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Abstract

Background

We characterize antiretroviral therapy (ART) adherence among children and ado-
lescents living with perinatal HIV (CALWH) and investigate its impact on treatment
failure (TF) and drug resistance (DR).

Methods

We enrolled Kenyan CALWH <15 years on NNRTI-based ART and monitored adher-
ence over six months, with monthly, validated questionnaires and continuous MEMs
(Medication Event Monitoring Systems) electronic dose monitoring. We assessed
associations between TF (viral load (VL) >1,000 copies/mL; local guidelines) at 1
month (Blood Draw 1, BD1) and, for a subset, at 4 months (Blood Draw 2, BD2) and
adherence using weighted logistic regression. Sanger genotyping identified reverse
transcriptase DR mutations upon TF. Associations between number of mutations and
adherence was modelled by weighted Poisson regression.

Results

Among 692 CALWH (51% female; mean 8.4 years) on ART for mean 2.6 years
between 2010-2013, 44% reported non-adherence at baseline. At BD1, 21%
(N=143/464) had TF. Reported non-adherence at enrollment and lower MEMS
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adherence between enrollment and BD1 were significantly associated with TF at
BD1 (respectively, OR=1.25 per 1 unit higher non-adherence, 95% Cl=1.05 to 1.48,
and OR=0.69 per 1 unit z-score higher MEMS adherence, 95% CI=0.50 to 0.95).
Among those with TF at BD1, 43% (31/72) had TF at BD2, higher MEMS adherence
no longer predicted VL suppression. DR genotyping among those with TF at BD1
found fewer mutations for those without treatment interruption >48 hours (RR=0.17,
CI=0.05 to 0.61), but among them, more mutations for those with longer interruptions
(hours, log-10 RR=2.48, CI=1.10 to 5.59). More resistance was also associated with
longer ART years (Log-10 RR=1.47, ClI=1.15 to 1.89), and higher log-10 VL at BD1
(RR=1.21, CI=1.06 to 1.37)). MEMS adherence had significant, U-shaped relation-
ship, with most mutations at lower (<50%) adherence.

Conclusion

Well characterized non-adherence among Kenyan CALWH was common and
resulted in increased risks for TF and extensive DR, highlighting treatment
challenges.

Introduction

The Joint United Nations Programme on HIV/AIDS (UNAIDS) estimates that 1.7 mil-
lion children are living with HIV worldwide [1]. Nearly 90% of these children live within
African countries, with the highest incidence in South Africa, Mozambique, United
Republic of Tanzania, and Kenya [2]. In Kenya, there are between 120,000 and
230,000 children (ages 0—19) living with HIV, with 61% estimated to be on antiretrovi-
ral therapy (ART) [2,3].

Most children perinatally infected with HIV in African countries lacked access to
ART until after 2000, when [USAID-PEPFAR]-supported programs expanded ART
availability for HIV prevention and treatment [4]. As these programs grew between
2003-2015, many children and adolescents living with HIV (CALWH) gained access
to non-nucleoside reverse transcriptase inhibitor (NNRTI)-based regimens, similar
to the Kenyan cohort studies here. Despite major improvements in access and cor-
responding declines in pediatric HIV morbidity and mortality, many resource-limited
settings (RLS) lacked capacity for detailed adherence measurement or viral load
(VL) monitoring. Consequently, data linking childhood adherence to later treat-
ment failure and drug resistance (DR) remain limited [5—7]. Treatment failure (TF),
defined by viral non-suppression on ART, drives accumulation of drug resistance
mutations (DRMs), reducing future treatment options and increasing morbidity and
mortality [8,9]. These past challenges may also shape outcomes | n the current
ART era, even on new regimens [10—16]. This study aims to characterize adher-
ence behaviors in this first generation of CALWH “survivors”, and to fill key gaps in
understanding their treatment failure and drug resistance histories as they transition
into adulthood.
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While it is well-established that ART adherence impacts the clinical status of children living with HIV, [17,18] achieving
and sustaining robust adherence in this patient population remains complicated by a number of factors, including HIV-
related stigma, [19—-23] mental health challenges, [24] food insecurity, evolving child development or autonomy,
socio-structural components (e.g., transportation, poverty, work/child care responsibilities), and access to consistent
medical care. Importantly, nuanced adherence behaviors, such as frequency and duration of treatment interruptions or
patterns of missed and late doses, have been poorly characterized [25]. This limited characterization may explain why
adherence measures among CALWH do not consistently correlate with viral suppression or treatment failure [26,27]. Few
studies have investigated the relationship between adherence and treatment failure in perinatally infected children in RLS,
[8,28—31] and existing studies often fail to account for treatment interruptions or late dosing, which are particularly relevant
in this population. [32-35].

More intensive adherence assessment strategies, such as Medication Event Monitoring Systems (MEMS®; Aardex
Group), which electronically record bottle-opening dates and times, provide longitudinal data on adherence and dose
timing. Measurement of plasma drug levels offers complementary insight into recent drug exposure and therapeutic ade-
quacy, capturing the impact of pharmacokinetics (PKs) on treatment therapeutic outcome [36,37]. Integrating MEMS data,
plasma drug levels, and self- or caregiver-reported adherence enables a more comprehensive assessment of how adher-
ence behaviors, clinical status, and pharmacokinetics (PKs) may influence treatment failure and drug resistance [38].

