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Drug Resistance, Rather than Low Tenofovir Levels in Blood
or Urine, Is Associated with Tenofovir, Emtricitabine,
and Efavirenz Failure in Resource-Limited Settings

Lauren Jennings,1,# Tracy Kellermann,2,# Matthew Spinelli,3 Zukiswa Nkantsu,1 Dolphina Cogill,1

Marije van Schalkwyk,4 Eric Decloedt,2 Gert van Zyl,5,6,* Catherine Orrell,1,* and Monica Gandhi3,*

Abstract

The high cost of viral load (VL) testing limits its use for antiretroviral therapy (ART) adherence support. A low-cost
lateral flow urine tenofovir (TFV) rapid assay predicts pre-exposure prophylaxis breakthroughs, but has not yet been
investigated in HIV treatment. We therefore evaluated its utility in a pilot cross-sectional study of TFV-containing
ART recipients at an increased risk of virologic failure (VF). Participants who had a treatment interruption ‡30 days
or had ‡1 episode of viremia (VL ‡400 copies/mL) in the previous year were recruited from a public health setting in
Cape Town, South Africa. Self-reported adherence data were collected, the urine TFV assay performed, and
concurrent TFV-diphosphate analyzed in dried blood spots. VL testing was done concurrently and, if viremic,
genotypic HIV drug resistance testing was performed. Of 48 participants, 18 (37.5%) had VL (>400 copies/mL) at
the time of the study, including 16 of 39 receiving efavirenz (EFV), 2 of 6 receiving protease inhibitors, and 0 of 3
receiving dolutegravir. Resistance testing succeeded in 17/18, of which 14 had significant mutations compromising
‡2 agents of the current EFV-based regimen. Of these 14, all had detected urine TFV. Urine TFV was undetectable
in two out of three without regimen-relevant resistance; p = .02. In participants on EFV-based regimens returning to
care, VF was largely due to viral resistance, where detectable urine TFV had 100% sensitivity (14/14 participants) in
predicting resistance. Conversely, when undetectable, the urine-based assay could be used to preclude participants
with poor adherence from undergoing costly HIV drug resistance testing.

Keywords: point of care, adherence, urine, resistance, real time

Background

The effectiveness of antiretroviral therapy (ART) is
confirmed by undetectable plasma HIV-1 RNA viral

load (VL), which is of both individual and public health
importance. On a patient level, an undetectable VL allows

immune reconstitution and reduces the risk of HIV-1 asso-
ciated conditions, especially with early treatment.1–3 From
a public health perspective, an undetectable VL (<200
copies/mL) equals an untransmittable infection.4 Achieving
and maintaining undetectable VL depend on life-long
adherence to ART.
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Unfortunately, the high costs of VL assays limit their
frequent use in large public health programs of high burden
resource-limited settings. VL testing is therefore performed
infrequently as per the World Health Organization (WHO)
guidelines (at 6 months after initiating ART and then an-
nually)5 or when patients have clinical or immunologic
failure. Patient advocacy groups emphasize a patient-
centered approach to support treatment adherence by pro-
viding immediate feedback to patients,6 but rapid VL testing
is not always affordable. However, point of care (POC)
adherence metrics that are low cost for frequent use are
being developed. As tenofovir (TFV) is included in most
first-line WHO-recommended regimens, a noninvasive in-
expensive real-time assay to assess recent TFV exposure
would be of great value to reinforce adherence and has re-
cently been developed.7

The utility of adherence reinforcement may, however, be
dependent on the genetic barrier of the ART regimen and
whether episodes of reduced adherence are detected and
managed early. Periods of treatment interruption are
strongly predictive of treatment failure and the develop-
ment of drug resistance on non-nucleoside reverse tran-
scriptase inhibitor (NNRTI)-based regimens.8,9 Indeed, the
majority of these patients may already have drug resistance
when identified with virologic failure (VF)10 and may not
subsequently achieve VL suppression, despite high levels
of adherence.11

In contrast, drug resistance may take much longer to de-
velop in patients treated with agents with a high genetic
barrier to resistance, such as protease inhibitors (PI) and
second-generation integrase strand transfer inhibitors (IN-
STI), ‘‘forgiving regimens’’ where real-time adherence sup-
port would allow for subsequent VL re-suppression and
protection from the development of viral resistance.12,13

