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HIV drug resistance during antiretroviral therapy scale-up in 
Uganda, 2012–19: a population-based, longitudinal study
Michael A Martin, Steven James Reynolds, Brian T Foley, Fred Nalugoda, Thomas C Quinn, Steven A Kemp, Margaret Nakalanzi, 
Edward Nelson Kankaka, Godfrey Kigozi, Robert Ssekubugu, Ravindra K Gupta, Lucie Abeler-Dörner, Joseph Kagaayi, Oliver Ratmann, 
Christophe Fraser, Ronald Moses Galiwango, David Bonsall*, M Kate Grabowski*, on behalf of the Rakai Health Sciences Program Members, 
PANGEA-HIV Members†

Summary
Background With scale-up of antiretroviral therapy (ART) in sub-Saharan Africa, increasing pretreatment HIV drug 
resistance has been reported; however, the broader effect of ART expansion on population-level resistance patterns remains 
insufficiently quantified. We aimed to estimate the longitudinal prevalence of drug resistance and resistance-conferring 
mutations.

Methods This study used data collected as part of the Rakai Community Cohort Study (RCCS), an open population- 
based census and cohort study conducted in southern Uganda. At each survey round, residents aged 15–49 years are 
invited to participate and receive a structured questionnaire that obtains sociodemographic, behavioural, and health 
information, including self-reported past and current ART use. Voluntary HIV testing is conducted using a rapid test 
algorithm and a venous blood sample. People with HIV provide samples for viral load quantification and deep 
sequencing. We analysed RCCS survey, HIV viral load, and deep sequencing (which was used to predict resistance) 
data from five survey rounds. The key outcomes were the population prevalence of viraemic people with HIV with 
non-nucleoside reverse transcriptase inhibitor (NNRTI), nucleoside reverse transcriptase inhibitor (NRTI), protease 
inhibitor, or multiclass resistance among all participants (regardless of HIV serostatus) in the 2015 and 2017 surveys. 
Prevalence of class-specific resistance and resistance-conferring substitutions were estimated using robust log- 
Poisson regression.

Findings Between Aug 10, 2011, and Nov 4, 2020, there were 43 361 participants in the RCCS and 7923 (18⋅27%) 
people with HIV. Over five survey rounds, 93 622 participant visits occurred, among which 17 460 (18⋅65%) were 
from people with HIV. Over the analysis period, the median age of study participants remained similar (28 years 
[22–35] in 2012 and 29 years [21–38] in 2019). Sufficient data were available to reliably genotype 4072 (90⋅03%) of 
4523 participant visits from 3407 people with HIV for at least one drug. Overall population prevalence of resistance 
contributed by viraemic pretreatment people with HIV decreased between 2012 and 2017 from 0⋅56% (95% CI 
0⋅42–0⋅75) to 0⋅25% (0⋅18–0⋅33) for NNRTI and from 0⋅24% (0⋅15–0⋅37) to 0⋅05% (0⋅02–0⋅10) for NRTI (prevalence 
ratio 0⋅44 [0⋅29–0⋅68] for NNRTI and 0⋅21 [0⋅09–0⋅47] for NRTI). Between 2012 and 2017, NNRTI resistance among 
viraemic pretreatment people with HIV increased from 4⋅86% (3⋅69–6⋅42) to 9⋅61% (7⋅27–12⋅7; prevalence ratio 
1⋅98 [1⋅34–2⋅91]). The prevalence of NNRTI and NRTI resistance was substantially higher among viraemic treatment- 
experienced people with HIV (51⋅49% [46⋅24–57⋅34] for NNRTI and 36⋅46% [30⋅06–44⋅22] for NRTI in 2017) than 
among pretreatment people with HIV. NNRTI and NRTI resistance was predominantly attributable to rtK103N and 
rtM184V. inT97A was observed at a similar prevalence among viraemic treatment-experienced (9⋅96% [6⋅41–15⋅48]) 
and viraemic pretreatment (10⋅56% [8⋅01–13⋅93]) people with HIV; no major dolutegravir resistance mutations were 
observed.

Interpretation Despite rising NNRTI resistance among pretreatment people with HIV, overall population prevalence 
of pretreatment HIV drug-resistant viraemia decreased due to increasing ART uptake and viral suppression. This 
finding underscores the crucial role of achieving and maintaining high ART coverage in reducing transmission of 
drug-resistant HIV. The high prevalence of mutations conferring resistance to components of first-line ART regimens 
among viraemic people with HIV is potentially concerning.
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Introduction
Antiretroviral therapy (ART) suppresses HIV replication in 
people with HIV,1 which slows disease progression2 and 
prevents viral transmission.3 With increased ART coverage 
and scale-up of other interventions, HIV incidence has 
fallen by approximately 40% globally since 2010.4

