide-containing ART, is needed.

Introduction

Despite being the main predictor of ART success in persons living
with HIV (PLWH), accurately quantifying ART adherence remains a
major challenge in HIV care.1,2 Several of the methods that are
currently used in clinical practice to assess ART adherence—
including self-reporting, pill counts and pharmacy refills—have
limitations that usually lead to an overestimation of ART
adherence. Similarly, while HIV viral suppression has been trad-
itionally used as a surrogate for ART adherence, the potency of
modern ART regimens allows for missed doses, making an
undetectable HIV viral load (VL) an imperfect measure of ART
adherence.3 Specifically, imperfect ART adherence in the setting
of viral suppression has been associated with increased inflam-
matory markers in PLWH.4

More recently, pharmacological measures of ART adherence
that quantify drug concentrations in body fluids, such as plasma
and urine, or tissue matrices such as hair and dried blood spots
(DBSs), have emerged as informative methods to objectively
measure ART adherence. While many of these measures have
been associated with virological outcomes, one of their main limi-
tations has been pharmacokinetic variability (driven by multiple
factors, including biological, behavioural, social, etc.) that can lead
to misinterpretation of ART adherence. Thus, understanding the
biological factors that influence these measures may help refine
interpretations for clinical practice.

Tenofovir diphosphate (TFV-DP), the phosphorylated anabolite
of the NRTI tenofovir, can be quantified in RBCs using DBSs and is
a measure of cumulative ART adherence and exposure to
tenofovir-based regimens (both to tenofovir disoproxil fumarate
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and tenofovir alafenamide) given its long intracellular half-life
(�17–20 days) in RBCs.5–7 TFV-DP has been used to quantify ART
adherence in PLWH taking ART8–12 and individuals at risk of HIV
infection taking pre-exposure prophylaxis.13,14 In PLWH, this ART
adherence measure is strongly associated with viral suppression8,9

and is predictive of future viraemia.11 However, while certain
individual characteristics have been associated with differences in
the concentrations of TFV-DP in DBSs,8 the factors that influence
the interindividual variability of this ART adherence biomarker are
poorly understood.

To address this gap, we evaluated the clinical, demographic
and behavioural characteristics that predict the concentrations
of TFV-DP in DBSs in a clinical cohort of PLWH taking tenofovir
disoproxil fumarate-based ART.

Methods

Study design and participants

Study participants were PLWH who were prospectively recruited and
enrolled at the time of their regular clinical visits at the University of
Colorado Hospital (UCH) Infectious Disease Group Practice (IDGP). Eligible
participants were at least 18 years old and taking tenofovir disoproxil
fumarate-containing ART. No comorbidity exclusions limited enrolment.
Each participant completed up to three study visits over 48 weeks and a
concurrent blood draw for HIV VL was obtained at each visit as part of their
standard of care. Self-reported 3 month ART adherence was also collected
at each visit, along with 4–6 mL of whole blood in one EDTA tube for DBS
analysis. Time between study visits was variable between participants, but
was at least 14 days in order to account for the half-life of TFV-DP in DBSs.8

Enrolment began in June 2014 and the last follow-up visit was completed
in July 2017.

Sampling and assay strategy and quantification of
TFV-DP in DBSs
Our sampling strategy was a longitudinal extension of a case–control study,
where participants who were viraemic (>20 copies/mL) at any study visit
acted as cases and those suppressed at all of their study visits acted as
controls, as previously described.3,8,11,15,16 Intracellular TFV-DP in DBSs was
quantified using previously validated methods.5,7 For each sample, five
25lL spots of whole blood were pipetted onto a Whatman 903 Protein
Saver card. DBS cards were dried at room temperature for at least 2 hours,
and up to overnight, before being stored at#80�C until analysis. To quantify
TFV-DP, a 3 mm punch was assayed via LC-MS/MS using previously vali-
dated methods.17

Self-reported 3 month ART adherence
Using a validated visual analogue scale (VAS),18 participants were asked
to self-report their ART adherence over the preceding 3 months. The VAS
ranged from 0% to 100%, with tick marks at 10% intervals. If a partici-
pant’s response was ambiguous (i.e. between two major tick marks),
they were asked to write the specific percentage of ART adherence
within that period.

