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Background: Virologic failure in HIV predicts the develop-
ment of drug resistance and mortality. Genotypic resistance
testing (GRT), which is the standard of care after virologic
failure in high-income settings, is rarely implemented in sub-
Saharan Africa.

Objective: To estimate the effectiveness of GRT for improv-
ing virologic suppression rates among people with HIV in
sub-Saharan Africa for whom first-line therapy fails.

Design: Pragmatic, unblinded, randomized controlled trial.
(ClinicalTrials.gov: NCT02787499)

Setting: Ambulatory HIV clinics in the public sector in
Uganda and South Africa.

Patients: Adults receiving first-line antiretroviral therapy
with a recent HIV RNA viral load of 1000 copies/mL or
higher.

Intervention: Participants were randomly assigned to receive
standard of care (SOC), including adherence counseling ses-
sions and repeated viral load testing, or immediate GRT.

Measurements: The primary outcome of interest was
achievement of an HIV RNA viral load below 200 copies/mL
9 months after enrollment.

Results: The trial enrolled 840 persons, divided equally
between countries. Approximately half (51%) were women.

Most (72%) were receiving a regimen of tenofovir, emtricita-
bine, and efavirenz at enrollment. The rate of virologic sup-
pression did not differ 9 months after enrollment between
the GRT group (63% [263 of 417]) and SOC group (61%
[256 of 423]; odds ratio [OR], 1.11 [95% CI, 0.83 to 1.49];
P = 0.46). Among participants with persistent failure (HIV
RNA viral load ≥1000 copies/mL) at 9 months, the preva-
lence of drug resistance was higher in the SOC group (76%
[78 of 103] vs. 59% [48 of 82]; OR, 2.30 [CI, 1.22 to 4.35];
P = 0.014). Other secondary outcomes, including 9-month
survival and retention in care, were similar between groups.

Limitation: Participants were receiving nonnucleoside reverse
transcriptase inhibitor–based therapy at enrollment, limiting the
generalizability of the findings.

Conclusion: The addition of GRT to routine care after first-
line virologic failure in Uganda and South Africa did not
improve rates of resuppression.

Primary Funding Source: The President's Emergency Plan
for AIDS Relief and the National Institute of Allergy and
Infectious Diseases.
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V irologic failure in HIV remains a major public health
threat in sub-Saharan Africa. It occurs in approxi-

mately 10% to 30% of patients within 2 years of antire-
troviral therapy (ART) initiation and is associated with
development of drug resistance, increased risk for
opportunistic infections and death, and ongoing trans-
mission of HIV (1–6).

The optimal management of virologic failure is
unknown. Guidelines published by the U.S. Department
of Health and Human Services recommend genotypic re-
sistance testing (GRT) to assist in the management of viro-
logic failure (7). Small randomized trials and observational
studies completed in the early ART era in the United
States suggested that GRT has benefit in virologic control
and selection of active regimens (8–11). However, GRT af-
ter failure of first-line therapy is not routinely supported by
treatment guidelines by the World Health Organization
and is not typically done in most sub-Saharan African
countries (12).

However, increasing relative costs of second-line ther-
apy compared with first-line therapy, declining costs of
GRT, and increasing availability of GRT in the region have
changed this landscape (13, 14). Moreover, an immediate
genotypic resistance strategymight expeditemanagement
of treatment failure, which currently includes a prolonged
process of adherence support, repeated viral load testing,
and result reporting and is associated with high rates of
loss to follow-up (3, 15–17). Finally, GRT might also serve
as an adherence support intervention by providing
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patients and providers with objective data on whether
virologic failure is due to resistance or adherence chal-
lenges, and thus helping to identify the most appropriate
response. Nevertheless, whether GRT will improve out-
comes or reduce costs compared with current practice is
unknown.

We did an unblinded, randomized controlled trial of
persons receiving first-line ART with virologic failure in
public-sector clinics in Uganda and South Africa. The trial
aimed to estimate the effectiveness of GRT for improving
management of virologic failure in the sub-Saharan
African region. We hypothesized that the addition of
GRT to routine care would improve rates of virologic sup-
pression 9 months later.

