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Time to HIV viral rebound and frequency
of post-treatment control after analytical
interruption of antiretroviral therapy: an
individual data-based meta-analysis of 24
prospective studies

A list of authors and their affiliations appears at the end of the paper

The only current strategy to test efficacy of novel interventions for sustained
HIV control without antiretroviral therapy (ART) among people with HIV
(PWH) is through an analytical treatment interruption (ATI). Inclusion of
‘placebo’ controls in ATIs poses ethical, logistical, and economic challenges.
To understand viral dynamics and rates of post-treatment control (PTC) after
ATI among PWH receiving either placebo or no intervention, we undertook an
individual-participant data meta-analysis. In total, 24 eligible prospective stu-
dies with 382 individuals with ≥5 plasma HIV RNA viral loads (pVLs) within the
first 84 days post-ATI were included. Early-ART was defined as ART initiation
within 6 months of HIV acquisition; others were classified as late-ART or
unknown. Median age was 42 years, 91% male, 75% white, 45% received early-
ART. Median time to pVL >50, >400, and >10,000 copies/mL was 16 days
(interquartile range [IQR]:13–25), 21 (IQR:15–28), and 32 (IQR:20–35), respec-
tively. PTC defined as pVL <50 copies/mL at day 84 occurred in 4% (n = 14) of
participants (6% early-ART and 1% late-ART). Sustained PTC of pVL <50 copies/
ml after 84 days is rare in PWH, especially in those starting ART late. Our
findings inform future interventional HIV cure/remission trials on study size
and design.

Antiretroviral therapy (ART) has dramatically improved survival and
quality of life for people living with human immunodeficiency virus
type 1 (HIV)1. National and international guidelines recommend life-
long ART initiated at the time of diagnosis1–3. Adherence to ART leads
to viral suppression, prevents HIV disease progression, and eliminates
the risk of onward viral transmission1. However, ART carries risks of
toxicities and side effects, requiring sustaining lifelong adherence.
Access to medication burdens people with HIV (PWH) and healthcare
systems, particularly in settings with limited resources and popula-
tions with high HIV prevalence4. There is widespread interest in

exploring alternative approaches to achieve long-term ART-free vir-
ological control.

ART, whilst effectively blocking viral replication, is unable to
eradicate HIV due to the persistence of a reservoir of latently infected
cells5, which is the source of viral recrudescence when ART is stopped.
While there has been much advance in assays evaluating the HIV
reservoir and HIV-specific immunity, none can accurately predict
which individuals will achieve post-treatment control (PTC) after
stopping ART6. Hence, tomeasure clinical efficacy of any experimental
approach towards eliminating the HIV reservoir or inducing immune-
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mediated suppression of virus replication, ART must be carefully
interrupted in a controlled setting; so-called analytical treatment
interruption (ATI)7–11. A collaborative group met to develop guidelines
on how to safely undertake ATI trials12 frequently monitored plasma
HIV RNA viral load (pVL) and CD4 + T cell counts throughout the
period of ATI10,11,13–15 but these recommendations are based on obser-
vations from multiple different studies, many of which were carried
out using different ATI protocols and older ART regimens10. The only
known potential determinant of PTC from previous analyses is time
from HIV acquisition to ART initiation10; while generally, measures of
the HIV reservoir do not accurately predict PTC13–16.

Although some individuals have demonstrated PTC after ATI10 for
the majority of PWH, viral rebound occurs rapidly, usually within
weeks after stopping ART7,8,17–19. Such ATI protocols are intense and
benefit greatly from altruismand commitment from the community of
PWH to reach efficacy outcomes20,21. While inclusion of placebo or no-
intervention groups to study design add great value scientifically, and
may be necessary in early phase trials, ATI carries potential risk to
participants and their partners22,23.

To comprehensively map patterns of virological rebound after
stopping ART under close monitoring and to inform future study

designs, we undertook an individual participant data meta-analysis
from studies that included an ATI among individuals that received
placebo or “no intervention” prior to stopping ART.We further sought
to identify pre-ATI clinical factors that influenced the timing of viral
rebound.

Results
In total, 942 publications were identified and screened under the
search terms (Fig. 1). Of these studies 164 were ATI studies, and out of
these 24 studies14,17,24–43 were included in this individual data-based
meta-analysis, and 142 ATI studies were excluded due to different
reason (Fig. 1). Table 1 summarises the studies included in this analysis.