HIV VL
HIV VL was assessed at the UCH Clinical Laboratory with the Roche Cobas
6800 HIV-1 quantitative PCR test. The UCH Clinical Laboratory is certified
by the Clinical Laboratory Improvement Amendment of 1988 (CLIA) and
has a linear detection range of 20–10 000 000 copies/mL.8

Statistical analyses
TFV-DP concentrations were log-transformed to address right-skewness
and data are presented as percentage changes with 95% CI. Mixed-model
analyses were used to account for repeated measures. Restricted max-
imum likelihood was used to assist in identification of the ideal covariance
structure. Multiple covariance structures and model fit were compared
using the Akaike Information Criterion. Once the covariance structure was
chosen, the model was rerun using the maximum-likelihood method in
order to gain precision of fixed-effects estimates. Beyond self-reported
3 month ART adherence and self-reported race, the following covariates
(selected a priori based on our previous observations)8 were included in our
models: age, gender, BMI, estimated glomerular filtration rate [eGFR, using
the Modification of Diet in Renal Disease (MDRD) equation], haematocrit
(HCT), absolute CD4! T cell count, ART anchor drug class and duration on
current ART. Two groups were used to evaluate associations with TFV-DP.
The first group included data from all participants with analysed TFV-DP in
DBSs regardless of HIV VL; the second group included just those participants
with analysed TFV-DP in DBSs who were virologically suppressed (HIV VL
<20 copies/mL) at all of their study visits. All hypothesis tests assumed a sig-
nificance level of 0.05. All statistical analyses were performed using SAS 9.4
(SAS Institute Inc., Cary, NC, USA). Figures were created using GraphPad
Prism 8 (GraphPad Software, La Jolla, CA, USA).

Ethics statement
This study was approved by the Colorado Multiple Institutional Review
Board (COMIRB, protocol 13-2104) and was registered with
ClinicalTrials.gov (NCT02012621). Written informed consent was obtained
from all participants prior to any study-related procedures.

Results

Demographics and clinical characteristics

Of the 807 participants enrolled, a total of 532 participants had
available concentrations of TFV-DP in DBSs and were included in
the full group. Of these, 303 participants were included in the
suppressed-only group (demographic characteristics of both
groups are shown in Table 1). Most participants in both the full
and suppressed groups were white (57% and 59%, respectively),
male (86% and 83%, respectively), had a BMI between 18.5
and 25 kg/m2 (42% and 40%, respectively), had CD4! T cell counts
>500 cells/mm3 (59% and 70%, respectively) and had been on
their current ART for >6 months (82% and 89%, respectively).
Median (IQR) self-reported 3 month ART adherence was very
high in both the full [98% (90%–100%)] and suppressed [99%
(92%–100%)] groups.

Predictors of TFV-DP concentration in the full cohort

Data from 527 of 532 participants (99%) and 1150 of 1199
person-visits (96%) were included in the mixed-model analysis of
the full group dataset. Participants and visits were excluded if
covariate values were missing. Table 2 shows the percentage
differences in TFV-DP concentration according to each variable in
the mixed model. Self-reported 3 month ART adherence was a
powerful predictor in the model, where every 10% increase
was associated with 28% higher TFV-DP concentration (95% CI:
24%–32%; P < 0.0001). While not statistically significant, when
compared with black participants, TFV-DP concentration was an
average of 6% higher in white participants (95% CI: #8% to 22%;
P = 0.44) and 18% higher in Hispanic participants (95% CI:
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0%–39%; P = 0.051). Participants of other races (American Indian/
Alaskan Native, Asian, Native Hawaiian/Pacific Islander or
unreported) had an average of 36% higher TFV-DP concentration
compared with black participants (95% CI: 5%–77%; P = 0.02).
Female participants had an average of 20% higher TFV-DP concen-
tration than male participants (95% CI: 3%–40%; P = 0.02). BMI
was a strong predictor of TFV-DP concentration, as every 1 kg/m2

increase was associated with a 2% decrease in TFV-DP concentra-
tion (95% CI: #3% to #1%; P < 0.0001). Similarly, for every 10 mL/

min/1.73 m2 increase in eGFR, TFV-DP concentration decreased by
6% (95% CI: #8% to #4%; P < 0.0001). Every 1% increase in HCT
led to a 3% increase in TFV-DP concentration (95% CI: 1%–4%;
P < 0.0001). Participants on boosted PI (b/PI)-based ART regimens
had 24% higher TFV-DP concentrations compared with those on
NNRTI-based regimens (95% CI: 7%–43%; P = 0.003). Figure 1
shows adjusted TFV-DP concentration [geometric mean (GM), 95%
CI] according to (a) race, (b) gender and (c) anchor drug class. In
order to produce these estimated TFV-DP concentrations, con-
tinuous covariates were set to their mean values from the full
cohort (age = 45 years, BMI = 26 kg/m2, HCT = 44%,
eGFR = 89 mL/min/1.73 m2, CD4! T cell count = 618 cells/mm3

and self-reported 3 month ART adherence = 92%).