METHODS

Study Design
The REVAMP (Resistance Testing Versus Adherence

Support for Management of Patients with Virologic Failure
on First-Line Antiretroviral Therapy in sub-Saharan Africa)
trial was a pragmatic, unblinded, parallel-group, random-
ized controlled trial (ClinicalTrials.gov: NCT02787499). It
was designed to estimate the effectiveness and cost-effec-
tiveness of adding GRT to routine care in the public sector
in sub-Saharan Africa. The complete trial protocol is avail-
able in the Supplement (available at Annals.org) (18). The
trial was approved by the institutional review committees
at the Mbarara University of Science and Technology, the
Uganda National Council for Science and Technology, the
University of KwaZulu-Natal, and Mass General Brigham.
All participants provided signed informed consent.

Eligibility Criteria, Recruitment, and
Randomization

Potential participants were recruited from 1 of 5 public-
sector HIV clinics in Mbarara, Uganda (Mbarara Regional
Referral Hospital Immune Suppression Syndrome Clinic), or
Durban, South Africa (Addington Hospital Sinathando HIV
Clinic, Clairwood Hospital HIV Clinic, King Dinuzulu HIV
Clinic, or Wentworth Hospital HIV Clinic). Eligibility criteria
were the following: 1) receipt of care and residence within
100 kilometers of a recruitment clinic; 2) age 18 years or
older at enrollment; 3) current use of first-line (nonnucleo-
side reverse transcriptase inhibitor [NNRTI]–based or inte-
grase strand transfer inhibitor [INSTI]–based) ART for at least
5 months; and 4) a plasma viral load of HIV-1 RNA (viral
load) of 1000 copies/mL or higher within 90 days of enroll-
ment. We excluded persons with prior known HIV drug re-
sistance, prior exposure to protease inhibitor (PI)–based
therapy, or a current indication for change to second-line
(PI-based) therapy (such as successive viral load results
≥1000 copies/mL); those with plans to leave the clinic catch-
ment area within the next 9 months; and those who could
not provide informed consent.

Viral load result logs were screened to identify potentially
eligible participants, who were approached by study staff for
informed consent. After completion of informed consent, par-
ticipants were immediately randomly assigned in a 1:1 ratio in
blocks of 4 using the Research Electronic Data Capture
(REDCap) tool for study database randomization to the

standard of care (SOC) or the GRT strategy of virologic failure
management (19). Randomizationwas stratifiedby clinic, dura-
tion of ARTuse at enrollment (dichotomized as <1 vs.≥1 year),
and pregnancy status. We initially included use of an INSTI-
based regimen as a stratification variable, but no study partici-
pants were receiving INSTI-based therapy at the time of enroll-
ment. The randomization sequence was created by the
statistician before study initiation and locked within the data-
base such that noother staffmembers had access.

Study Procedures
Persons in the GRT group were scheduled for the fol-

lowing 3 study visits during the observation period
(Appendix Figure, available at Annals.org): an enroll-
ment visit, a GRT result interpretation and management
visit, and an outcome visit. At the enrollment visit, blood
was collected for immediate GRT. We did Sanger
sequencing of the reverse transcriptase and protease
genes in plasma HIV-1 RNA at the laboratories of the
National Health Laboratory Service at Inkosi Albert
Luthuli Central Hospital (South Africa) and Joint Clinical
Research Centre (Uganda). For specimens that could not
be sequenced, a cryopreserved plasma specimen was
subsequently tested for viral load to assess whether a
low viral load was the cause of failed sequencing. We did
GRT interpretation training at all study clinics before
study initiation, which included review of HIV genetics,
mechanisms of drug resistance, key genetic mutations
associated with HIV drug resistance, interpretation of
genotypic resistance result reports, and recommenda-
tions for regimen selection based on results (the training
guide is included in the Supplement). Participants were
asked to return to the clinic after receipt of resistance test-
ing results for virologic failure management. Clinicians
had final decision-making authority for regimen selection.
They were advised during the GRT training and in the
provided instruction booklets to change to second-line,
PI-based therapy if drug resistance patterns suggested re-
sistance to a patient's first-line regimen. Likewise, clini-
cians were advised to maintain first-line regimens with
adherence counseling in the absence of drug resistance
or if the viral load had resuppressed in the window
between the recruitment viral load measurement and
enrollment. Participants in the GRT group returned again
9 months after enrollment for a final study visit for speci-
men collection and outcome determination.