For CALWH, we need to accurately characterize more nuanced aspects of treatment adherence, such as frequency
and length of treatment interruptions or the precise number of missed doses over a given period, to understand how to
prevent the significant risks of treatment failure. More intensive adherence measuring strategies, such as using MEMS,
in which the date and time of each opening of the bottle caps is recorded electronically, provides additional information
about longitudinal treatment adherence and dose timing. Examining plasma drug levels can characterize patients’ imme-
diate exposure to their ART regimen and whether the level is therapeutic, allowing for assessment of the impact of the PK
properties of a medication on the therapeutic outcome [36,37]. Overlaying MEMS data and plasma drug level information,
in addition to self-report or caregiver-reports of adherence, offers the opportunity to detail how ART adherence, clinical
status, and PKs may influence treatment failure and drug resistance [38].

We also have an ongoing data gap in terms of HIV drug resistance patterns among CALWH. Even as new regimens
that may be less susceptible to non-adherence, such as integrase inhibitor-based therapies, become more available
in these settings, the need to support adherence to protect limited regimen options remains critical. Understanding the
patterns of drug resistance that have or have not evolved among CALWH on these previously common first-line regimens
could be critical for informing subsequent ART choices, particularly as newer agents and formulations from existing and
older drug classes are increasingly introduced. Thus, increasing data resolution for this patient population appears crucial,
given recent evidence suggesting that small changes in adherence may significantly impact patient clinical status [39,40].

Both achieving and maintaining viral suppression while limiting drug resistance among CALWH requires a better under-
standing of the relationship among ART adherence, treatment failure, and drug resistance. Here, we provide in-depth
analysis of these relationships in a cohort of perinatally-infected, Kenyan CALWH, using detailed adherence measurement
strategies, including MEMS tracking, questionnaires, plasma drug levels and clinical biomarkers. Our objectives were
to comprehensively characterize ART adherence among CALWH receiving routine clinical care and to demonstrate its
impact on treatment failure and HIV drug resistance.

Methods
Study setting

This study was conducted within four clinics of the large Academic Model Providing Access to Healthcare (AMPATH)-
Kenya care program, a collaboration between Moi University School of Medicine and Moi Teaching and Referral Hospital
in Eldoret, Kenya, and a consortium of North American academic medical centers.
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CALWH were followed with monthly clinical visits, at which a monthly supply of medications was distributed at no cost
to patients through USAID/PEPFAR funding. The pediatric first-line ART available at AMPATH included abacavir (ABC)/
zidovudine (AZT)/stavudine (D4T) plus lamivudine (3TC) plus nevirapine (NVP)/efavirenz (EFV.) At least one nurse or
counselor within each of the study clinics was trained to provide pediatric ART adherence counseling.

Study design

Between 2010 and 2013, a cohort of 706 pediatric participants and their parents or caregivers were enrolled in the phased Compre-
hensive Adherence Measurement for Pediatrics (CAMP) study [41—43]. Inclusion criteria for study enrollment were: 1) 0—14 years
old; 2) HIV positive after vertical/perinatal transmission; 3) currently on or starting an efavirenz- (EFV) or nevirapine- (NVP) based
ART regimen; and 4) engaged in care at one of four AMPATH clinics: Moi Teaching and Referral Hospital, Kitale, Webuye, or Turbo.

At baseline, participants received routine AMPATH clinical examinations (age-appropriate, standardized history taken, vital
signs and physical examination), then had study evaluations that included collecting more detailed sociodemographic data,
clinical histories and completing adherence measurement questionnaires. They were also initiated on continuous electronic
dose monitoring of their NNRTI medication using MEMS® caps, with data downloaded at any clinical visit.. Throughout the
follow-up period, we also extracted sociodemographic, clinical exam, ARV regimen and appointment-related data from the
AMPATH electronic medical record system. At one or two timepoints during the six months’ follow-up, blood samples were
also drawn from participants for CD4 count, plasma drug concentration, HIV viral load and, if viral load was detectable, HIV
drug resistance genotyping. Whenever possible, these were timed to align with blood draws required for clinical care.

CAMP enrollment took place in two planned phases, with the only difference being in the number of blood draws done
for participants. Participants in the first phase (N =328) had two blood draws during the course of follow-up, providing the
first blood sample 1-3 after enroliment (average length of time =2.0 months) and then a second blood draw 1-3 months
after the first (average 2.9 months after first blood draw.) The second phase of enrolled participants (N=368), which was
funded through a different source, only had one blood draw done, at 1-3 months after enroliment. All study blood sam-
ples were processed for CD4 percentage/count evaluation and then any remaining plasma was frozen and stored in the
AMPATH biorepository for future plasma drug concentrations, viral load measurement and resistance genotyping to be
done -- the results presented here. These evaluations were not available in the AMPATH clinical system during 2010—
2013 and the original CAMP study (1K23MHO087225, PI: Vreeman) did not have funding to complete these additional lab
investigations, only to store the samples. The evaluations were done after obtaining additional funding (R01AI120792,
MPI: Vreeman/Kantor) for this purpose in 2016, when sample evaluations began.