Viral resistance to ART threatens the clinical and public 
health impact of treatment scale-up.5,6 Resistance can be 
acquired from a susceptible virus by within-individual 
evolution after treatment initiation, which is more common 
when treatment adherence is intermittent,7 but can occur 
despite high adherence.8 In sub-Saharan Africa, the epi
centre of the HIV epidemic,4 most patients who remain 
viraemic despite receiving treatment harbour resistance to 
at least one component of first-line regimens.1 Viruses 
harbouring resistance mutations can be transmitted to 
seronegative individuals, leading to a five-times increase 
in unsuccessful treatment compared to individuals with 
HIV who have no resistance mutations.9

Until 2018, first-line ART regimens were a combination 
of nucleoside reverse transcriptase inhibitors (NRTIs) and 
non-NRTIs (NNRTIs).10 During ART scale-up, the preva
lence of NNRTI resistance among pretreatment people 
with HIV initiating care increased globally, reaching 10% 
by 2016 in east Africa.11 These findings have been corro
borated by cross-sectional studies and WHO surveys,1,12 and 

prompted a shift to dolutegravir (an integrase strand- 
transfer inhibitor [INSTI]) in combination with NRTIs (eg, 
tenofovir disoproxil fumarate and lamivudine) for first-line 
ART. Additionally, long-lasting injectable INSTIs (eg, cab
otegravir with the NNRTI rilpivirine) are being rolled out in 
sub-Saharan Africa.13

Most data on the prevalence of HIV drug resistance in 
sub-Saharan Africa are derived from people with HIV who 
seek care in clinics or hospitals.1,11,12 As a result, clinic-based 
studies do not capture those with HIV who have never been 
diagnosed or have been lost to care, reducing their ability to 
quantify changes in population-level prevalence of drug- 
resistant viraemia. Moreover, accurately estimating the 
burden of drug-resistant HIV requires data from people 
with and without HIV to determine the overall population- 
level risk of exposure to the resistant virus. This is par
ticularly important as the prevalence of resistance might 
not decline proportionally with reductions in overall vir
aemia and HIV incidence. Since viraemic people with HIV, 
regardless of treatment history, can transmit HIV to sero
negative individuals, tracking population-level resistance 
trends is essential for assessing ongoing transmission risk.1,14

General population-based studies involving all individu
als, regardless of HIV serostatus, can address these short
comings. This design also allows for estimation of the 
prevalence of resistance among all participants and the 
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Research in context

Evidence before this study
We searched PubMed for studies published in English between Jan 
1, 2004 (the beginning of antiretroviral therapy [ART] availability 
in sub-Saharan Africa), and Aug 31, 2024, using the search terms 
“HIV”, “resistance”, “longitudinal”, “cohort”, and “population”. 
We identified 50 studies and excluded 34 that were not based in 
sub-Saharan Africa. Five studies primarily focused on infection 
with other pathogens (eg, hepatitis B virus and Mycobacterium 
tuberculosis), two on insulin resistance, one on sequencing 
methods, one on host susceptibility to HIV infection, and seven 
only included people living with HIV enrolled at clinics. In light of 
rapid treatment scale-up and falling HIV incidence, the 
implications of increased resistance among pretreatment people 
with HIV on population prevalence of resistance among all people 
(regardless of HIV serostatus) cannot be quantified without 
longitudinal data.

Added value of this study
Despite an increase in the prevalence of non-nucleoside reverse 
transcriptase inhibitor (NNRTI) resistance among viraemic 
pretreatment people with HIV between 2012 and 2017 in Uganda 
(prevalence ratio 1⋅98 [95% CI 1⋅34–2⋅91]), the overall prevalence 
of viraemic pretreatment resistance in the entire population 
decreased (prevalence ratio 0⋅44 [0⋅29–0⋅68]) alongside 
increasing ART uptake and viral suppression among people with 
HIV. Most resistance in the later surveys was contributed by 
treatment-experienced people with HIV. We observed a 

substantial burden of resistance mutations in viraemic treatment- 
experienced people with HIV to the NNRTI (eg, rtK103N 
[25⋅68%], rtY181C [14⋅67%], and rtG190A [12⋅34%]) and NRTI 
(eg, rtM184V [33⋅89%] and rtK65R [12⋅07%]) components of 
dolutegravir-based and cabotegravir-based regimens. The 
integrase strand transfer inhibitor (INSTI) resistance mutation 
inT97A had a similar prevalence among viraemic treatment- 
experienced (9⋅96% [6⋅41–15⋅48]) and viraemic pretreatment 
(10⋅56% [8⋅01–13⋅93]) people with HIV. To our knowledge, these 
are the first longitudinal population-based estimates of temporal 
trends in the prevalence of drug resistance during ART expansion 
in a high-burden setting.