A low-cost lateral flow assay to detect TFV in urine at the
POC was recently developed and validated by our group in
conjunction with Abbott Diagnostics.14,15 Other assays to
objectively monitor drug exposure exist in blood and hair, but
these assays are largely unable to be harnessed for real-time
testing.15 This urine tenofovir rapid assay (UTRA) has been
shown to predict pre-exposure prophylaxis (PrEP) break-
throughs in analyses of PrEP trial data16,17 and is being
studied to support adherence in the context of PrEP.18

However, the utility of UTRA in combination with VL test-
ing to predict HIV drug resistance and support adherence has
not yet been assessed in patients on ART.

We conducted a pilot cross-sectional study to evaluate the
utility of the UTRA assay among people living with HIV
(PLWH) at increased risk of VF in South Africa, thereby
assessing the urine-based adherence test in the context of
treatment for the first time.

Methods

Design, participants, and setting

Study participants were recruited from the Gugulethu
Community Health Centre (CHC), a large ART service in the
Klipfontein Health District of Cape Town, South Africa, be-
tween September 2020 and February 2021. The eligibility of
potential participants was determined through screening and
medical chart review, and participants were then invited to
attend a single study visit at the adjacent research site. PLWH

‡18 years old were considered eligible to participate if they
were currently using an ART regimen containing TFV for at
least 30 days following an episode of recent increased risk of
experiencing VF, as noted by either one or more episodes of
viremia (‡400 copies/mL), while on their current regimen, or a
treatment interruption ‡30 days in the previous year, con-
firmed by pharmacy refill (PR) collection data.

All participants provided written informed consent in their
preferred language (English or isiXhosa).

Study procedures

Study procedures involved a single cross-sectional study
visit. Demographic and disease data were collected, includ-
ing age, gender, WHO clinical stage, current ART, and most
recent CD4 cell count. Blood samples were drawn for plasma
VL (EDTA plasma) and 50 lL ethylenediaminetetraacetic
acid (EDTA) blood was pipetted on Whatman� 903 protein
saver cards (GE Healthcare Life Sciences, Cardiff, UK) to
generate dried blood spots (DBS). After DBS had been left at
room temperature to dry for at least 2 h, these were trans-
ported to the laboratory with Whatman� 1 g desiccant with
indicator.

Plasma was reserved for HIV-1 drug resistance testing, should
the VL be elevated. TFV in the urine was tested using the UTRA,
a lateral flow assay that takes 2–3 min for a result to be deter-
mined. An UTRA test was classified as ‘‘negative’’ (no current
drug exposure) if it indicated the absence of detectable urine
TFV. The cutoff for the UTRA test is 1,500 ng/mL, indicating no
recent dosing within the previous 4–5 days.1

Self-reported adherence was noted using the three-item
scale below:

� ‘‘In the last 30 days, on how many days did you miss at
least one dose of your HIV medicines?’’ This was re-
corded as the number of days doses were missed; and
adherence percentage calculated as [(30–number of
doses missed)/30]*100 (days adherent %)

� ‘‘In the last 30 days, how good a job did you do at
taking your HIV medicines in the way that you were
supposed to?’’ This was scored using a 6-point Likert
scale from ‘‘very poor’’ to ‘‘excellent.’’ (Self-reported
adherence score 2)

� ‘‘In the last 30 days, how often did you take your HIV
medicines in the way that you were supposed to?’’ This
was scored using a 6-point Likert scale from ‘‘never’’
to ‘‘always.’’ (Self-reported adherence scale 3)

Finally, as one additional metric of adherence, PR data were
derived from ART collections over the year before our study
visit, using both chart review and the Gugulethu CHC central
pharmacy database. Start date for the PR adherence calculation
was taken as the date of PR immediately before a date one
calendar year before our study visit; and the end date was the
most recent date of PR before our visit. Total number of tablets
collected within the start and end dates were quantified and
adherence calculated as (total number of tablets/doses per
day)/(number of days between start and end dates)*100.