For this analysis, we make use of data from up to 3 study visits per participant, corresponding to (1) CAMP enroliment,
where the adherence questionnaire was first delivered and MEMS® monitoring initiated, (2) first blood draw (BD 1), which
also included the adherence questionnaire, download of MEMS® data and a blood draw for drug levels and virologic
outcomes, and (3) among participants in the first CAMP phase, the second blood draw visit (BD 2), where there was again
administration of the CAMP adherence questionnaire and MEMS® download.

Ethical approvals

The study protocol was approved by the Institutional Review Boards of Indiana University School of Medicine in Indianap-
olis, Indiana, and the Miriam Hospital in Providence, Rhode Island, and by the Institutional Scientific and Ethical Review
Committee at Moi University School of Medicine and Moi Teaching and Referral Hospital in Eldoret Kenya.

Independent variables (Adherence measures)

Three adherence measurements were used to quantify participant adherence to give comprehensive data about both
medication-taking behaviors and whether the exposure to ART was therapeutic or sub-therapeutic: 1) validated caregiver
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or self-report questionnaires [43—46] (CAMP questionnaire, included in Supplemental Table A), 2) electronic dose monitor-
ing, and 3) plasma drug levels. These multiple measures offered both short-term and longer-term adherence data, while
also accounting for social determinants related to adherence behaviors. The CAMP questionnaire, a short, 10-item adher-
ence questionnaire, constructed and validated in this setting and with this population, was administered at enroliment

and each subsequent study visit [42,47]. Caregiver questionnaires were administered to the caregiver who had primary
responsibility for overseeing the child’s medication-taking in the past month. For children with any medication-

taking responsibility, child questionnaires were also administered. The written questionnaire was administered verbally, in
Kiswabhili or English, by an experienced research assistant at each study visit.

Electronic dose monitoring was conducted using MEMS® bottle caps on children’s NVP or EVP, both tablet and liquid for-
mulations, providing additional, specific data on dose timing, patterns of adherence, and treatment interruptions. Patients were
informed of the purpose of MEMS® and instructed in care of the cap and bottle. MEMS adherence data were recorded contin-
uously throughout study follow-up, with downloading and viewing of the data throughout follow-up, including at Blood Draw 1
(BD1) and Blood Draw 2 (BD2) to calculate measurements for the period between enrollment and BD1 and the period between
BD1 and BD2. Dosing time data recorded by the MEMS® were read into PowerView software (Version 3.5.2; AARDEX, Inc.)
and then converted into a SAS dataset for further analysis (Version 9.4; SAS Institute, Inc., Cary North Carolina).

Finally, we measured plasma drug concentration for NVP or EFV, corresponding to the child’s regimen. Plasma
drug levels were analyzed and classified as therapeutic (NVP 3.0-7.6 uyg/mL or EFV 1.0—4.0 pg/mL), sub-therapeutic
(NVP<3.0 yg/mL or EFV<1.0 pg/mL), or supra-therapeutic (NVP>7.6 uyg/mL or EFV>4.0 ug/mL), based on prior PK
studies in similar patient populations.4?-%

These measurements were used to generate 7 adherence measures used as independent variables in the analyses:
(1) the value of the adherence questionnaire score at the time of the blood draw (range 0-6, higher meaning worse adher-
ence), (2) the value of adherence questionnaire score from the prior visit (i.e., enroliment or BD1), (3) percent adherence
using MEMS in the period between visits and immediately before the BD, (4) the number of treatment interruptions >48
hours in the period between visits leading up to the BD standardized by the number of weeks in the period, measured by
MEMS?®, (5) duration in hours of the maximum treatment interruption between visits leading up to the BD, measured by
MEMS?®, (6) a dichotomous variable for whether there was at least 1 interruption >48 hours (to stabilize the correlated con-
tinuous measures 4 and 5), and (7) plasma EFV or NVP drug level category at the time of the blood draw. Two measures
were transformed so as to have more stable standard errors: percent adherence was transformed by adding 1, dividing
by 102 and converting to a z-score, and the duration of the maximum treatment interruption was log10 transformed. As an
illustration, the z-score for 98% MEMS adherence is approximately 2, 2% is -2, and 50% is 0 (Appendix A).

Laboratory methods

VL testing was done at the AMPATH Reference Lab in Eldoret, Kenya between 2016-2018 using Abbott's RealTime assay
with the Molecular m2000sp for sample preparation and m2000rt for real-time amplification/detection (Abbott Molecular
Inc., Des Plaines, IL). Based on World Health Organization definitions, detectable VL was defined to be >40 copies/mL,
and TF was defined to be>1000 copies/mL [48]. Plasma NVP and EFV concentrations were measured using a rapid,
automated enzyme immunoassay (EIA) developed by ARK Diagnostics in Sunnyvale, California, USA [49]. The ARK NVP
assay is based on competitive binding to antibody between drug in the sample and drug-labeled enzymes. Drug concen-
tration is measured spectrophotometrically (Hitachi 902° bench top analyzer) in terms of enzyme activity. The EIA shows
good correlation with high performance liquid chromatography (HPLC) and provides a cost-effective way to determine
NVP and EFV concentrations in areas with high HIV prevalence and limited testing resources [50,51]. Sanger sequencing
of partial HIV-1 pol to evaluate drug resistance mutations was performed on all plasma specimens with detectable viral
load (>40 copies/mL). NRTI and NNRTI mutations were identified by Stanford tools. More detailed descriptions of the drug
resistance genotyping for these samples is described in a prior publication [52].
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All study samples were consistently stored at =80 °C in Kenya and the United States until testing, with minimal freeze-
thaw cycles and continuous freezer monitoring and quality assurance. Samples were shipped between continents exclu-
sively on dry ice and handled according to best laboratory practices at all sites. Prior to testing, samples were thawed once
and tested immediately to minimize degradation, ensuring validity for viral load, drug resistance, and drug-level analyses.