Implications of all the available evidence
ART scale-up has reduced the burden of pretreatment HIV drug- 
resistant viraemia by improving viral load suppression at the 
population level; however, the expansion of HIV treatment in sub- 
Saharan Africa has increased the prevalence of drug resistance 
mutations among viraemic pretreatment people with HIV. The 
high prevalence of NNRTI resistance in this group has prompted a 
shift to first-line regimens including dolutegravir (an INSTI) in 
combination with NRTIs. Given the high prevalence of mutations 
conferring resistance to components of current first-line 
regimens, ongoing surveillance of unsuccessful treatment and 
drug resistance remains crucial in high-burden settings, 
particularly if ART coverage declines.

See Online for appendix 1

Articles

2 www.thelancet.com/microbe Vol ▪ ▪ 2025

mailto:mgrabow2@jhmi.edu
www.thelancet.com/microbe


relative contributions from subgroups—eg, pretreatment 
and treatment-experienced people with HIV. For example, 
a 2024 cross-sectional population-based study in KwaZulu- 
Natal (South Africa) found that fewer than 1% of viraemic 
people with HIV harboured INSTI resistance before dolu
tegravir treatment, but observed rtM184V (lamivudine 
resistance) in 32⋅6%, rtK65R (tenofovir disoproxil fumarate 
resistance) in 12⋅0%, and rtK70E (tenofovir disoproxil 
fumarate resistance) in 6⋅2% of treatment-experienced 
people with HIV.15 However, this study did not quantify the 
population prevalence of resistance among all study par
ticipants and, given the cross-sectional design, was unable 
to assess temporal trends in resistance among people with 
HIV and the general population. Longitudinal population- 
based cohort designs enable precise monitoring of resist
ance evolution and a dynamic evaluation of the risks posed 
to ART regimens. This design is particularly useful in the 
context of rapidly changing population sizes of viraemic 
pretreatment and treatment-experienced people with HIV 
observed in the past two decades during expansion of 
treatment and prevention programmes.4

We analysed HIV deep sequencing data collected as part 
of a general population-based cohort study in southern 
Uganda, the Rakai Community Cohort Study (RCCS), 
spanning a 9-year period of intense ART scale-up and 
declines in HIV incidence.4 Our deep-sequencing protocol 
allowed for the identification of minor within-individual 
drug resistance mutations, which can be selected for upon 
treatment initiation but are missed by consensus sequen
cing.16 We aimed to estimate the longitudinal prevalence of 
NNRTI, NRTI, and protease inhibitor (PI) resistance 
among the entire study population and among pretreat
ment or treatment-experienced people with HIV and the 
prevalence of resistance-conferring mutations.

Methods
Study design and participants
The RCCS, conducted by the Rakai Health Sciences Pro
gram (Kalisizo, Uganda), is an open population-based 
census and cohort study conducted at approximately 
18–24-month intervals (appendix 1 pp 3–4) in agrarian 
(HIV prevalence 9–26%),17 semi-urban trading (HIV 
prevalence 11–21%),17 and Lake Victoria fishing (HIV 
prevalence 38–43%)17 communities in four districts in 
southern Uganda (Kyotera, Lyantonde, Rakai, and 
Masaka).18 At each survey round, households are included in 
the census and residents aged 15–49 years are invited to 
participate. Participants can contribute to each survey round 
in which they are eligible. Participants are administered a 
structured questionnaire that obtains sociodemographic, 
behavioural, and health information, including self-reported 
past and current ART use (appendix 2 pp 1–38). Voluntary 
HIV testing is conducted using a rapid test algorithm19 and 
a venous blood sample from participants with HIV is 
taken at each survey round for viral quantification and 
deep sequencing.

The RCCS received ethics approval from the Uganda 
Virus Research Institute’s Research and Ethics Committee 
(GC/127/08/12/137), the Uganda National Council for 
Science and Technology (HS540), and the Johns Hopkins 
School of Medicine (IRB00217467). Participants provided 
written informed consent (or assent for those younger than 
18 years) at each survey round. This longitudinal analysis of 
RCCS data received ethics approval from the Johns 
Hopkins School of Medicine (IRB00291604).

We focused on RCCS survey, HIV viral load, and viral 
deep sequencing data from five survey rounds in 2012 
(conducted between Aug 10, 2011, and May 29, 2013), 2014 
(conducted between July 8, 2013, and Jan 28, 2015), 
2015 (conducted between Feb 23, 2015, and Sept 2, 2016), 
2017 (conducted between Oct 3, 2016, and May 21, 2018), 
and 2019 (conducted between June 19, 2018, and Nov 4, 
2020). Viral load and deep sequencing data were not rou
tinely collected in the RCCS before the 2012 survey. For 
participants in these rounds, we additionally included self- 
reported previous and current ART use from 14 survey 
rounds conducted between Nov 5, 1994, and June 21, 2011. 
Participants with serologically confirmed HIV infection 
were considered as pretreatment during a given round if 
they reported never having taken ART during that round 
and all previous rounds. Participants with HIV were con
sidered as treatment-experienced during a given round if 
they reported having taken ART in that round or any earlier 
rounds. Recommended first-line ART regimens are shown 
in appendix 1 (p 5). Survey rounds are herein referred to by 
the year of the median date over which the survey was 
conducted (appendix 1 pp 3–4).