Participants in the SOC group were scheduled for 4
study visits that corresponded with treatment guidelines
for management of virologic failure in South Africa and
Uganda, which focus on adherence support for patients
with a viral load of 1000 copies/mL or higher. These visits
included an enrollment visit, a visit to collect blood for
repeated viral load testing, a visit for interpretation and
management of viral load results, and a study outcome
visit. At the enrollment visit, participants were referred to
clinic counseling services on the basis of standardized clinic
guidelines for those with virologic failure. They returned for
a second visit approximately 2 to 3months after enrollment
so blood could be collected for repeated viral load testing,
and for a third visit approximately 1 month later for inter-
pretation of the second viral load result and regimen
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selection. On the basis of guidelines from both countries,
patients with persistent virologic failure, defined as a
repeated viral load of 1000 copies/mL or higher, were rec-
ommended to switch to PI-based, second-line therapy,
whereas those with a repeated viral load less than 1000
copies/mL were recommended to continue receiving first-
line therapy. Similar to the GRT group, participants in the
SOC group were scheduled for a final visit approximately 9
months after enrollment for specimen collection and out-
come determination. In both groups, clinical care was pro-
vided at the clinics by clinic staff per routine clinical
protocols in the periods between study visits.

OutcomeMeasures
The prespecified primary outcome was achievement

of a viral load below 200 copies/mL at the 9-month out-
come visit. Viral load results falling in a window from
2 weeks before through 12 weeks after this visit were eli-
gible for assessment. We defined a successful outcome
in participants with a viral load less than 200 copies/mL
during the window and a failed outcome in participants
with a viral load of 200 copies/mL or greater or with miss-
ing viral load data during the window period. The study
underwent a single major protocol change in 2020,
when the study window was extended for participants
who were actively enrolled in the trial but unable to
return to the clinic for their outcome assessment while
COVID-19 transportation restrictions were imposed in
both countries (24 March 2020 in Uganda and 27 March
2020 in South Africa; details of the protocol change are
included in the Study Analysis Plan section of the

Supplement). Prespecified secondary outcomes were
the proportion of participants with an undetectable viral
load (below limit of detection) at study conclusion; the
proportion of participants with an undetectable viral
load receiving first-line (NNRTI-based) therapy at study
conclusion; the proportion of participants with HIV drug
resistance mutations (as defined by the International
Antiviral Society–USA) to their regimen at study conclu-
sion (20), determined by GRT, which was done for all par-
ticipants with a viral load of 1000 copies/mL or higher at
study conclusion; retention in HIV clinical care through
study completion; and 9-month survival. Resource use,
costs, and utility data were also collected and are being
analyzed as part of an accompanying cost-effectiveness
analysis.

Statistical Analysis
The study was powered to detect a between-group

difference of 10 percentage points or more in the propor-
tion of participants with a viral load less than 200 copies/mL
at the 9-month outcome visit. We selected this difference
on the basis of consultation with in-country partners as a
clinically meaningful benefit to result in changes to care
guidelines. On the basis of published resuppression rates
after first-line treatment failure in sub-Saharan Africa (21–
24), we estimated that approximately 68% of participants
in the SOCgroupwould remain in care and achieve resup-
pression. Because treatment was considered to have failed
in participants with missing viral load data, all patients
were included in the analysis of the primary outcome;
there was no reduction in analytic sample size due to

Figure 1. Study flow diagram.

Screened for eligibility
(n = 877)

Randomly assigned
(n = 840)

Excluded (n = 37)
   Not eligible: 33
      Not receiving ART: 26
      Lived outside clinic catchment area: 2
      Had current indication for second-line
         therapy: 2 
      Had viral load >90 d earlier: 2
      Could not provide specimens: 1
   Declined consent: 1
   Consented but disenrolled before
      randomization: 3
      Determined ineligible after clinic review: 2
      Could not provide specimens: 1

Assigned to SOC
group (n = 423)

Assigned to GRT
group (n = 417)

Did not complete study (n = 29)
   Lost from observation: 12
   Deceased: 8
   Disenrolled: 6
   Transferred care: 3

Did not complete study (n = 33)
   Lost from observation: 9
   Deceased: 14
   Disenrolled: 4
   Transferred care: 6

Included in the ITT population (n = 423)
In the SOC group and received GRT (n = 3)

Included in the ITT population (n = 417)
In the SOC group and received GRT (n = 3)

ART= antiretroviral therapy; GRT= genotypic resistance testing; ITT= intention-to-treat; SOC= standard of care.
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losses from observation. Consequently, we enrolled 420
participants in each group for a total sample of 840 partici-
pants to give us 88% power to identify a 10–percentage
point difference in the primary outcomemeasure between
groups, allowing for a type I error rate of 5% with a superi-
ority design.