Outcomes

The three main outcomes were TF at BD1, TF at BD2, and the number of NRTI and NNRTI resistance mutations at BD1
among those with TF and a genotype.

Statistical methods

We used generalized additive and linear weighted models to quantify the effect of medication adherence measures on
each outcome. TF (yes/no) was modeled using logistic regression and number of resistance mutations was modeled
using a Poisson regression with overdispersion. All models were adjusted for gender, age, time on ARV treatment, and
orphan status. The models of TF at BD2 were additionally adjusted for VL at BD1, log10 transformed. Because treatment
failure at BD2 was highly associated with TF at BD1, and because there were only 9 participants with treatment failure

at BD2 among the 136 suppressed at BD1, we examined TF at BD2 just among those failing at BD1. We used inverse
probability weighting in fitting the models to address missing data due to incomplete follow up or VL test results at BD1
and BD2 (details below). Summary statistics for individual variables are presented as mean (standard deviation (SD)) for
numeric measures and proportions for categorical or ordinal measures.

Inverse probability weights for handling incomplete data

Inverse probability weighting was used to account for potential bias due to missing VL results and incomplete follow up
at BD1 and BD2. For failure and resistance outcomes at BD1, the weight was the inverse of the probability of having a
VL measure conditional on baseline demographic covariates. For failure at BD2, the weights were computed sequen-
tially over visits using the product of (i) probability of having a measured VL at BD1 (as described above), (ii) probability
of having a BD2 visit conditional on having a VL measurement at BD1, and [3] probability of having a VL measurement
at BD2 conditional on having a blood draw at visit 2 and having a measured viral load at visit 1. These probabilities were
estimated using generalized additive models; each model included baseline covariates and prior values of viral load as
predictor variables. Our approach corresponds to assuming sequential missing at random, or that the probability of miss-
ing a VL measurement can be explained by baseline covariates and prior values of VL.

Regression model specifications

All models were first fit using penalized generalized additive models (GAM) [53] using the ‘mgcv’ package [54] in R ver-
sion 4.0.2 [55]. GAM allows the effect of each covariate to be nonlinear. When the estimated relationship was linear, the
odds ratio (OR) or rate ratio (RR) and 95% CI are shown, and when the relationship was non-linear, a curve showing the
effect of the covariate and 95% CI on the log-odds scale is provided. We used transformed versions of the covariates to
ensure model stability. For BD2, we collapsed maternal and paternal orphans into a “single orphan” category due to small
sample size and omitted the duration of the longest treatment interruption variable due to instability and collinearity with
the number of treatment interruptions variable (correlation=0.75).

Results

Of the 706 perinatally HIV-infected children enrolled, 14 withdrew from the study and are omitted from analyses, and 692
had at least one blood draw (Fig 1) that was eligible for inclusion in these analyses. At CAMP enroliment, the average
age of the 692 study participants was 8.4 years, 51% were female, and they had been on ART for a mean of 2.6 years
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Enrollment

Enroll
N=706

[ \ Follow-up/Blood Draw visit 1

. o ; (BD1)
Withdrew prior to BD1 Yes BD1
N=14 N=692
[
I '
No VL BD1 Yes VL BD1
N=228 N=464
W
IL 1 ! I Follow-up/Blood Draw visit 2
No BD2 Yes BD2 No BD2 Yes BD2 (8D2)
N=153 N=75 N=211 N=253
] 1 . i
Yes VL BD2 No VL BD2 Yes VL BD2 No VL BD2
N=16 N=59 N=226 N=27

Fig 1. Flow of Participants in Study. This figure shows the (A) amount of participants and (B) viral load status at every stage of the study.

https://doi.org/10.1371/journal.pone.0355492.9001

(Table 1). All participants were on nevirapine (NVP)- or efavirenz (EFV)-based ART regimens, the two most common of
which combined an NNRTI with abacavir and lamivudine. At enroliment, 13% were double orphans with both parents
dead, and 21% had lost one biological parent. Boys and girls had similar covariate profiles.

At enrollment, only 10% knew their own HIV status and 44% of participants reported non-adherence on at least one
measurement item on the CAMP questionnaire (Table 2). Responses revealed various degrees and types of non-
adherence: 11% reported having problems taking their ART, 20% reported problems “keeping time” when taking their ART,
10% reported missing 1 or more ART doses in the past week, and 10% reported missing 1 or more ART doses in the last
month.