Procedures
HIV viral load was measured in serum or plasma samples 
using the m2000 RealTime HIV-1 Quantitative PCR assay 
(Abbott Laboratories, Chicago, IL, USA) at the Rakai Health 
Sciences Program. Viral load measurements were 
conducted primarily among people with HIV in fishing 
communities in the 2012 survey round and for all people 
with HIV in later survey rounds. Viral loads of at least 
1000 copies per mL were considered viraemic. Missing viral 
load measurements from pretreatment people with HIV in 
the 2012 round were imputed (appendix 1 pp 6–8). For 
missing viral load measurements in subsequent survey 
rounds, the observations were dropped.

Full-length HIV deep sequencing was conducted by 
the Phylogenetics and Networks for Generalised HIV 
Epidemics in Africa consortium (PANGEA-HIV; 
appendix 1 pp 6, 26).20,21 For the 2012 and 2014 surveys, 
and six of 2015 survey participant visits, sequencing on 
Illumina MiSeq and HiSeq platforms using a next-gener
ation amplicon-based approach22 was attempted for partic
ipants who self-reported never having received ART and 
had a missing viral load or were viraemic. Nearly all vir
aemic participant visits from the 2015 to 2019 surveys on 
which sequencing was attempted, regardless of treatment 
status, were sequenced using veSeq-HIV, a next-generation 

See Online for appendix 2
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metagenomic enrichment protocol. A random convenience 
sample of those archived during the 2012 and 2014 surveys 
from individuals who were newly diagnosed or not receiv
ing ART (or both) that were not previously sequenced were 
also sequenced using this approach.

A validated pipeline, drmSEQ, was used to identify amino 
acid substitutions associated with reduced susceptibility to 
ART supported by at least ten PCR-deduplicated reads and 
at least 5% of reads covering a given site and predict 
intermediate-level or high-level drug resistance (appendix 1 
pp 6, 16) and drug class resistance based on the Stanford 
HIV Drug Resistance Database (version 9.1).23,24

Outcomes
The key outcomes were the prevalence of viraemic people 
with HIV with NNRTI, NRTI, PI, or multiclass resistance 
among all participants (regardless of HIV serostatus), 
which we refer to as the population prevalence, in the 
2015 and 2017 surveys (appendix 1 pp 14–15). This time
frame was selected as viral sequencing was not routinely 
conducted for treatment-experienced people with HIV 
before 2015 and only data for a subset of participant visits in 
2019 were available.

We also estimated the population prevalence of resistance 
attributed to viraemic treatment-experienced people with 
HIV in 2015 and 2017 and by viraemic pretreatment people 
with HIV between 2012 and 2019.

Statistical analysis
Prevalence of each study outcome was estimated using 
Poisson regression with a log-link and robust (sandwich) 
SEs with survey round as a predictor variable fit with gen
eral estimating equations using geepack (version 1.3.11) to 
account for repeated measures and Emmeans (version 
1.10.4). To provide additional context, we also estimated the 
prevalence of HIV, viraemic HIV (2014 and later due to 
missing viral load data), viraemic pretreatment HIV, and 
viraemic treatment-experienced HIV (2014 and later) 
among all study participants. We further estimated the 
prevalence of NNRTI, NRTI, and PI resistance and all 
resistance-conferring viral mutations among viraemic 
treatment-experienced people with HIV in 2015 and 

2017 and among viraemic pretreatment people with HIV 
between 2012 and 2019. Given the greater prevalence 
of viraemia in fishing communities, among men, and 
among those younger than 35 years in the RCCS,17,18,25

we evaluated the association between these variables, 
using a categorical variable for age (15–24, 25–34, and 
35–49 years), and resistance outcomes in adjusted 
analyses. Stratified estimates were generated for signifi
cantly associated covariates. We used inverse probability 
weighting to account for missing sequencing data among 
viraemic participants. 95% CIs and p values (α=0⋅05) were 
calculated using the Wald method. χ2 and Mann– 
Whitney U p values were calculated using the stats 
package in R. Data analysis and visualisation were done 
using tidyverse (version 2.0.0), ggplot2 (version 3.5.1), 
cowplot (version 1.1.3), patchwork (version 1.2.0), and 
ggpattern (version 1.1.1). Readxl (version 1.4.3) and 
haven (version 2.5.4.9) were used to parse data files 
(appendix 1 pp 6–19). All statistical analyses were 
conducted in R (version 4.4.1).