We first summarized demographic and clinical charac-
teristics of the cohort by study group. The primary efficacy
analysis was done on an intention-to-treat basis according to
initial randomization allocation and regardless of completion
of GRT. To test for the difference in primary and secondary
outcomes between the study groups, we fitted stratified
conditional logistic regression models for each outcome of
interest with treatment group as the explanatory variable of
interest and clinic, duration of ART use, and pregnancy sta-
tus as strata. To report the overall proportion of participants
who achieved each outcome, we computed a weighted av-
erage of sample proportions with weight equal to the stra-
tum-level frequency divided by the total sample size; SEs
were computed accordingly. Although we had initially
planned an as-treated analysis for participants who experi-
enced crossover (that is, participants in the GRT group who
did not complete GRT and those in the SOC group who did
complete GRT), this occurred in only 3 participants, so we
did not proceed with this analysis. We also used condi-
tional logistic regression models to estimate the effect of
resistance testing on achieving a viral load less than 200
copies/mL in prespecified analyses in the following par-
ticipant subgroups: CD4 count less than versus greater
than or equal to 0.200�109 cells/L at enrollment, men
versus women, self-reported adherence at enrollment of

less than 100% versus 100%, and enrollment in Uganda
versus South Africa. We did a post hoc sensitivity analysis
in which we excluded persons who had a viral load mea-
surement at an out-of-window outcome visit after the
COVID-19 restrictions began. Finally, in post hoc analy-
ses, we fitted mixed-effects logistic regression models of
our primary outcome of interest to assess for residual
confounding, applying fixed effects for study group, sex,
age at enrollment (>35 vs. ≤35 years), CD4 T-cell count
at enrollment, viral load at enrollment (>10000 vs.
≤10000 copies/mL), and country, as well as a random
effect for strata. Analyses were done in duplicate by 2
study statisticians (B.A.J. and N.M.) using analysis pack-
ages in R, version 4.1.0 (R Foundation), and Stata, version
15 (StataCorp).

Role of the Funding Source
The President's Emergency Plan for AIDS Relief and

the National Institute of Allergy and Infectious Diseases
had no role in the design or conduct of the study, the
analysis or interpretation of the data, the drafting of the
manuscript, or the decision to submit the results for
publication.

RESULTS

Participants
Between December 2016 and December 2019, a

total of 877 persons were screened for eligibility and 840
(96%) were randomly assigned to a group, 417 to the
GRT group and 423 to the SOC group (Figure 1).
Enrollment was evenly distributed between Uganda (n=

Table. Demographic and Clinical Characteristics of Study Participants at Enrollment

Characteristic Total Cohort
(n = 840)

Standard of Care
Group (n = 423)

Genotypic Resistance Testing
Group (n = 417)

Sex, n (%)
Female 430 (51) 221 (53) 209 (50)
Male 410 (49) 202 (48) 208 (50)

Pregnancy, n (%)
Pregnant at enrollment 13 (2) 7 (2) 6 (1)
Not pregnant at enrollment 827 (98) 416 (98) 411 (99)

Median age (IQR), y 37 (31–45) 37 (31–45) 37 (30–44)

Country, n (%)
Uganda 420 (50) 210 (50) 210 (50)
South Africa 420 (50) 213 (50) 207 (50)

Median ART duration (IQR), y 3.2 (1.1–6.4) 3.5 (1.1–6.5) 3.0 (1.1–6.4)

Median CD4 count (IQR), 3 109 cells/L 0.281 (0.121–0.457) 0.303 (0.132–0.475) 0.259 (0.112–0.434)

ART regimen, n (%)
TDF–3(F)TC–EFV 606 (72) 311 (75) 295 (71)
AZT–3TC–NVP 118 (14) 60 (14) 58 (14)
Other 116 (14) 52 (12) 64 (15)

Self-reported treatment adherence at
enrollment, n (%)

<100% in prior 30 d 592 (70) 297 (70) 295 (71)
100% in prior 30 d 248 (30) 126 (30) 122 (29)

3(F)TC = lamivudine or emtricitabine; ART = antiretroviral therapy; AZT = zidovudine; EFV = efavirenz; IQR = interquartile range; NVP = nevirapine;
TDF = tenofovir.
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420 [50%]) and South Africa (n= 420 [50%]), and approxi-
mately half of enrolled participants were women (n= 430
[51%]) (Table). The median age was 37 years (interquartile
range, 31 to 45 years), the median duration of ART use
was 3.2 years (interquartile range, 1.1 to 6.4 years), the
median CD4 T-cell count at enrollment was 0.281�109

cells/L (interquartile range, 0.121 to 0.456�109 cells/L),
and 606 participants (72%) were receiving a regimen of
tenofovir disoproxil fumarate, emtricitabine or lamivudine,
and efavirenz.