Over the study period, 364 (52%) had one blood draw (BD1) and 328 (48%) had two (BD1 and BD2). Most participants
with only one blood draw (358/364, 98%) were from the second study phase for which only one blood draw was planned,
but the remaining 6 participants should have had a second blood draw but missed their follow-up. Those with 1 BD had
longer mean time from enroliment to BD1 (2.2 vs 1.8 months) and differed by orphan status and years on ART (Supple-
mental Table B). Although all 692 participants had at least one blood draw during the study period, not all of these sam-
ples had enough specimen stored for the later testing, resulting in no VL test results for 228/692 (33%) of participants at
BD1 and 86/328 (26%) at BD2. Those with and without VL results at BD1 were similar on most covariates; those with VL
results had shorter time between enroliment and BD1 assessment (2.5 vs 1.7 months, Supplemental Table C).The regres-
sion analysis is therefore based on 464/692 with VL results from BD1 and 226/328 with VL results from BD1 and BD2
(Fig 1). Inverse probability weighting accounts for observed differences in participant characteristics for those with and
without measured VL.

Using the electronic dose monitoring data (MEMS), in the period between enroliment and BD1, 43% of all partici-
pants were less than 90% adherent with dose timing, including 18% with %MEMS adherence between 75-90%, 16%
with %MEMS adherence between 40-75%, and 9% with %MEMS adherence between 0-<40%. Thirty one percent
of participants also had at least one interval of 48 hours where their medication bottle was not opened. At BD1, 321
participants had viral suppression with VL<1,000 copies/ml, and 143 were in TF (Table 3). All relationships between
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Table 1. Demographic characteristics of study participants at enroliment.

Variable Total (N=692) Male (N=336) Female (N=356)
Age at enrollment, years, mean (SD) 8.4 (3.3) 8.4 (3.3) 8.4 (3.3)
Age group at enrollment, years

<5 126 (18) 59 (18) 67 (19)
25to0 <10 341 (49) 169 (50) 172 (48)
210 225 (33) 108 (32) 117 (33)
Orphan status at enroliment

Double orphan 87 (13) 40 (12) 47 (13)
Maternal orphan 75 (11) 35 (10) 40 (11)
Paternal orphan 72 (10) 38 (11) 34 (10)
Non-orphan 457 (66) 223 (66) 234 (66)
Years on ART at enroliment 2.6 (2.0) 2.7 (1.9) 2.6 (2.0)
ART regimen

3TC/ABC/EFV or NVP 407 (59) 191 (57) 216 (61)
3TC/DAT/EFV or NVP 108 (16) 58 (17) 50 (14)
AZT/3TC/EFV or NVP 167 (24) 83 (25) 84 (24)
Other 8 (1) 4 (1) 4(1)

Notes: Unless otherwise noted, all results are presented as N (%). Percentages are based on non-missing data. Missing data: orphan status (n=1),
years on ART (n=2), ART regimen (n=2). Other ART regimens: 3TC/EFV or NVP/TDF (n=6); AZT/ABC/EFV or NVP (n=1); D4T/ABC/EFV or NVP
(n=1).

Abbreviations: ART, antiretroviral therapy; ABC, abacavir; AZT, zidovudine; D4T, stavudine; EFV, efavirenz; NVP, nevirapine; TDF, tenofovir; 3TC, lami-
vudine; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0355492.t001

TF and the adherence measures appeared linear on the log-odds scale and the odds ratios (ORs) are provided in
Table 4. Lower percent MEMS adherence was associated with TF (OR=0.69 per 1-unit higher MEMS adherence
z-score, 95% CI=0.50 to 0.95), as was higher non-adherence on the CAMP questionnaire at enroliment (OR=1.25
per 1-unit higher non-adherence, 95% CI=1.05 to 1.48). Among other characteristics, we found that more years on
ART (OR=2.00 per 1 log unit higher, CI=1.17 to 3.42) and younger age (OR=0.93 per year older, CI=0.87 to 1.00)
also were associated with TF. Supplemental Table D holds summaries of the model covariates, stratified by having
TF at BD1.

Drug resistance genotyping at BD1 was completed for 124 participants, including 120 of the 143 participants with
TF (84%) and 4 (1%) of the 321 with VL<1,000 copies/mL (Table 3). Participants had, on average, 2.6 NRTI DRMs, 2.1
NNRTI DRMs and 4.7 DRMs overall. Ninety-one participants with genotypes had complete covariate data and were used
in the regression analysis. Percent MEMS adherence had a U-shaped relationship to the number of DRMs at BD1, with
the largest number of DRMs observed at the lowest values of % MEMS adherence (Fig 2). The rate ratios (RR) for the
other variables are provided in the third column of Table 4. The number of mutations at BD1 was greater for those with
treatment interruptions (RR=0.17 for those with no interruption vs 1 or more, CI=0.05 to 0.61), shorter maximum treat-
ment interruptions among those with an interruption >48 hours (RR=0.63 per 1-unit log10 treatment interruption, C1=0.42
to 0.94), those with more time on ART (OR=1.47 per 1 log10 unit, CI=1.15 to 1.89), longer maximum treatment interrup-
tions among those without a 48-hour interruption (RR=2.48 per 1-unit log10 treatment interruption, Cl=1.10 to 5.59), and
those with higher VL at BD1 (OR=1.21 per 1 log10 unit, CI=1.06 to 1.37). Having therapeutic or supra-therapeutic plasma
drug levels of ART was associated with more DRMs, compared sub-therapeutic ART levels (OR=2.11, Cl=1.45 to 3.08
and OR=1.58, Cl=1.11 to 2.27, respectively). Supplemental Table E holds summaries of the model covariates, stratified
by the number of DRMs at BD1.
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Table 2. Reported Adherence on CAMP Questionnaires at Enroliment.