Role of the funding source
The funders of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
Between Aug 10, 2011, and Nov 4, 2020, there were 
43 361 participants in the RCCS and 7923 (18⋅27%) people 
with HIV. Over five survey rounds, 93 622 participant visits 
occurred, among which 17 460 (18⋅65%) were from people 
with HIV (table 1; appendix 1 p 20). 23 359 (53⋅87%) of 
43 361 participants were female and 20 002 (46⋅13%) were 
male. The median age at first participation was 25 years 
(IQR 19–33). Over the analysis period, the median age 
remained similar (28 years [22–35] in 2012 and 29 years 
[21–38] in 2019; appendix 1 p 21); however, the age of people 
with HIV increased (from 32 [27–37] in 2012 to 36 years 
[30–42] in 2019; p<0⋅0001; appendix 1 p 22).

Viral load measurements were available for 1959 
(56⋅00%) of 3498 people with HIV in the 2012 survey and 
13 962 (99⋅67%) of 14 008 people with HIV in later surveys. 

Number of 
participant visits

Participant visits 
with HIV

Viraemic participant 
visits with HIV

Viraemic pretreatment 
participant visits with HIV

Viraemic treatment-experienced 
participant visits with HIV

Overall 93 622 17 460 (18⋅65%) 3671 4915 741
Survey round

2012 17 167 3498 (20⋅38%) ⋅⋅ 1985 ⋅⋅
2014 17 992 3388 (18⋅83%) 1464 (43⋅21%) 1318 (90⋅03%) 146 (9⋅97%)

2015 19 336 3615 (18⋅70%) 1026 (28⋅38%) 822 (80⋅12%) 204 (19⋅88%)

2017 19 803 3636 (18⋅36%) 728 (20⋅02%) 502 (68⋅96%) 226 (31⋅04%)

2019 19 324 3323 (17⋅20%) 453 (13⋅63%) 288 (63⋅58%) 165 (36⋅42%)

Dates listed for each survey round represent the year of the median date over which the survey was conducted. Percentages in each category represent the percentage of participant 
visits in that category relative to the preceding category. Viral load data were not routinely collected for treatment-experienced people with HIV in the 2012 survey.

Table 1: Number of participant visits in each survey round stratified by HIV status
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After imputation of missing viral loads, 1985 (75⋅7%) of 
2622 pretreatment people with HIV in the 2012 survey 
were classified as viraemic. Among participant visits from 
people with HIV in 2014–19, 3671 (26⋅29%) of 13 962 were 
contributed by viraemic people with HIV, and of those, 
2930 (79⋅81%) were pretreatment people with HIV.

Concurrent with an increase in the proportion of 
treatment-experienced people with HIV, the population 
prevalence of HIV viraemia decreased substantially from 
8⋅14% (95% CI 7⋅75–8⋅55) in 2014 to 2⋅34% (2⋅14–2⋅57) in 

2019. These declines were driven by an almost nine times 
decrease in population prevalence of viraemic pretreatment 
people with HIV over the study period (prevalence ratio 
0⋅13 [0⋅11–0⋅15]) as population prevalence of viraemic 
treatment-experienced people with HIV remained stable at 
around 1%, reaching 0⋅85% (0⋅73–0⋅99) in 2019 (figure 1A; 
appendix 1 pp 23–24).

Deep sequencing identification of drug resistance 
mutations was attempted on 4523 (79⋅48%) of 5691 vir
aemic participant visit samples (appendix 1 pp 25–26). 
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Figure 1: Longitudinal trends in HIV seroprevalence and population prevalence of viraemic HIV drug resistance in Rakai Community Cohort Study participants, 
2012–19 
Bars indicate 95% CIs. (A) Estimated prevalence of people with HIV, viraemic HIV, viraemic pretreatment HIV, and viraemic treatment-experienced HIV in each survey 
round. Due to missing viral load data, prevalence of viraemic HIV and viraemic treatment-experienced HIV were not estimated in the 2012 survey. Only some 95% CIs 
extend beyond the data point. Estimated prevalence of all people with viraemic resistance (B), viraemic pretreatment resistance (C), and viraemic treatment-experienced 
resistance (D) to NNRTI, NRTI, or PI. NNRTI=non-nucleoside reverse transcriptase inhibitor. NRTI=nucleoside reverse transcriptase inhibitor. PI=protease inhibitor.
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Sequencing for the 2019 survey was conducted only for 
samples collected until May 17, 2019 (171 [38%] of 453 vir
aemic participant visits). Among these samples, sufficient 
data were available to reliably genotype 4072 (90⋅03%) of 
4523 participant visits from 3407 people with HIV for at 
least one drug (appendix 1 pp 27–34). Given the low 
numbers of intermediate-level or high-level INSTI resist
ance (appendix 1 pp 35–36), we did not estimate its preva
lence but did estimate the prevalence of common INSTI 
resistance-conferring mutations, including those conferring 
low-level resistance.