Predictors of TFV-DP concentration in virologically
suppressed participants

After reviewing model diagnostics from the full group dataset, we
performed an additional analysis focusing only on the participants
who were virologically suppressed (HIV VL <20 copies/mL) at all of
their study visits. This was intended to minimize variability due to
discrepancies between self-reported ART adherence and TFV-DP

Table 1. Demographic characteristics of the study population

Variable

Full
dataset

(N = 532)

Suppressed
dataset

(N = 303)

Race, n (%)

black 101 (19) 55 (18)

white 305 (57) 178 (59)

Hispanic 101 (19) 56 (19)

other 25 (5) 14 (5)

Gender, n (%)

male 456 (86) 252 (83)

female 76 (14) 51 (17)

Age (years), median (IQR) 46 (36–52) 47 (37–53)

BMI (kg/m2), n (%)

<18.5 21 (4) 13 (4)

18.5–25 225 (42) 121 (40)

>25–30 175 (33) 105 (35)

>30 109 (21) 62 (21)

CD4! T cell count (cells/mm3), n (%)

<200 59 (11) 11 (4)

200–350 79 (15) 43 (14)

>350–500 78 (15) 40 (13)

>500 316 (59) 209 (70)

eGFR (mL/min/1.73 m2), median (IQR) 87 (74–102) 85 (73–101)

HCT (%), median (IQR) 45 (42–47) 45 (42–47)

Duration of current ART, months, n (%)

<1 21 (4) 4 (1)

1–3 44 (8) 18 (6)

>3–6 31 (6) 13 (4)

>6 436 (82) 268 (89)

Anchor drug class, n (%)

NNRTI 141 (27) 104 (34)

b/PI 132 (25) 69 (23)

INSTI 192 (36) 100 (33)

multiclass 67 (13) 30 (10)

PK booster, n (%)

no 259 (49) 174 (57)

yes 273 (51) 129 (43)

HIV VL (copies/mL), median (IQR) 132 (43–699) —

Self-reported 3 month adherence (%),a

median (IQR)

98 (90–100) 99 (92–100)

PK, pharmacokinetic.
A dash represents NA as all participants in the suppressed cohort had an
HIV VL <20 copies/mL.
aSelf-reported 3 month adherence was available from 492 participants
in the full dataset and 293 participants in the suppressed dataset.

Table 2. Percentage differences in TFV-DP concentration for full cohort
of PLWH taking tenofovir disoproxil fumarate-based ART

Variable

Percentage
difference in

TFV-DP
concentration

(95% CI) P value

Race

black REF REF

white 6 (#8 to 22) 0.437

Hispanic 18 (0–39) 0.051

other 36 (5–77) 0.021

Gender

male REF REF

female 20 (3–40) 0.021

Age (every 1 year) 0 (0–1) 0.105

BMI (every 1 kg/m2) #2 (#3 to #1) <0.0001

CD4! T cell count (every 50 cells/mm3) 1 (0–2) 0.086

eGFR (every 10 mL/min/1.73 m2) #6 (#8 to #4) <0.0001

HCT (every 1%) 3 (1–4) <0.0001

Duration of current ART, months

<1 REF REF

1–3 6 (#34 to 71) 0.802

>3–6 30 (#17 to 104) 0.247

>6 15 (#25 to 78) 0.522

Anchor drug class

NNRTI REF REF

b/PI 24 (7–43) 0.003

INSTI 6 (#7 to 20) 0.390

multiclass 15 (#3 to 37) 0.101

Self-reported 3 month adherence (every

10%)

28 (24–32) <0.0001

REF, reference.
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concentrations (i.e. to minimize the influence of ART adherence
over-reporting).19 Data from 300 of 303 participants (99%) and
615 of 627 person-visits (98%) were included in the mixed-model
analysis of the suppressed group. Participants and visits were
excluded if covariate values were missing. Table 3 shows the
percentage differences in TFV-DP concentration according to each
variable in the mixed model.