Study Flow and Adherence to Guidelines
All participants were enrolled before the COVID-19

epidemic restrictions began, but 170 of 840 (21%) had a
final study visit scheduled after the restrictions began.
The study groups did not differ in the proportion of par-
ticipants affected by the COVID-19 restrictions (87 of 423
[20.6%] in the SOC group vs. 83 of 417 [19.9%] in the
GRT group). Of these 170 participants, 47 (27.6%) com-
pleted an outcome visit blood collection outside the pre-
specified window, including 5.0% (21 of 423) in the SOC
group and 6.2% (26 of 417) in the GRT group. In the total
cohort, 778 participants (93%; 394 of 423 [93%] in the
SOC group and 384 of 417 [92%] in the GRT group)
completed their 9-month outcome visit, whereas 22 (3%)
died, 21 (3%) were lost from observation, 10 (1%) disen-
rolled, and 9 (1%) moved out of the catchment area dur-
ing the study. Rates of study retention and completion
were similar in the pre–COVID-19 period (622 of 770
[93%]) and the COVID-19 period (157 of 170 [92%]).

All 417 persons in the GRT group (100%) had GRT
completed at study enrollment (Figure 2). Of these,
282 (67.6%) had detectable drug resistance and 135

(32.4%) had either absence of drug resistance or a viral
load too low to allow successful sequencing. Of those
with detectable drug resistance, 243 of 282 (86.2%)
changed from first-line to second-line therapy during
the study at a clinician's direction, 15 (5.3%) continued
to receive first-line therapy, and 24 (8.5%) dropped
out before a regimen decision was made. Of those
without drug resistance detected, 95 of 135 (70.4%)
continued to receive first-line therapy throughout the
study, 31 (23.0%) changed to second-line therapy,
and 9 (6.7%) dropped out before a regimen decision
was made.

In the SOC group, 396 of 423 participants (93%) com-
pleted a repeated viral load test during the study. On
repeated testing, approximately 38% of participants in
this group (162 to 423) had a viral load lower than 1000
copies/mL and 234 of 423 (55.3%) had a viral load of
1000 copies/mL or higher. Of those with a repeated viral
load measurement lower than 1000 copies/mL, 129
(79.6%) continued to receive first-line therapy, 27 (16.7%)
changed to second-line therapy, and 6 (3.7%) dropped
out before a regimen change. Finally, of those in the SOC
group with a repeated viral load measurement of 1000
copies/mL or higher or no repeated viral load measure-
ment during the study (n = 261), 210 (80.4%) changed to
second-line therapy, 28 (10.7%) continued to receive first-
line therapy, and 23 (8.8%) dropped out before a regimen
change.

Primary Outcome
Rates of achievement of a viral load below 200 cop-

ies/mL were similar 9 months after enrollment in the GRT

Figure 2. Progress through the study, by group.
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Diagram showing progress through the study from enrollment through completion of recommended laboratory testing and results reporting in the
SOC group (left) and GRT group (right). The figures move from left to right across the study timeline from enrollment and randomization to completion
of a repeated viral load test after adherence counseling and viral load results reporting in the SOC group, or from results of the initial resistance test and
results reporting in the resistance testing group. The red bars signal high viral loads or the presence of genotypic resistance, whereas the green bars sig-
nify low viral loads or the absence of genotypic resistance. In the final column, light blue bars represent participants who continued to receive first-line
therapy, whereas yellow bars represent those who changed to second-line therapy. Black bars signal participants who were lost to follow-up or died.
GRT= genotypic resistance testing; SOC= standard of care.
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and SOC groups (263 of 417 [63%] vs. 256 of 423 [61%];
odds ratio [OR], 1.11 [95% CI, 0.83 to 1.49]) (Figure 3).
Results were similar in subgroup analyses stratified by
CD4 T-cell count at enrollment, self-reported adherence
at enrollment, and country (Figure 4). Results were also
similar after exclusion of participants with blood drawn at
an out-of-window outcome visit that occurred after the
COVID-19 restrictions began (OR, 1.10 [CI, 0.82 to 1.49]).
However, we did find a modest difference in the effect of
GRT on virologic suppression by sex (OR, 0.85 [CI, 0.56
to 1.28] among women vs. 1.37 [CI, 0.91 to 2.08] among
men). Resuppression rates for those in the GRT group
with and without resistance at enrollment were 167 of
282 (59%) and 96 of 135 (71%), respectively, whereas in
the SOC group, resuppression rates for those with a
repeated viral loadmeasurement less than 1000 copies/mL
and greater than or equal to 1000 copies/mL were 116
of 162 (72%) and 127 of 234 (54%), respectively. Finally,
in a mixed-effects multivariable regression model
adjusted for potential confounders, the effect of resist-
ance testing remained similar (adjusted OR, 1.18 [CI,
0.87 to 1.60]), but country of enrollment (adjusted
OR, 0.27 [CI, 0.19 to 0.37] for South Africa vs.
Uganda) and age over 35 years (adjusted OR, 1.57
[CI, 1.15 to 2.16]) were each associated with achieve-
ment of virologic suppression less than 200 copies/mL