Characteristics of included studies
Of the 24 studies included in our analysis, 22 were published in peer
reviewed journals between 2000-202414,17,24–43 and 2 studies have yet to
be published (AELIX-003 [NCT04364035] and BNC03 [NCT05208125]).
Fourteen were RCTs (17,25,26,28,31,32,35,37,39–41,44 + AELIX-003 and BNC03) and
ten were single-arm ATI studies14,24,29,30,33,34,36,38,42,43. Thirteen studies were
undertaken inNorthern Europe (14,17,31–34,38–40,42,43 + AELIX-003 andBNC03)
and eleven studies in North America24–30,35–37,41. Most studies had only

Fig. 1 | Flowchart of literature review.
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small “placebo” participant numbers with the smallest involving
4 individuals39 and the largest being 69 individuals29. Restart criteria for
ART between the studies were based upon pVL levels and CD4+T cell
counts, but differed on the exact threshold (Supplementary Table S2).

Study participant demographics
The characteristics of the analysed ATI study participants are shown in
Table 1. From the 382 participants of the 24 studies, 91%weremale and
75% white. The median age was 42 (interquartile range [IQR] 35–49)
years. The median CD4 + T cell count at ART initiation was 422
(330–558) per mm3 and median pre-ART pVL was 48,400
(14,000–150,000) copies/mL. Forty-five and 51 percent of participants
were categorized as early-ART and late-ART, respectively, while 4%
were categorized as ‘unknown’. At the start of ATI, themedian CD4 +T
cell count was 781 (IQR 611–1,007) per mm3. Forty-eight percent were
on an integrase-strand inhibitor regimen, while 17% were on a NNRTI-
containing ART regimen at the time of ATI.

NNRTI impacts time to viremia
NNRTI has been shown to be associated with longer time to viral
rebound likely reflecting an antiretroviral drug ‘tail’ into the ATI due
to the long half-life of NNRTIs. In agreement with previous analyses,
univariable analysis, non-NNRTI regimens compared to NNRTI regi-
mens at ATI start were associated with shorter time to viremia
(Supplementary Fig. S1a, b). In multivariable analysis, NNRTI regimen
at ATI start continued to be associated with longer time to pVL
>50 copies/mL (Supplementary Fig. S1a: HR 0.50, P < 0.01). However,
due to the risk of ART drug resistance, current ATI trials no longer
recommend NNRTI regimens and to make our observations perti-
nent to current recommendations individuals entering an ATI on
NNRTI regimens were omitted from the analyses of time to viral
rebound, although included in the overall analyses of PTC at day
84 of ATI.

Viral kinetics
While viral rebound kinetics following ART interruption differed
(Fig. 2a), most individuals followed a similar pattern. Forty-four
percent of the participants had a pVL below 50 copies/mL at day 14
after stopping ART but only 4% had a pVL below 50 copies/mL at day
84 (Fig. 2b).The median time to pVL >50 copies/mL after ART inter-
ruption was 16 days (IQR: 13–25), while time to pVL >400 and
>10,000 copies/mL was 21 (IQR: 15–28) days and 32 (IQR: 20–35)
days, respectively (Fig. 2c–e). Viral rebound kinetics among early-
ART and late-ART individuals are shown in Supplementary Fig. S2 and
time to viremia data for all individuals irrespective of ART regimen is
shown in Supplementary Fig. S3.

Collectively, these data demonstrate that in more than 75% of
individuals (not onNNRTI regimens), pVL rebounds within 21 days and
only 14 (4%) people have suppressed viremia through day 84.

Post-treatment control
Out of the 14 PTCs with pVL below 50 copies/mL at day 84 (Fig. 3a),
only 4 (29%) individuals had pVLs <50 copies/mL at all prior mea-
surements. The other 10 individuals had variable levels of viremia prior
to regaining viral control to <50 copies/mL, with 29% (n = 4) reaching a
peak pVL 50–399 copies/mL, 29% (n = 4) with peak pVL between
400–10,000 copies/mL, and 14% (n = 2) reaching peak pVL above
10,000 copies/mL (Fig. 3b, c). Examining the total study cohort of 382
individuals, categorized by levels of peak pVL <50, 50–399,
400–10,000, and >10,000 copies/mL, the percentage of PTCs at day
84 within each category were 1%, 1%, 1% and 0.5%, respectively.