Sample processing

Whole blood EDTA-derived plasma was collected and
stored at -80�C and retrieved for HIV drug resistance testing,
in participants with concurrent HIV-1 plasma VL >400
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copies/mL. DBS were stored at -20�C until tenofovir di-
phosphate (TFV-DP) analysis by liquid chromatography/
tandem mass spectrometry (LC-MS/MS) was performed
through validated methods.19

Laboratory methods

VL testing was performed as part of routine VL monitoring
as per National Health Laboratory Service (NHLS) National
Tender with the Alinity m HIV-1 assay (Abbott Laboratories,
Abbott Park, IL) or COBAS� AmpliPrep/COBAS TaqMan�

HIV-1 Test, v2.0 (Roche Diagnostics, Basel, Switzerland).
The limit of detection was dependent on the sample volume
tested (Supplementary Table S1)

HIV drug resistance testing

HIV drug resistance testing was performed by Sanger
Sequencing of HIV protease, reverse transcriptase, and in-
tegrase using previously published and validated in-house
method20; mutations were scored with the Stanford HIV drug
resistance database and reported back to the clinician.

TFV-DP testing with LC-MS/MS

The method previously described19 for the quantification
of TFV-DP from DBS was adapted for optimized analysis on
a Shimadzu 8040 triple quadrupole LC-MS/MS by extracting
a whole 50 lL DBS and dephosphorylating with a pro-
portionally increased amount of acid phosphatase. The TFV-
DP quantitative range was from 27 to 13,848 fmol/punch per
3 mm punch.

Statistical analysis

Statistics and graphics were implemented in R version
4.0.2.21 Wilcoxon rank sum tests were used to compare
continuous variables between groups and Fisher exact test for
categorical variables; correlation was assessed with Spear-
man’s rank order correlation. Confidence intervals for per-
centages were calculated using exact binomial probabilities.
One-way analysis of variance was used to assess differences
between multiple groups.

Ethics

The study was approved by the University of Cape Town
Human Research Ethics Committee. All participants pro-
vided written informed consent.

Results

Fifty participants who were eligible and provided written
consent were recruited, of whom 48 had urine TFV, VL, and
DBS TFV-DP results available to be included in this analysis
(Fig. 1). TFV-DP testing failed in 2/50 cases due to labora-
tory bench errors during sample extraction. All participants
were on TFV based on eligibility criteria. Baseline charac-
teristics and demographics of study participants are sum-
marized in Table 1.

Participants with undetectable urine TFV

Two of the 48 participants had undetectable TFV in their
urine using the UTRA. Both of these participants were male

FIG. 1. The full cohort of 48 partici-
pants who had results for UTRA, VL, and
TFV-DP concentration in DBS catego-
rized by (1) UTRA results, (2) VL results,
and (3) HIV drug resistance results. DP,
diphosphate.
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and had virologic failure as defined by VL >400 copies/mL at
the time of their study visit. One was on an efavirenz (EFV)-
based regimen and had a very low, but detectable TFV-DP
concentration in DBS of only 32.5 fmol/punch (limit of
quantification is 27 fmol/punch); and one was on a lopinavir/
ritonavir (LPV/r)-based regimen and had a TFV-DP con-
centration in DBS, which was unquantifiable. Neither of
these participants had HIV drug resistance to more than one
drug in their regimen.

Participants with detectable urine TFV

Of the 46 participants with detectable TFV in their urine
using UTRA, 16 (35%) had VF. Fifteen of those with failure
were on EFV and 1 was on a boosted PI-based regimen. Drug
resistance testing was conducted for all participants with VF,
but the testing failed in one participant due to a lack of am-
plification. Of the 15 remaining, all had NNRTI drug resis-
tance mutations, none had major PI mutations, and all, but 1

participant had NRTI mutations: 14 participants had an
M184V/I mutation [with K65R in 9, K70E in 2, and
thymidine-associated mutations (TAMs) in 4 (3 in combi-
nation with K65R)]. Two participants did not have an
M184V/I mutation (1 with no NRTI mutations and 1 with
D67N and K70E) (Supplementary Table S3).

Of these 15 participants, all who were on an EFV-based
regimen had viral resistance that would compromise at least 2
agents in the current regimen. For the participant on a boosted
PI regimen, the only treatment-relevant mutations were
NRTI mutations.