In 2017, the population prevalence of viraemic resistance 
among all participants, regardless of HIV serostatus, was 
0⋅79% (95% CI 0⋅66–0⋅93) for NNRTI, 0⋅46% (0⋅37–0⋅58) 
for NRTI, and 0⋅08% (0⋅04–0⋅13) for PI. These levels were 
stable compared with 2015 (figure 1B; appendix 1 p 37). In 
stratified analyses, population prevalence of NNRTI and 
NRTI resistance was consistently significantly higher in 
fishing communities than trading or agrarian communi
ties over the analysis period (appendix 1 pp 38–40). For 
example, the 2017 prevalence of NNRTI resistance 
in fishing communities was 1⋅71% (1⋅35–2⋅16) versus 
0⋅47% (0⋅34–0⋅66) in agrarian and 0⋅53% (0⋅36–0⋅76) in 
trading communities. NNRTI and NRTI resistance was 
also significantly lower among individuals aged 15–24 years 
compared with older age groups (p<0⋅0001 among 
those aged 25–34 years and p=0⋅00018 among those aged 
35–49 years for NNRTI and p<0⋅0001 among both age 
groups for NRTI; appendix 1 pp 38–40). For example, 
the 2017 prevalence of NNRTI resistance was 0⋅33% 
(0⋅21–0⋅51) among those aged 15–24 years and 1⋅34% 
(1⋅06–1⋅68) among those aged 25–34 years.

Overall population prevalence of resistance contributed 
by viraemic pretreatment people with HIV decreased 
between 2012 and 2017 from 0⋅56% (95% CI 0⋅42–0⋅75) to 
0⋅25% (0⋅18–0⋅33) for NNRTI and from 0⋅24% (0⋅15–0⋅37) 
to 0⋅05% (0⋅02–0⋅10) for NRTI (prevalence ratio 0⋅44 
[0⋅29–0⋅68] for NNRTI and 0⋅21 [0⋅09–0⋅47] for NRTI; 
figure 1C; appendix 1 pp 41–42). By 2017, viraemic treat
ment-experienced people with HIV contributed 68⋅46% 
(59⋅49–75⋅44) of all NNRTI and 89⋅61% (79⋅92–94⋅62) of all 
NRTI resistance (appendix 1 p 43). Resistance profiles 
varied considerably by treatment status (figure 2; appendix 
1 p 44). Among viraemic pretreatment people with HIV 
with available genotypes for NNRTIs, NRTIs, and PIs, most 
were NNRTI monoresistant in 2017 (35 [70⋅00%] of 50). 
Whereas among viraemic treatment-experienced people 
with HIV with any resistance, dual-class NNRTI and 
NRTI resistance was the most common profile in 2017 
(64 [73⋅56%] of 87).

Between 2012 and 2017, NNRTI resistance among 
viraemic pretreatment people with HIV increased from 
4⋅86% (95% CI 3⋅69–6⋅42) to 9⋅61% (7⋅27–12⋅7; prevalence 
ratio 1⋅98 [1⋅34–2⋅91]; figure 3A; appendix 1 pp 42, 45). This 
finding did not vary by sex, age, community type, or 
sequencing approach (appendix 1 pp 46–48). The preva
lence of NRTI and PI resistance remained stable and lower 
than 2⋅1% over the same time period.

Among viraemic pretreatment people with HIV, the most 
prevalent resistance mutation was inT97A (figure 3B; 
appendix 1 pp 49–52), which is an INSTI resistance muta
tion (particularly for elvitegravir26) detected in approxi
mately 10% of viraemic pretreatment people with HIV 
between 2012 and 2017. The most common NNRTI 
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resistance mutation was rtK103N, found in 7⋅11% (95% CI 
5⋅06–10⋅00) of viraemic pretreatment people with HIV 
in 2017, a significant increase compared with 2012 
(prevalence ratio 4⋅26 [2⋅11–8⋅59]). The NNRTI resistance 
mutation rtE138A, which is associated with 2⋅5-times 
lower susceptibility to rilpivirine,27 was present in 2⋅77% 
(1⋅59–4⋅85) of viraemic pretreatment people with HIV in 
2017 and its prevalence remained stable since 2012 
(prevalence ratio 1⋅37 [0⋅57–3⋅30]). NRTI resistance muta
tions were rare compared with NNRTI mutations. Geno
types associated with intermediate-level or high-level INSTI 
resistance were identified in 16 viraemic pretreatment visits 
with 13 participants harbouring the mutation inE92G, 
which confers resistance to elvitegravir, a drug not routinely 
used in Uganda (appendix 1 p 5). Mutations conferring 
intermediate-level or high-level resistance to dolutegravir 
were not observed (appendix p 49).