Variable Total (N=692) Male (N=336) Female (N=356)
Adherence questionnaire completed by
Caregiver 541 (78) 252 (75) 289 (81)
Child/adolescent 20 (4) 9 (3) 11 (3)
Missing 131 (19) 75 (22) 56 (16)
Relationship of questionnaire respondent
Mother 323 (47) 144 (43) 179 (50)
Father 53 (8) 29 (9) 24 (7)
Grandparent 50 (7) 27 (8) 23 (6)
Other relative 67 (10) 31(9) 36 (10)
Non-related caregiver 17 (2) 8(2) 9(3)
Self 20 (3) 9 (3) 11 (3)
Other 28 (4) 11 (3) 17 (5)
Missing 134 (19) 77 (24) 57 (16)
Aware of own HIV status at enroliment (Q2)
Yes 69 (10) 34 (10) 35 (10)
No 478 (69) 217 (65) 261 (73)
Missing 145 (21) 85 (25) 60 (17)
Problems “keeping time” when taking medicines (Q4)
Yes 139 (20) 68 (20) 71 (20)
No 418 (60) 191 (57) 227 (64)
Missing 135 (20) 77 (23) 58 (16)
Ever has problems taking medicines (Q5)
Yes 79 (11) 32 (10) 47 (13)
No 471 (68) 226 (67) 245 (69)
Missing 142 (21) 78 (23) 64 (18)
Missed doses in past week (Q9)
0 484 (70) 229 (68) 255 (72)
1 34 (5) 13 (4) 21 (6)
>1 37 (5) 16 (5) 21 (6)
Missing 137 (20) 78 (23) 59 (17)
Late doses in past week (Q10)
0 430 (62) 202 (60) 228 (64)
1 37 (5) 26 (8) 11 (3)
>1 82 (12) 28 (8) 54 (15)
Missing 143 (21) 80 (24) 63 (18)
Missed doses in past month (Q12)
0 477 (69) 225 (67) 252 (71)
1 28 (4) 10 (3) 18 (5)
>1 40 (6) 19 (6) 21 (6)
Missing 147 (21) 82 (24) 65 (18)
Number of non-adherent measures, mean (SD) (Q2, Q4-5, Q9-10, Q12) 1.0 (1.2) 0.9 (1.1) 1.0 (1.3)
Missing 131 75 56
Number of non-adherent measures (categorical)
0 263 (38) 121 (36) 142 (40)
1 156 (23) 75 (22) 81 (23)
>1 142 (21) 65 (19) 77 (22)
(Continued)
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Table 2. (Continued)

Variable Total (N=692) Male (N=336) Female (N=356)
Missing 131 (19) 75 (22)

16)

Notes: Unless otherwise noted, all results are presented as N (%). Percentages are calculated using the total number of participants in each column.
Adherence variables were derived from the CAMP Adherence Questionnaire (Supplemental Table A); question numbers shown in parentheses corre-
spond to questionnaire items. “Missing” includes responses of “don’t know,” “refused,” or questionnaires that were not completed.

Abbreviations: SD, standard deviation.

https://doi.org/10.1371/journal.pone.0355492.t002

Among the 143 participants with TF at the BD1, 72 had VL information at BD2; 41 (57%) resuppressed and 31 (43%)
continued to have TF (Table 3). Of these 72, 56 had complete covariate information for the regression models and 62%
still had TF at BD2. Among those who continued to have TF at BD2, higher MEMS adherence no longer significantly
predicted likelihood of suppressing VL to <1000 copies/mL. Among these participants, after adjusting for the questionnaire
adherence score at BD1, having a higher score on the CAMP adherence questionnaire (indicating more reported non-
adherence) at BD2 was associated with a lower rate of TF at BD2 (OR=0.53, CI=0.32 to 0.86, p=0.010) (Table 4). OR
and ClI for other covariates are reported in Table 4; the effect of VL at BD1 is shown in Fig 3. Supplemental Table F holds
summaries of the model covariates, stratified by having TF at BD2.

Discussion

This study shows substantial non-adherence to ART among Kenyan CALWH in routine clinical care. Importantly, non-
adherence was associated with both treatment failure and HIV drug resistance, and some of its adverse effects appeared
to persist over time. Globally, more than 2 million CALWH are expected to require lifelong ART, highlighting the need for

Table 3. Outcomes measured at blood draw 1 and blood 2, stratified by treatment failure status at blood draw 1.

Variable Total (N=464) VL<1,000 at BD1 (N=321) VL>1,000 at BD1 (N=143)
Genotype available at BD1

Yes (%) 124 (27) 4 (1) 120 (84)
No (%) 340 (73) 317 (99) 23 (16)
Number of NRTI mutations at BD1

Mean (SD) 2.6 (1.7) 1.0 (1.4) 2.7 (1.7)
Missing 340 317 23
Number of NNRTI mutations at BD1

Mean (SD) 2.1(1.1) 22 (1.7) 2.1(1.1)
Missing 340 317 23

Total number of resistance mutations at BD1

Mean (SD) 4.7 (2.4) 3.2(3.0) 4.8 (2.4)
Missing 340 317 23
Treatment failure at BD2

Yes (%) 44 (19) 13 (8) 31 (43)
No (%) 182 (81) 141 (92) 41 (57)
Missing 238 167 71

Notes: Categorical measures are n (%), continuous measures are presented as mean (SD). Percentages are calculated using non-missing data within
each column. Genotype and resistance mutation measures are only available for participants with a genotype at BD1.