Sensitivity of UTRA to predict HIV resistance in those
with VF

Of the 17 participants who had VF and HIV drug resistance
testing, 100% (14/14) of those who had two-class regimen-
specific HIV resistance had detectable TFV in their urine
at their study visit, giving UTRA a 100% sensitivity for

Table 1. Baseline Characteristics and Main Results by Virologic Failure

Characteristic
Current VL ‡400
copies/mL (n = 18)

Current VL <400
copies/mL (n = 30) Total (n = 48)

WHO stage
Stage 1 6 19 25
Stage 2 2 5 7
Stage 3 9 5 14
Stage 4 1 1 2

CD4 count (cells/lL) median (IQR) 217.5 (94.75–393.25) 306.5 (112.2–488.2) 255.5 (106.8–456.8)
Enrolment reason

RTC 3 22 25
VL ‡400 copies/mL 14 6 20
RTC &VL ‡400 copies/mL 1 2 3

Regimen
TDF/3TC/DTG 0 3 3
TDF/FTC/ATV/r 1 0 1
TDF/FTC/EFV 16 23 39
TDF/FTC/LPV/r 1 4 5

Gender
Female 11 20 31
Male 7 10 17

Age (years)
Median age (IQR) 39 (34.5–45.25) 37 (28.5–41) 37.5 (31.75–42)

TNF-exposure
UTRA—negative 2 0 2
TFV-DP in DBS (fmol/punch): median (IQR) 399 (193–643) 402 (342–648) 402 (319–652)

Adherence
Self-reported adherence % of 30 most recent days

Median (IQR)
97 (93—100) 97 (91–100) 97 (93–100)

Self-reported adherence score 2
Likert scale: Median (IQR)

4 (4–4) 4 (4–4.75) 4 (4–4)

Self-reported adherence score 3
Likert scale: Median (IQR)

5 (4–5) 5 (5–5) 5 (4–5)

PR adherence (%) 68.45 (32.51–96.54) 34.43 (30.60–59.63) 45.06 (30.60–75.46)

CD4 counts did not differ significantly between those who had VF versus not ( p = .18). Patients were enrolled, who had returned to care
(RTC) after having or ‡30 days of being out of care in the previous year, confirmed by PR collection data and/or having had one or more
episodes of viremia (‡400 copies/mL), while on their current regimen. Regimens included fixed dose combination therapy of tenofovir
disoproxil fumarate (TDF), emtricitabine (FTC), and efavirenz (EFV) or TDF, lamivudine (3TC), and dolutegravir (DTG) or regimens of
lopinavir (LPV) boosted with low-dose ritonavir tables (LPV/r) combined with fixed-dose TDF and FTC or atazanavir boosted with low-
dose ritonavir tablets (ATV/r) combined with fixed-dose TDF and FTC.

DBS, dried blood spots; DP, diphosphate; IQR, interquartile range; PR, pharmacy refill; TFV-DP, tenofovir diphosphate; UTRA, urine
tenofovir rapid assay; VL, viral load; WHO, World Health Organization.
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predicting resistance mutations in those with VF (Supple-
mentary Table S2). Of the three participants who did not have
two-class resistance, two had undetectable urine TFV levels,
giving UTRA a 66% specificity for predicting resistance in
those with VF.

DBS results

The median, interquartile range (IQR), TFV-DP concen-
tration in DBS was 402 (319–652) fmol/punch; the mean
TFV-DP [standard deviation (SD)] was 494 fmol/punch (321
fmol/punch). Only 5/48 participants had a TFV-DP concen-
tration >1 SD below (below 173 fmol/punch). TFV-DP
concentrations in DBS were significantly lower in the two
participants with undetectable urine TFV compared to those
with detectable urine TFV ( p = .02; Fig. 2).

When considering all antiretroviral treatment regimens,
there was no significant difference in TFV-DP concentrations
between participants with VF [median (IQR) of 399 (193–
643) fmol/punch] versus no failure [401 (342–648) fmol/
punch] (Fig. 1b: p = .5), and no correlation between VL and
TFV-DP concentrations in DBS (rho = -0.03, p = .8). Simi-
larly, there was no difference between those with failure or
without, when considering those who were EFV treated
( p = .9) or PI treated ( p = .2). However, there were only six
participants on PIs, of which the two with VF had undetect-
able TFV-DP. There was nevertheless no significant differ-
ence in TFV-DP concentrations in DBS between different
treatment groups ( p = .5).