The prevalence of NNRTI and NRTI resistance was 
substantially higher among treatment-experienced people 
with HIV (51⋅49% [95% CI 46⋅24–57⋅34] for NNRTI and 
36⋅46% [30⋅06–44⋅22] for NRTI in 2017) than among 
pretreatment people with HIV (figure 4A; appendix 1 p 53). 
Among treatment-experienced people, NNRTI resistance 
was less common among men than in women (prevalence 
ratio 0⋅74 [0⋅58–0⋅93]), and NRTI resistance was elevated 
among participants aged 25–34 (prevalence ratio 1⋅62 
[1⋅03–2⋅56] versus 15–24 years; appendix 1 pp 54–55). 
2⋅13% (0⋅81–5⋅63) of viraemic treatment-experienced 
people with HIV in 2017 harboured PI resistance.

Compared with pretreated people, we observed more 
NRTI resistance-conferring mutations among treatment- 
experienced people with HIV (appendix 1 pp 49, 52, 56). 
NRTI resistance among viraemic treatment-experienced 
people with HIV in 2017 was most frequently due to the 
rtM184V (33⋅89% [95% CI 27⋅61–41⋅59]), rtK65R (12⋅07% 
[8⋅14–17⋅9]), and rtK219E (7⋅64% [4⋅6–12⋅67]) sub
stitutions, which were rare among pretreatment 
people with HIV. The most prevalent NNRTI-associated 
substitution among viraemic treatment-experienced peo
ple with HIV was also rtK103N (25⋅68% [20⋅03–32⋅92]); 
however, rtY181C (14⋅67% [10⋅27–20⋅95]) and rtG190A 
(12⋅34% [8⋅33–18⋅27]) were also frequently observed. 
inT97A was observed at a similar prevalence among 
viraemic treatment-experienced (9⋅96% [6⋅41–15⋅48]) and 
viraemic pretreatment (10⋅56% [8⋅01–13⋅93]) people with 
HIV. Four participant visit samples contributed by viraemic 
treatment-experienced people with HIV harboured INSTI 
resistance mutations, which were each observed once 
(inG163K, inG163R, inR263K, and inS147G) and not 
associated with dolutegravir resistance (appendix p 49).

Discussion
In this study, we report on trends in HIV drug resistance 
from a longitudinal, population-based cohort in southern 
Uganda between 2012 and 2019, a period marked by the 
substantial expansion of ART programmes. Despite an 
increase in the prevalence of NNRTI resistance among 
pretreatment people with HIV, we observed an overall 
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decline in the population prevalence of pretreatment HIV 
drug-resistant viraemia among all participants, alongside 
increasing ART uptake and viral suppression among peo
ple with HIV. By the end of the analysis period in 2017, the 
population prevalence of NNRTI resistance was 0⋅79% and 
NRTI resistance was 0⋅46%, with most resistance stem
ming from dual-class NNRTI and NRTI resistance in 
viraemic treatment-experienced people with HIV. Resist
ance to NRTIs and PIs among viraemic pretreatment peo
ple with HIV, and consequently multiclass resistance, 
remained low despite a substantial burden of NRTI resist
ance in viraemic treatment-experienced people with HIV. 
We observed a high prevalence of the INSTI resistance 
mutation inT97A. Overall, these findings provide import
ant insights into the evolving dynamics of HIV resistance 
during ART scale-up in a high-burden setting of east Africa 
and might help to guide future surveillance and HIV 
epidemic control efforts in the region.

Consistent with previous studies, we observed an 
increase in the prevalence of NNRTI resistance among 
viraemic pretreatment people with HIV, supporting the 
2018 shift to dolutegravir-based regimens.1,11,12 However, a 

key finding from our population-based analysis, concurrent 
with the rise in NNRTI resistance among pretreatment 
people with HIV, was a substantial decline in the overall 
prevalence of pretreatment people with HIV among all 
study participants, probably driven by increased treatment 
initiation and declining HIV incidence.18,28,29 This decrease 
in the prevalence of pretreatment people with HIV has 
outpaced the rise in NNRTI resistance among pretreatment 
people with HIV, resulting in a reduction in the population 
prevalence of pretreatment people with HIV with NNRTI 
resistance over the study period. By the end of the survey 
period, most viraemic individuals with NNRTI-resistant 
HIV were those with previous treatment experience.

We find a lower burden of NNRTI and NRTI resistance 
among viraemic treatment-experienced people with HIV in 
this study than that seen in clinic-based studies,1,12 probably 
because our population-based design includes people with 
HIV who remain viraemic since they are not actively 
engaged in care, despite previous treatment exposure. 
Clinic-based studies might disproportionately enrol people 
who remain viraemic due to suboptimal adherence or have 
advanced stages of disease, and thus are more likely to have 
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drug resistance, whereas population-based sampling 
includes people lost to clinic-based care and who are no 
longer using treatment altogether.