Abbreviations: VL, Viral Load; BD1, blood draw 1; BD2, blood draw 2; VL, viral load; NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, non-
nucleoside reverse transcriptase inhibitor; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0355492.t003
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Table 4. Linear components of generalized additive models for treatment failure (TF) and drug resistance mutations (DRM).

Variable TF at BD1 TF at BD2#** Number of DRM at BD1
N=345 N=56 N=91
OR (95% CI) p OR (95% CI) p RR (95% CI) p
% adherence using MEMS (z-score)t 0.69 (0.50, 0.95) |0.025 0.39 (0.14, 1.10) |0.074 See Fig 3 —
Number treatment interruptions >48 hours standard- | 1.25 (0.35, 4.52) | 0.733 0.47 (0.00, 0.848 0.75(0.45,1.22) |0.246
ized by number of weeks in periodt* 1052.5)
No treatment interruption >48 hrs (MEMS)t 2.33 (0.11, 50.32) | 0.589 0.72 (0.10,5.39) |0.752 0.17 (0.05, 0.61) | 0.009
Duration (hours, log10) of maximum treatment 1.13 (0.42, 3.05) |0.808 — — 0.63 (0.42,0.94) |0.026
interruptiont*
Duration (hours, log10) of maximum treatment 0.61 (0.09, 4.11) |0.613 — — 2.48 (1.10,5.59) |0.031
interruptiont**
Adherence questionnaire score (enroliment) 1.25(1.05, 1.48) |0.013 — — 0.98 (0.92, 1.04) |0.447
Adherence questionnaire score (BD1) 0.94 (0.76, 1.17) | 0.586 1.15(0.78, 1.68) | 0.481 1.07 (0.98, 1.17) | 0.117
Adherence questionnaire score (BD2) — — 0.53 (0.32,0.86) |0.010 — —
Supra-therapeutic vs sub-therapeutic drug levelt 0.94 (0.48, 1.82) |0.848 0.92 (0.25, 3.40) |0.904 1.58 (1.11,2.27) |0.014
Therapeutic vs sub-therapeutic drug levelt 1.35(0.70, 2.59) | 0.367 1.12 (0.30, 4.25) |0.862 2.11 (1.45,3.08) | <0.001
log10 years on ART 2.00(1.17,3.43) |0.012 0.53 (0.12,2.31) |0.398 1.47 (1.15,1.89) |0.003
Per year older 0.93 (0.87, 1.00) |0.044 1.00 (0.85, 1.18) | 0.963 0.98 (0.95, 1.01) | 0.300
Male vs female 1.00 (0.66, 1.50) | 0.981 1.84 (0.67,5.06) | 0.236 1.10 (0.93, 1.30) |0.249
Double orphan vs non-orphan 1.07 (0.57,2.01) | 0.824 1.19(0.28,5.13) |0.816 0.95(0.74,1.22) | 0.700
Maternal orphan vs non-orphan 0.50 (0.22, 1.13) | 0.096 — — 0.93 (0.61,1.41) 0.720
Paternal orphan vs non-orphan 1.12 (0.60, 2.08) |0.727 — — 0.81(0.63,1.05) |0.110
Single orphan vs non-orphan — — 2.39(0.74,7.75) |0.146 — —
Log10 VL at BD1 — — See Fig 3 — 1.21 (1.06, 1.37) | 0.005

Notes: Values shown are adjusted odds ratios (OR) or risk ratios (RR) with 95% confidence intervals (Cl) from generalized additive models. + MEMS-

derived covariates are from enrollment to BD1 for BD1 outcomes (TF at BD1 and DRM at BD1); and from BD1 to BD2 for the outcome TF at BD2.

*Among participants with at least one treatment interruption >48 hours. **Among participants without treatment interruption >48 hours.
*#k TE at BD2 models restricted to participants with TF at BD1 and covariates are from BD1 to BD2
Non-linear effects are shown in Fig 3. Abbreviations: TF, treatment failure; DRM, drug resistance mutations; BD1, blood draw 1; BD2, blood draw 2; VL,

viral load; ART, antiretroviral therapy; MEMS, Medication Event Monitoring System.

https://doi.org/10.1371/journal.pone.0355492.t004

effective, comprehensive, and person-centered adherence support strategies. Our findings can may help inform such
strategies in similar settings, particularly where access to comprehensive adherence monitoring or viral load and drug

resistance genotyping is limited.

While other evaluations, including in this Kenyan setting, [56] report higher rates of ART adherence, those estimates
are often based on commonly used but unvalidated approaches that ask patients or caregivers only about missed doses
and likely fail to capture true adherence behaviors. Even when electronic dose monitoring is not feasible, use of validated
self-report measures that assess a broader range of contextual and behavioral factors yields greater disclosure of non-
adherence than is typically reported. Given well-known biases against disclosing non-adherence, higher reported rates
are generally assumed more accurate. Consistent with this, we found that poor pediatric adherence, measured using our
comprehensive assessment strategy, was associated with treatment failure. Notably, adherence measures capturing more
nuanced behaviors, such as a low on-time bottle opening detected by electronic monitoring, most strongly predicted TF.