9 months later (Appendix Table, available at Annals.
org).

Secondary Outcomes
We found no difference between the GRT and SOC

groups in the odds of virologic suppression less than the
limit of assay detection (202 of 417 [48%] vs. 193 of 423
[46%]; OR, 1.12 [CI, 0.85 to 1.47]), in the odds of achiev-
ing viral suppression at 9 months on a first-line regimen
(62 of 417 [15%] vs. 81 of 423 [19%]; OR, 0.73 [CI, 0.51 to
1.06]), in the odds of 9-month retention in care (394 of
417 [94%] vs. 403 of 423 [95%]; OR, 0.84 [CI, 0.45 to
1.56]), or in the odds of 9-month survival (403 of 417
[97%] vs. 415 of 423 [98%]; OR, 0.55 [CI, 0.23 to 1.33])
(Figure 3). By contrast, among participants who had a vi-
ral load of 1000 copies/mL or higher at 9 months, those
in the GRT group were more likely to have treatment fail-
ure without drug resistance to their ART regimen (34 of
82 [41%] vs. 25 of 103 [24%]; OR, 2.30 [CI, 1.22 to 4.35]).

DISCUSSION

Contrary to our hypothesis, we found that the addition
of GRT to routine care for persons whose first-line ART
failed in public-sector HIV clinics in Uganda and South
Africa was not associated with improved 9-month rates of

Figure 3. Primary and secondary outcomes, by study group.

SOC
GRT

0.00

0.25Pr
op

or
ti

on
 A

ch
ie

vi
ng

 O
ut

co
m

e

0.50

0.75

1.00

256/423
(0.605)

193/423
(0.456)

81/423
(0.192) 62/417

(0.149)

25/103
(0.243)

34/82
(0.415)

403/423
(0.953)

394/417
(0.945)

415/423
(0.981)

403/417
(0.966)

202/417
(0.484)

263/417
(0.631)

P = 0.46

P = 0.43

P = 0.094

P = 0.014

P = 0.58 P = 0.183

Primary Outcome

Viral Load <200
copies/mL

Virologic
Suppression

Below Limit of
Detection

Virologic
Suppression on

First-Line Therapy

Viral Load
≥1000 copies/mL

Without Drug
Resistance

Secondary Outcomes

Retention in Care 9-mo Survival
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95% CIs and were calculated using stratum-level frequency weighting, analogous to estimation of the Cochran–Mantel–Haenszel test statistic. P values
were estimated using conditional logistic regression with each outcome as the dependent variable, group as the dependent variable, and strata as
matching variables. GRT= genotypic resistance testing; SOC= standard of care.
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virologic suppression. Of note, only approximately 60% of
participants in both groups achieved virologic resuppres-
sion during the observation period (75% in Uganda and
48% in South Africa), despite access to either virologic
monitoring or GRT, as well as adherence counseling sup-
port and access to PI-based second-line regimens. These
resuppression rates are 5 to 30 percentage points lower
than results from prior clinical trials that estimated the effi-
cacy of second-line regimens after first-line failure in the
same region (25–28). Unlike many of these prior studies,
our study was done fully within the public sector, includ-
ing use of clinical staff and laboratory support infrastruc-
tures. Our results reinforce the critical need for and
persistent challenge of finding effective interventions for
persons who have virologic failure after ART initiation in
the public sector in sub-Saharan Africa. As treatment eligi-
bility and access expand, this final step in the virologic cas-
cade will increasingly be responsible for HIV-related
morbidity, mortality, and transmission (29, 30). Our find-
ings are of particular importance in such countries as
Uganda and South Africa, where virologic suppression is
recommended before switching from NNRTI-based to
newer INSTI-based first-line therapy, as well as for
selected populations who retain an indication for NNRTI-
based therapy. Moreover, our low resuppression rates for
those with wild-type virus accentuate the notion that
higher-potency regimens alone are not likely to solve the
challenge of persistent virologic failure in the region.