Self-reported 3 month ART adherence remained a strong
predictor of TFV-DP concentration, with every 10% increase being
associated with a 9% increase in TFV-DP concentration (95% CI:
5%–13%; P < 0.0001). Compared with black participants, white
participants had an average of 14% (95% CI: 0%–29%; P = 0.054),
Hispanic participants 22% (95% CI: 5%–42%; P = 0.01) and other
races 26% (95% CI: #2% to 60%; P = 0.07) higher TFV-DP concen-
trations. Similar to what was observed in the full model, female
participants had 36% higher TFV-DP concentrations than male
participants (95% CI: 19%–56%; P < 0.0001); an increase of 1 kg/m2

in BMI was associated with a 2% decrease in TFV-DP concentration
(95% CI: #3% to #2%; P < 0.0001); every 10 mL/min/1.73 m2

increase in eGFR resulted in a 3% decrease in TFV-DP (95% CI: #4%
to #1%; P = 0.005) and an increase of 1% in HCT was associated
with a 1% increase in TFV-DP (95% CI: 0%–2%; P = 0.009). All partici-
pants on NNRTI-based ART had lower TFV-DP concentrations

in DBSs compared with all other anchor drug classes. Specifically,
participants on b/PI-based ART had 18% (95% CI: 4%–34%,
P = 0.009) higher TFV-DP concentrations, while participants on
integrase strand transfer inhibitor (INSTI)-based ART had 16% (95%
CI: 4%–30%; P = 0.007) higher and those on multiclass-based ART
had 24% (95% CI: 5%–47%; P = 0.012) higher TFV-DP concentra-
tions in DBSs compared with those on NNRTIs, respectively. A suba-
nalysis comparing TFV-DP concentrations at baseline among
virologically suppressed participants on INSTI-based ART showed
no significant difference between boosted (elvitegravir/cobicistat)
versus unboosted (raltegravir or dolutegravir) regimens (data
not shown). Figure 2 shows adjusted TFV-DP concentrations (GM,
95% CI) according to (a) race, (b) gender and (c) anchor drug
class. In order to produce these estimated TFV-DP concentrations,
continuous covariates were set to their mean values from the
suppressed cohort (age = 46 years, BMI = 27 kg/m2, HCT = 45%,
eGFR = 88 mL/min/1.73 m2, CD4! T cell count = 694 cells/mm3 and
self-reported 3 month ART adherence = 95%).

Discussion

In this study we determined the influence of several demographic,
behavioural and clinical characteristics on the concentrations of
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Figure 1. Adjusted TFV-DP concentrations by race (a), gender (b) and anchor drug class (c) in the full cohort. Values shown are GM and 95%
CI. Covariates were set to mean values: (i) age = 45 years; (ii) BMI = 26 kg/m2; (iii) HCT = 44%; (iv) eGFR = 89 mL/min/1.73 m2; (v) CD4! T cell
count = 618 cells/mm3; and (vi) self-reported 3 month adherence = 92%. REF, reference.
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TFV-DP in DBSs in a clinical cohort of PLWH receiving tenofovir diso-
proxil fumarate. In the full model, significant associations were
observed in drug concentrations according to self-reported ART
adherence, race (black versus other), gender, BMI, HCT, eGFR and
concomitant ART type (b/PI versus NNRTI). Most of these covari-
ates retained significance in the suppressed model, while race and
concomitant ART became significant (e.g. race became significant
for Hispanic versus black participants, and all other concomitant
ART classes were associated with higher TFV-DP concentrations
than NNRTIs), possibly by reducing the effect of ART adherence in
this subset. Our findings for self-reported ART adherence, gender,
BMI, HCT and eGFR allowed us to calculate custom estimates of TFV-
DP concentration. For instance, using the full model, the GM TFV-DP
concentration was 1541 (95% CI: 1280–1854) fmol/punch for a
45-year-old participant on NNRTI-based ART, with BMI = 26 kg/m2,
HCT = 44%, eGFR = 89 mL/min/1.73 m2, CD4! T cell count = 618
and self-reported 3 month ART adherence = 92%.