Self-reported adherence and PR data

There was no difference in self-reported adherence (me-
dian 97% in both groups) between those with and without VF
( p = .9), but PR adherence was significantly higher in par-
ticipants with VL ‡400 copies/mL than in those with sup-
pressed VLs ( p = .03). Self-reported adherence percentage
was also significantly lower in those with undetectable urine

TFV ( p = .03), but PR adherence was not significantly dif-
ferent ( p = .76). There was no correlation between TFV-DP
in DBS and PR (rho = -0.04, p = .8).

Discussion

In this study, we evaluated the utility of a POC assay to
assess TFV adherence in urine in the context of HIV treatment
for the first time. We conducted a pilot cross-sectional study to
evaluate the urine-based test (UTRA) among PLWH at in-
creased risk of VF and found that only 2 of 48 (4%) partici-
pants had undetectable UTRA tests (despite 38% experiencing
VF). The combination of detected TFV in urine and VF was
100% sensitive in predicting two-class resistance on a low
genetic barrier to resistance regimen, specifically, EFV-based
ART. Therefore, the combination of UTRA and VL testing,
especially in low-resource settings, could be used to target
follow-up and inform the need for more expensive resistance
testing or to prioritize transition to second-line regimens.

In contrast to urine TFV testing, which assesses exposure
over the past 120 h, TFV-DP levels in DBS measure a longer
duration of treatment exposure (up to 8 weeks), as the half-life
of the TFV-DP metabolite is 17 days.22,23 In our cohort, one
participant with detectable TFV with UTRA had unquantifiable
TFV-DP in DBS, and another five participants with detectable
TFV with UTRA had TFV-DP concentrations in DBS, which
were at least one SD below the mean (<173 fmol/punch). The
concentrations of TFV-DP in DBS were variable and largely
overlapped between participants with or without VF (Fig. 1b).

This is in contrast to other studies that have shown mod-
erately high TFV-DP in DBS, in persons with viral resis-
tance.24,25 This may have been because some of our
participants had only been back on treatment for as short as
30 days after their most recent treatment interruption and the
time to steady state for TFV-DP is 8 weeks.22

Moreover, VF occurred, despite an almost twice as high
overall level of PR adherence in those with VL ‡400

FIG. 2. TFV-DP in DBS in patients categorized by (a) UTRA results and (b) VL failure category (above or below 400
copies/mL). There were significantly lower TFV-DP concentrations in participants who were UTRA negative ( p = .02), but
the difference in TFV-DP between participants with VF versus suppression was not significant ( p = .5). DBS, dried blood
spots; TFV-DP, tenofovir diphosphate; UTRA, urine tenofovir rapid assay; VF, virologic failure; VL, viral load.
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copies/mL. This finding is not surprising, given the high
prevalence of two-class drug resistance in those with VF, a
state that increasing adherence cannot alter. Among the three
participants without two-class VF, in which adherence—
rather than resistance—was expected to drive suppression,
two participants had undetectable urine TFV. Two of these
three participants were on higher barrier PI-based regimens
(one detectable and one undetectable UTRA).

All participants with VF had NNRTI drug resistance and all,
except one, had additional NRTI drug resistance. Many par-
ticipants had extensive drug resistance, including a K65R
and/or TAMs (Supplementary Table S3). Taken together, this
suggests that the difference between the groups with and
without VF is largely explained by drug resistance, already
present, at the time when participants reinitiated treatment or
attempted to improve their adherence. Median TFV-DP con-
centrations were low in participants who had suppressed VLs,
when compared to other studies from the literature,26 and to a
cohort from the same site27 (median 1041 fmol/punch; IQR:
727–1355). This may reflect our success in purposeful selec-
tion of a population with adherence challenges requiring ad-
ditional adherence support (although insufficient time for
TFV-DP levels to steady state may be playing a role).