Previous randomized controlled trials of resistance
testing after virologic failure in the United States and
Europe by and large had similar results. Namely, they
found that patients receiving GRT had more active drugs
at study conclusion, but only 1 of 3 studies reported
improved virologic suppression rates at the end of the

observation period (9–11). Those studies used a similar
open design but were done in the early years of ART
access, variously considered genotypic and phenotypic
resistance testing, were smaller, and tended to include
participants with multiclass drug resistance. Because our
study was the first to our knowledge to assess the benefit
of GRT after first-line failure in sub-Saharan Africa, and in
light of this prior body of data, our results do not support
implementation of routine GRT among patients in sub-
Saharan Africa whose first-line therapy fails.

Our study also had some secondary findings of rele-
vance. First, among participants with a viral load of 1000
copies/mL or higher, we identified substantially increased
odds (OR, 2.30 [CI, 1.22 to 4.35]) of having resistance to
their regimen at the conclusion of the study in the SOC
group compared with the GRT group. Although not as
consequential as achievement of virologic resuppression,
this magnitude of reduction in drug resistance with persis-
tent failure might have important secondary benefits for
both patients and society by preserving treatment options
for the future. Forthcoming cost-effectiveness analyses
will better elucidate the broader consequences of this
finding for populations and health systems (31). Second,
we found preliminary evidence in support of GRT after
virologic failure for men (OR, 1.37 [CI, 0.91 to 2.08])
but not women (OR, 0.85 [CI, 0.56 to 1.28]). Although a
prespecified analysis, our study was not powered to
detect differences within subgroups. Thus, this finding
warrants further exploration, particularly given the evident
need for interventions that improve virologic suppression
rates among men in the region (32–34). Finally, although
allocation to GRT did not predict virologic resuppression,
some characteristics at enrollment did, including enroll-
ment in Uganda versus South Africa, higher self-reported

Figure 4. Effect of GRT on virologic resuppression in total cohort and subgroups.

Odds Ratio
(95% CI)

SOC Group,
n/N (%)

GRT Group,
n/N (%)

1.11 (0.83–1.49)

1.12 (0.76–1.64)

1.11 (0.71–1.72)

1.17 (0.83–1.65)

1.03 (0.60–1.76)

1.13 (0.76–1.67)

1.16 (0.72–1.87)

0.85 (0.56–1.28)

1.37 (0.91–2.08)

263/417 (63)

103/207 (50)

160/210 (76)

77/122 (63)

186/295 (63)

155/228 (68)

90/161 (56)

131/209 (63)

132/208 (63)

256/423 (61)

100/213 (47)

156/210 (75)

80/126 (63)

176/297 (59)

163/257 (63)

71/135 (53)

140/221 (63)

116/202 (57)

Favors GRTFavors SOC

1010.1

Total cohort

South Africa

Uganda

Baseline adherence 100%

Baseline adherence <100%

CD4 count ≥0.200 × 109 cells/L

CD4 count <0.200 × 109 cells/L

Women

Men

Forest plot showing the association between the study intervention (GRT) and primary outcomes, defined as achievement of a viral load of <200 copies/mL
9 mo after enrollment. Results are shown for the overall cohort and prespecified subgroups. Odds ratios were estimated from conditional logistic
regression models, which include randomization strata in the model structure. GRT= genotypic resistance testing; SOC= standard of care.
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adherence, and a CD4 count greater than or equal to
0.200�109 cells/L—each of which suggest that differential
models of care could be used to identify persons with
high risk for persistent treatment failure for receipt of addi-
tional services (35).