As previously observed in PLWH and healthy volunteers,7,8

male participants, black participants and PLWH taking NNRTI-
based ART had lower TFV-DP concentrations and this anabolite
was inversely related to eGFR and BMI. We also established the

contribution of ART adherence (by self-reporting) on TFV-DP
concentration, both in PLWH overall and in those who were viro-
logically suppressed. The association between self-reported ART
adherence and TFV-DP concentration established in this study
extends our previous findings in healthy volunteers, where the
drug concentrations were determined for different tenofovir
disoproxil fumarate adherence categories in the setting of directly
observed therapy.7 Given the inability of randomizing PLWH
to variable levels of ART adherence, our results provide useful
information on what would be the expected changes in TFV-DP
concentration when assessing a specific behaviour (i.e. ART adher-
ence) in the clinic. For example, if a clinician were to know the
average concentration of TFV-DP in the DBSs from a patient
that reports 80% ART adherence, this could trigger an informed
provider–patient discussion aimed at improving ART adherence to
reach a goal concentration associated with higher odds of viral
suppression8 or lower odds of future viraemia.11 In this context,
the TFV-DP concentration in a DBS would translate into a measure
of behaviour and pharmacokinetics that can be simultaneously
assessed in one single test, quantifying both ART adherence and
exposure.

The gender differences in TFV-DP concentration observed in our
cohort are consistent with prior observations in a directly observed
therapy study of tenofovir disoproxil fumarate/emtricitabine in
healthy volunteers, where women had 17% higher concentrations
compared with men.7 Higher TFV-DP concentrations in DBSs in
women living with HIV were also observed previously in this cohort
at the enrolment visit,8 but these results have now been extended
using a repeated-measures analysis. While the mechanisms
behind these findings remain unknown, they are consistent with
previous studies on NRTIs—including tenofovir—in PBMCs and
other cell lines.20–23 However, other studies of TFV-DP in PBMCs
have not observed gender differences,24 suggesting more research
is needed to settle this issue. These differences could also be driven
by lower BMI and slower GFR in women,25 although we adjusted
for these variables in our analyses. Similarly, recent studies have
proposed that sex hormones could differentially affect kinase
activity for specific nucleoside analogues,23,26,27 although these
results have only been derived from in vitro analyses.

The influence of race and ethnicity on TFV-DP concentration in
DBSs is also an important finding worth additional discussion.
While statistical significance was borderline in this study, lower
concentrations of TFV-DP in DBSs have been previously observed in
black PLWH8–10,12 and a trend towards lower concentrations was
observed in healthy volunteers.7 These findings are opposite
to previous studies for other NRTIs, where higher intracellular
concentrations of zidovudine triphosphate and lamivudine triphos-
phate in PBMCs were observed in African Americans.28 Another
study found no difference in TFV-DP in PBMCs by race.24 The
reasons behind these findings remain unclear, but among them
are the possible influence of pharmacogenetic differences that
can have an impact on the intracellular disposition of phosphory-
lated NRTI anabolites, such as the differential expression of MDR
protein 4 (MRP4),29,30 nucleoside transporters (e.g. ENT-1)31 and/or
phosphorylating kinases.32 Interestingly, these racial differences
can also be observed within gender, as lower TFV-DP concentra-
tions in DBSs were previously observed in two cohorts of African
women living with HIV (median TFV-DP concentration of 961 and
931 fmol/punch, respectively)9,12 versus women with HIV living

Table 3. Percentage differences in TFV-DP concentration for the cohort
of virologically suppressed (HIV VL <20 copies/mL) PLWH taking tenofovir
disoproxil fumarate-based ART

Variable

Percentage
difference in

TFV-DP
concentration

(95% CI) P value

Race

black REF REF

white 14 (0–29) 0.054

Hispanic 22 (5–42) 0.011

other 26 (#2 to 60) 0.069

Gender

male REF REF

female 36 (19–56) <0.0001

Age (every 1 year) 0 (0–1) 0.083

BMI (every 1 kg/m2) #2 (#3 to #2) <0.0001

CD4! T cell count (every 50 cells/mm3) 0 (0–1) 0.892

eGFR (every 10 mL/min/1.73 m2) #3 (#4 to #1) 0.005

HCT (every 1%) 1 (0–2) 0.009

Duration of current ART, months

<1 REF REF

1–3 34 (#15 to 114) 0.211

>3–6 37 (#12 to 111) 0.159

>6 42 (#8 to 118) 0.109

Anchor drug class

NNRTI REF REF

b/PI 18 (4–34) 0.009

INSTI 16 (4–30) 0.007

multiclass 24 (5–47) 0.012

Self-reported 3 month adherence (every

10%)

9 (5–13) <0.0001

REF, reference.
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in the USA (median TFV-DP concentration of 1874 fmol/punch),10 a
finding potentially driven by the presence of white and Hispanic
women, and women taking b/PIs, in the US cohort. However, the
concentrations of TFV-DP in black women in the USA were still
higher than those in African women, suggesting that ART adher-
ence differences and/or additional factors (e.g. dietary influences,
social determinants of health, etc.) could explain these findings.