NNRTI and NRTI therapies remain important compo
nents of the current and future ART landscape. Current 
first-line dolutegravir-regimens incorporate two NRTIs 
(eg, tenofovir disoproxil fumarate and lamivudine), and 
unsuccessful dolutegravir treatment is more likely among 
those with NRTI resistance.30,31 We observe rtM184V 
(>200 times lower susceptibility to lamivudine23,24) muta
tions in 33⋅89% and rtK65R (five times lower susceptibility 
to tenofovir disoproxil fumarate23,24) mutations in 12⋅07% of 
viraemic treatment-experienced people with HIV, whereas 
these mutations were rarely observed among pretreatment 
people with HIV. The distinct resistance profiles between 
these groups might be due to reduced transmission effi
ciency associated with resistance mutations or reversion of 
resistance in the absence of treatment following transmis
sion. Further, we identify a number of mutations associated 
with reduced susceptibility to rilpivirine (eg, rtE138A, 
rtY181C, and rtG190A), an NNRTI given in combination 
with cabotegravir as part of long-lasting injectable ther
apies, in viraemic treatment-experienced people with HIV.

As this study predates the scale-up of dolutegravir, we do 
not observe major dolutegravir resistance-conferring 
mutations. We show that around 10% of viraemic partic
ipants harboured inT97A, which is a polymorphic mutation 
most common in subtype A and in isolation confers two- 
times resistance to elvitegravir but not to other INSTIs.23,24

The observed prevalence of inT97A in this study is an order 
of magnitude higher than in a population-based cohort in 
South Africa15 and about a two times higher prevalence than 
globally sampled INSTI-naive people with HIV.23,24 Further, 
we observe a significant increase in the prevalence of 
inT97A among viraemic pretreatment people with HIV in 
the 2019 survey round. As inT97A is repeatedly selected for 
in people who had unsuccessful dolutegravir therapy32 and 
can substantially increase dolutegravir resistance in 
combination with other mutations (eg, inG140S and 
inQ148H),33 we recommend continued monitoring.

There are important limitations of our study. Due to 
unknown HIV serostatus among non-participating resi
dents of RCCS communities, our results might not be 
generalisable to this population. Individuals aged 15–19 
years, men, and residents of trading communities are less 
likely to participate in RCCS surveys.18 Further, only self- 
reported treatment status was available, which might have 
led to the misclassification of some participants. A previous 
study in this cohort showed that 11% of self-reported ART- 
naive participants had antiviral medication present in their 
blood.34 Given the significant differences observed in the 
mutational profiles of pretreatment versus treatment- 
experienced people with HIV and the consistency of these 
results with estimates of the fitness impact of mutations in 
the absence of treatment,35 we expect minimal misclassifi
cation bias. In the absence of sequencing data from source- 
recipient pairs, we are unable to categorise the identified 

pretreatment resistance as transmitted drug resistance. 
Although data on individual-level ART regimens are not 
routinely collected through the RCCS, first-line therapy in 
this setting is highly consistent across individuals. Since 
this study is based on sequencing of viral RNA, we could 
identify resistance only among viraemic people with HIV. 
Consequently, our population prevalence estimates are an 
underestimate, as some people with resistant HIV might be 
suppressed via second-line therapy or were transiently 
suppressed after treatment initiation.

Despite the population-based study design, viral load data 
and sequencing data were only available for a subset of 
participants due to budgetary and logistical constraints. We 
consequently restrict analyses to survey rounds in which 
sufficient data are available to generate reliable inferences 
and use imputation to account for missing viral load data. 
Despite this missingness, deep sequencing data were 
available for 4072 participant visits, which is considerably 
more than a 2024 population-based study in South Africa 
(n=1097),15 clinic-based studies in sub-Saharan Africa 
(n=972),12 and WHO surveys in Uganda (n=372).1 Further, 
we used detailed demographic data on survey participants 
to account for the role of possible biases in sequencing data 
availability; however, we cannot rule out any residual biases 
in our estimates.

In summary, this study adds crucial context to our 
understanding of the HIV epidemic in southern Uganda 
and to the impact of treatment expansion on the population 
burden of HIV resistance. We show that increased viral 
suppression due to ART scale-up has reduced the popula
tion prevalence of pretreatment resistance and that most 
resistance is contributed by treatment-experienced people 
with HIV, which might inform interventions aimed at 
reducing transmitted HIV resistance. The high prevalence 
of NNRTI and NRTI resistance among treatment- 
experienced people with HIV and of inT97A among all 
viraemic people with HIV is potentially concerning in light 
of the roll-out of dolutegravir with tenofovir disoproxil 
fumarate plus lamivudine and cabotegravir plus rilpivirine 
regimens in sub-Saharan Africa. These findings stress the 
importance of continued viral sequence-based monitoring 
of resistance mutations among people with HIV, particu
larly those with previous treatment exposure, during 
the roll-out of novel HIV ART regimens and possible 
reductions in HIV treatment coverage.
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