A primary limitation of our study was the focus on per-
sons whose first-line NNRTI-based therapy failed; this
focus occurred because enrollment was completed
before programmatic transitions to INSTI-based first-
line therapy, and with lopinavir–ritonavir and atazanavir–
ritonavir as the predominant second-line therapies.
Additional studies will be needed to extrapolate our
results to persons in whom newer treatment regimens
(which may confer higher barriers to resistance and
greater tolerability) fail. Nonetheless, and as previously
discussed, our findings remain relevant for large popula-
tions of persons who continue to receive NNRTI-based
therapy worldwide, for those whose treatment fails with
wild-type virus (because the determinants of and solutions
to virologic failure due to adherence challenges are
unlikely to be resolved simply by selecting drugs with
higher barriers to resistance), and as a general indication
of the challenges of addressing virologic failure in the
public sector. This study also had an open design, which
is typically unavoidable for studies that assess the effect of
diagnostic tests on patient care. We provided genotypic
resistance training at the participating clinics and moni-
tored whether participants were transitioned through care
on the basis of guidelines and resistance testing results,
which occurred in 87% of participants (676 of 778) who
remained in care through the study. The imperfect rate of
guideline adherence was likely due to the conduct of our
study in the public sector, such that treatment decisions
were left to the discretion of clinic providers. Thus, our
results likely better reflect real-world implementation of
GRT than a scenario in which testing results are strictly
adhered to for regimen decisions. We measured our pri-
mary outcome 9 months after enrollment, so our results
cannot indicate whether resistance testing affects out-
comes over a longer time horizon. Finally, these data
should be interpreted in light of our study population,
which included persons in care in semiurban and urban
HIV clinics in the public sector in South Africa and Uganda.
These high-volume clinics are reflective of the pressures and
challenges of HIV care in the public sector across much of
the region, but findings from these clinicsmay not be gener-
alizable to smaller or private-sector settings.

In conclusion, the addition of GRT to routine care did
not improve virologic outcomes for patients in whom first-
line ART failed in public-sector HIV clinics in South Africa
and Uganda. Interventions that improve virologic outcomes
for this high-risk population remain elusive and a priority to
ensure that global goals for HIV control are achieved.
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Appendix Table. Logistic Regression Model of Predictors of Virologic Resuppression 9 Months After Study Enrollment*

Characteristic Proportion Resuppressed,
n (%)

Unadjusted Odds Ratio
(95%CI)

Adjusted Odds Ratio
(95% CI)

Sex
Male 248/410 (60.5) Reference Reference
Female 271/430 (63.0) 0.99 (0.74–1.32) 0.94 (0.68–1.29)

Age at enrollment
≤35 y 212/370 (57.3) Reference Reference
>35 y 307/470 (65.3) 1.52 (1.13–2.05) 1.57 (1.15–2.16)

Country
Uganda 316/420 (75.2) Reference Reference
South Africa 203/420 (48.3) 0.31 (0.23–0.41) 0.27 (0.19–0.37)

CD4 count at enrollment
≥0.200 � 109 cells/L 318/485 (65.6) Reference Reference
<0.200 � 109 cells/L 161/296 (54.4) 0.71 (0.52–0.98) 0.80 (0.57–1.11)

Viral load at enrollment
≤10 000 copies/mL 272/408 (66.7) Reference Reference
>10 000 copies/mL 247/432 (57.2) 0.70 (0.91–2.25) 0.76 (0.55–1.05)

Self-reported treatment adherence
at enrollment

<100% in prior 30 d 362/592 (61.1) Reference Reference
100% in prior 30 d 157/248 (63.3) 1.39 (1.00–1.94) 1.36 (0.97–1.91)

Study group
Standard of care 256/423 (60.5) Reference Reference
Genotypic resistance testing 263/417 (63.1) 1.11 (0.84–1.49) 1.18 (0.87–1.60)

* Results of mixed-effects logistic regression models with a random effect for randomization strata. Strata included study clinic, duration of antiretro-
viral therapy use (less than vs. more than 1 y), and pregnancy status at the time of enrollment.
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Appendix Figure. Clinical trial flow diagram.

Eligibility criteria
   HIV-positive while receiving first-line ART for ≥5 mo
   No prior PI exposure
   No prior resistance testing
   HIV-1 RNA ≥1000 copies/mL in past 90 d

Visit 1
   Randomization
   Adherence counseling
   Resistance testing for those in
      the experimental group only

GRT GroupSOC Group

Return after 2–3 mo
(1 mo in pregnant

women)

Return when resistance
test results are

available

Visit 2A-SOC
   Repeat viral load measurement

Visit 2-RT
   Review resistance test results
   Switch to second-line therapy if
      resistance is present; otherwise,
      continue first-line therapy

Return when viral load
result is available

Visit 2B-SOC
   Review viral load measurement
   Switch to second-line therapy if
   HIV-1 RNA ≥1000 copies/mL;
      otherwise, continue first-line
      therapy

Return 9
mo after

enrollment

Return 9
mo after

enrollment

Visit 3
   Outcome assessment: repeat viral load
      measurement and resistance testing if
      HIV-1 RNA ≥1000 copies/mL

ART = antiretroviral therapy; GRT = genotypic resistance testing; PI = protease inhibitor; SOC = standard of care.
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