The relationship between treatment failure and drug resis-
tance is likely to be different for high genetic barrier regimens
such as ritonavir-boosted PI-based regimens and second-
generation INSTIs such as dolutegravir.12,28–30 The majority
of the participants in this study at risk of failure received te-
nofovir, emtricitabine, and EFV, as tenofovir, lamivudine, and
dolutegravir (TLD)31 rollout was only initiated in the South
African public sector in mid-2020. Patients with failure on
boosted PI regimens had low or undetectable TFV-DP in DBS,
in contrast to studies that have shown increased TFV-DP
concentrations with boosted PI regimens.25 This suggests that
adherence is the most important predictor of failure on high
genetic barrier regimens (such as PIs), which concur with
earlier findings that low LPV plasma or hair concentrations
predicted failure.30

As high genetic barrier regimens retain efficacy in the
presence of NRTI drug resistance mutations, participants on
these regimens may benefit most from adherence support,
without requiring a treatment switch.13 Finally, two patients
without M184V/I in this study had very low or undetectable
TFV-DP in DBS. The high fitness cost of these mutations
explains why patients may become undetectable during pe-
riods of treatment interruption and could be a marker of in-
adequate adherence.32–34

Our study has a number of limitations. First, the sample size of
our pilot study is small. Of six participants on high genetic barrier
PI regimens, only two had VF and none of the three had failure on
TLD. The current treatment cohort includes few patients re-
ceiving TLD, which is largely a result of the delayed rollout of
TLD due to initial concerns with congenital malformation and
interruption of HIV services by the coronavirus disease 2019
(COVID-19) pandemic.35,36 Moreover, the expected rate of
failure and treatment interruption on first-line TLD is low, re-
sulting in few eligible participants.37 Since the UTRA assay
measures recent TFV exposure, we could not exclude social
desirability bias or the ‘‘white coat effect,’’ contributing to par-
ticipants having higher urine TFV concentrations.38

As this cross-sectional study purposefully included par-
ticipants who had prior episodes of failure or treatment lap-

ses, the findings are not generalizable to patients at earlier
stages in their treatment history. Participants were only re-
quired to have been on their regimen for at least 30 days after
a treatment interruption. This may have resulted in insuffi-
cient time to reach steady-state concentrations for TFV-DP in
DBS, which limits the interpretation of these results. Finally,
one of the three participants without two-class resistance had
EFV resistance without detected NRTI resistance. Given the
presence of only two fully active NRTIs, it is possible that
viral resistance would have compromised this regimen as
well. If this were the case, the sensitivity for significant
HIVDR would decrease from 100% to 93%.

Our cross-sectional study purposefully enriched for partici-
pants at high risk of failure, having previous treatment inter-
ruption or failure without regimen switch. This enrichment was
successful since 37.5% of our participants had VF, which is
much higher than the baseline prevalence.39 However, these
patients may have had long periods of failure, as evident in the
extensive drug resistance observed. Prior studies of resuppres-
sion after detectable VLs suggest that adherence interventions
may be most effective in achieving resuppression when initiated
early after failure onset on low-barrier regimens.40,41

Conclusion

We found that, in participants at high risk of VF who had
periods of previous failure or treatment interruption on
NNRTI-based regimens, few demonstrated very low drug
exposure (indicating inadequate adherence) by objective
measures. Despite current improved adherence, participants
receiving low genetic barrier EFV-based regimens with prior
treatment interruption or episodes of high VLs are at high risk
of having treatment-compromising drug resistance when re-
initiating ART.42,43 In contrast, concurrent failure on boosted
PIs could be largely explained by inadequate adherence.

Among those with VF in the setting of two-class viral
resistance to the current regimen, detectable TFV levels in
urine had 100% sensitivity in predicting concurrent resis-
tance. Among participants on low genetic barrier regimens,
the combination of VF and detectable urine TFV using a POC
test should raise suspicion for resistance. Indeed, health
systems seeking to prioritize costly resistance testing for
those with the highest likelihood of resistance could use
UTRA to target resistance testing.

Finally, in the case of high genetic barrier regimens or
low genetic barrier regimens early after initiation, nonin-
vasive POC testing of urine for the presence of TFV with
UTRA could allow immediate adherence interventions to be
deployed. This will help prevent the emergence of subse-
quent drug resistance through rapid, objective screening for
adherence. Our study demonstrated the utility of the urine-
based POC adherence test in ART for the first time, either in
targeting resistance testing or triggering adherence support.
Further investigations of this low-cost real-time objec-
tive metric of adherence in larger prospective studies are
ongoing.

Disclaimer

The content and findings reported/illustrated herein are the
sole deduction, view, and responsibility of the researchers
and do not reflect the official position and sentiments of the
NIH and SAMRC.
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