Our findings illuminate critical nuances in how variations in adherence result in TF and the development of drug
resistance over time. For those CALWH with multiple blood samples taken over time, many continued to have TF,
even after their adherence improved. This points to the potential role of DRMs as potential mechanisms mediating
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Fig 2. Relationship between Drug Resistance Mutations and Adherence. Shows the non-linear relationship between (a) number of drug resistance
mutations (DRM) at blood draw 1 (BD1) and % Adherence by MEMS.

https://doi.org/10.1371/journal.pone.0355492.9002
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Fig 3. Nonlinear Relationship Between Treatment Failure at Blood Draw 2 and Viral Load at Blood Draw 1. Shows the non-linear relationship
between (A) treatment failure (TF) at blood draw 2 (BD2) and (B) viral load (VL) at blood draw 1 (BD1) among those in treatment failure at blood draw 1
(BD1).

https://doi.org/10.1371/journal.pone.0355492.9003

treatment response in this population, an issue that is still often missed in settings where drug resistance genotyp-
ing is limited. Previous studies in adults living with HIV in RLS have reported high levels of drug resistance follow-
ing TF, [57-59] which may impact the long-term efficacy of ART regimens despite adequate adherence. While this
is often assumed to be the same for CALWH, there are still limited pediatric studies evaluating the impact of drug
resistance on viral failure [60]. The initial findings from this cohort demonstrate a high degree of drug resistance,
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and our results here support the hypothesis that CALWH are similarly affected by prolonged treatment due to poor
adherence [52].

Our detailed evaluations of dose timing using electronic dose monitoring also revealed complex nuances in how the
duration of treatment interruptions for NNRTI-based therapy may have varying impacts on treatment failure and the
development of drug resistance. We examined interactions between having at least one 48-hour interruption with both
the number of 48-hour interruptions for a participant and the duration of the longest interruption. Using this strategy, we
found a complex relationship, where among those with shorter interruptions (<48 hours), the longer the interruption in that
window up to 48-hours, the more DR mutations the participant had. For those with longer interruptions (>48-hours), an
even longer duration was protective against DR mutations. These results suggest relatively rapid resistance development
in regimens anchored by antiretrovirals with low resistance barriers, such as NVP or EFV, and in regimens comprising
drugs with differing half lives, where abrupt cessation can lead to functional mono- or dual-therapy and promote resistance
emergence [61].The lack of DR mutations with longer ART gaps likely reflects discontinuation of all ART during that period
and potential reversion of the virus to wild-type [62].

Another area for potential additional evaluation is the impact of participants’ weight or BMI; pediatric ART dosing relies
on weight-based dose guidelines, and CALWH on extreme ends of the weight-groupings may have higher or lower drug
exposure relative to the target levels, which may affect toxicity or efficacy, as well as resistance [63]. Continuing to exam-
ine the interplay of adherence, drug levels, and drug resistance genotypes over time are critical next steps, especially
once new regimens are introduced.

These analyses have several limitations. First, the cohort consisted exclusively of children with perinatal HIV infection
who initiated EFV- or NVP-based regimens. While NNRTI-based first-line regimens are increasingly being replaced, these
findings remain clinically relevant. Many now-adolescents and young adults with perinatal were started on similar
regimens and may have experienced comparable patterns of non-adherence, TF and drug resistance. Importantly, non-
adherence and NNRTI-associated resistance may contribute to influence outcomes even after transition to integrase
inhibitor-based regimens, as emerging data link prior NNRTI resistance with longer-term failure of integrase inhibitor-
containing ART [64]. Furthermore, rollout of preferred agents such as dolutegravir, has been slower than desired or rec-
ommended in many settings and NNRTI-based regimens remain in use, particularly in RLS where access to newer ART
options are limited. Beyond regimen type, the medication-taking patterns described here are relevant across ART regi-
mens and may highlight adherence challenges that require support even for therapies with higher barriers to resistance.
In addition, this cohort reflects children entering adolescence, a developmental period associated with increasing adher-
ence challenges that often intensify as youth transition into young adulthood, highlighting the need proactive adherence
support strategies [65,66]. Another potential limitation is that the intensity of research evaluation (compared with routine
clinical care) may have increased adherence through participant awareness or more frequent study interactions. Despite
this potential bias toward improve adherence, substantial non-adherence persisted and remained strongly predictive of
TF. Finally, samples were stored for extended periods, precluding contemporaneous testing and potentially contributing
to degradation and missing data that could affect interpretation. Relatedly, not all stored biospecimens could undergo the
full set of laboratory analyses; however, supplemental analyses did not suggest systemic differences between participants
with evaluable samples and those whose samples could not be evaluated.

In conclusion, comprehensively assessed poor adherence among Kenyan children and adolescents living with HIV was
associated with longitudinal treatment failure and drug resistance. To maintain our gains in keeping children and adoles-
cents with perinatal HIV infection alive and to prolong the impact of newer ART regimens, we must monitor adherence
comprehensively and continue to invest in interventions to support adherence. The extent of treatment failure and drug
resistance on traditional NNRTI-based regimens compels us to continue to push for increased access to drug resistance
genotyping and new ART regimens if we are to sustain long-term ART success in this vulnerable population and truly end
pediatric AIDS.
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