The influence of HCT on TFV-DP concentration in DBSs is
expected as the assay measures TFV-DP concentration in RBCs.33–35

However, in previous validation studies among HIV-negative
volunteers, an HCT of 42 was associated with 11.9 million RBCs
per 3 mm DBS punch and this estimate was acceptable (<13%
different) for the HCT range of 35% to 50%.17 Conversely, in one
study among PLWH taking tenofovir disoproxil fumarate, an as-
sociation with HCT was observed.36 A possible explanation of the
discrepancies regarding the association of HCT with TFV-DP in
PLWH versus healthy volunteers is the wider range of HCT
observed in our cohort (28%–56% versus 35%–49%7), which is
reflective of a population with chronic diseases and
comorbidities.

Other clinical characteristics such as BMI, eGFR and the type
of ART were also predictive of TFV-DP concentration in DBSs,

particularly in the subset of participants who were virologically
suppressed. While these findings were not unexpected, based on
previous reports of tenofovir in plasma37 and hair,38 and of TFV-DP
in PBMCs21 and DBSs,36 they suggest that—even when ART adher-
ence is sufficient to maintain viral suppression—several biological
characteristics can influence drug exposure, which could potential-
ly impact viral outcomes.8,11 For instance, BMI and eGFR had
a similar effect on the concentrations of TFV-DP (i.e. �2%–3% per
unit change). This inverse association with BMI raises the concern
about whether significant weight gain, now a matter of concern
for PLWH taking INSTI-based ART,39 could adversely impact teno-
fovir exposure independently of a change in ART adherence and
could reduce pharmacokinetic forgiveness and increase the odds
of future viraemia.11 Conversely, a decrease in eGFR leading to a
higher TFV-DP concentration could be associated with a higher
rate of adverse events and/or additional unrecognized drug tox-
icity, raising questions about whether TFV-DP in DBSs could be a
biomarker to help predict adverse events or if dose modification
should be entertained, particularly since generic formulations of
tenofovir disoproxil fumarate have become available and this drug
is part of the NRTI backbone for the international rollout of modern
ART.40 Finally, the marked differences in concentrations of TFV-DP
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in PLWH being treated with NNRTI-based versus b/PI-based or
INSTI-based regimens raise the concern about whether specific
patient characteristics that also are associated with lower drug
concentrations (i.e. black race, high BMI and male gender) should
play a role in the initial selection of ART in this population.

Our study has several strengths that should be outlined.
Among them are the large and diverse sample size obtained from
a ‘real-life’ clinical cohort, the robust repeated-measures analysis
of longitudinal data and the comprehensive set of demographic
and clinical variables assessed. Limitations include the non-
directly observed dosing and the potential for overestimation of
self-reported ART adherence,1 although our secondary analysis in
the subset of participants who were virologically suppressed con-
firmed that our findings are applicable even in PLWH with relatively
high ART adherence. In addition, our assay strategy restricted the
number of participants in whom drug concentrations were quanti-
fied, although our previous analyses have not demonstrated a sig-
nificant influence of this approach.8,11,15 Furthermore, we did not
investigate the influence of potential drug–drug interactions on
TFV-DP concentrations, as our cohort did not capture detailed data
on concomitant medications. Finally, our population was restricted
to PLWH taking tenofovir disoproxil fumarate, which has been
almost universally replaced by tenofovir alafenamide in clinical
practice. However, a recent study in healthy volunteers established
the benchmark concentrations of TFV-DP in DBSs during directly
observed tenofovir alafenamide/emtricitabine therapy,6 providing
the foundation to extend its application in PLWH in the near future.

In conclusion, we demonstrated that demographic, biological
and behavioural characteristics were associated with the variabil-
ity of TFV-DP concentrations in DBSs in PLWH taking tenofovir diso-
proxil fumarate. Prospective studies are needed to determine how
much more precision is gained in ART adherence interpretations
when these covariates are accounted for. We hypothesize that
understanding the individual influence that each of these factors
exerts on this ART adherence biomarker will facilitate interpret-
ation of drug concentrations in clinical practice and research
studies. Further research to account for these patient-related
factors in PLWH taking tenofovir alafenamide is also required.
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