Among the 14 PTCs, most were male (93%) and white (71%) with
an average age of 38 (IQR: 33–45) years (Fig. 3d), similar to the
demographics for the overall cohort. A significantly higher propor-
tion (P = 0.008) of individuals who started ART early (n = 11; 6% of 172

early-ART participants) achieved PTC compared to those who started
ART late (n = 2; 1% of 195 late-ART participants). One PTC had
unknown time of ART initiation relative to HIV acquisition. Among
PTCs, the median CD4 + T cell count at ART interruption was 912
(IQR: 827–1219) per mm3. If less stringent cut-off pVL thresholds were
to be used of 200, 400 or 1000 copies/mL, the percentages of PTCs
at day 84 would be 5%, 6% or 8%, respectively (Supplementary
Fig. S4). These observations highlight that PTC is very rare, in parti-
cular among people who start ART late. In addition, while 1% of ATI
participants maintained ART-free suppression for 84 days, only 0.5%
regained control to pVL <50 copies/mL at 84 day when peak viremia
post-ATI was higher than 10,000 copies/mL.

Factors associated with time to viremia
As seen in Fig. 4a, someof the variables associatedwith time to viremia
were highly correlated. For instance, nadir CD4+ T cell count prior to
ART start correlated with the CD4+ T cell count at ATI start (Fig. 4b;
P <0.0001) but also with time to viremia (Fig. 4c). There were sig-
nificant positive correlations between initial viral doubling time and
time to pVL >50 c/mL (Fig. 4a), and these correlations became more
positive with higher viremia threshold ( > 400 and >10,000 c/mL,
Fig. 4d–f).

In our univariable analysis, late-ART (vs early-ART) at ATI start was
associated with shorter time to viremia (Supplementary Fig. S1a, b). In
our multivariable analysis, late-ART remained a risk factor for shorter
time to pVL >50 copies/mL (Supplementary Fig. S1a: HR 1.25, P = 0.05)
and >10,000 copies/mL (Supplementary Fig. S1b: HR 1.61, P <0.01).We
observed a significantly longer time to viremia of 50 and 10,000
copies/mL for early-ART compared to late-ART initiation (Supple-
mentary Fig. S1c, d). Similar results were found when using a thresh-
old of time to pVL >400 copies/mL (Supplementary Fig. S5). In
summary, multiple mechanistic factors may impact time to viremia
after ART interruption, but in our analyses, based on clinical
variables, early-ART initiation was consistently associated with both
higher chance of PTC at day 84 and longer time to viremia after
interrupting ART.

Powering future interventional HIV cure/remission studies
Using the calculated time to viremia and frequencies of PTC from this
meta-analysis, we generated power calculations that may help inform
the design of future ATI studies. We used our data as reference and
calculated the number of participants needed in either a single arm or
2-group 1:1 randomized controlled trial design with a power of 90% to
detect the indicatedprolonged time to viremia or proportion of PTC at
a 5% significant level (Fig. 5 and Supplementary Fig. S6). If the expected
outcomeof an intervention is a frequencyof 25%PTCamongearly-ART
participants, 36 individuals would need to be included in a single arm
design and 128 individuals in a 2-group 1:1 randomized trial design
(Fig. 5a). However, due to the lower observed frequency of PTC among
late-ART individuals (1%), only 12 and 64 participants would be needed
in a single arm design and 2-group 1:1 randomized trial design,
respectively, if the expected frequency of PTC in the intervention
group is 25% (Fig. 5b).

PTC is generally considered the most clinically relevant outcome
in HIV cure/remission studies, but if the primary outcome is time to
viremia (e.g. 50 copies/mL), 8 and 32 study participants (irrespectively
of stage at ART initiation) would be needed to demonstrate a delay of
at least 14 days in a single and randomized trial design, respectively
(Supplementary Fig. S6a). Similarly, an expected delay in time to vir-
emia of at least 21 days, would only require 4 and 16 individuals (irre-
spectively of stage at ART initiation) in a single arm and 2-group
randomized trial design, respectively (Supplementary Fig. S6a).
Approximately twice as many participants would be needed to
demonstrate a delay of at least 14 or 21 days in time to viremia of
10,000 copies/mL (Supplementary Fig. S6b). Of note, clinical trials
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often include slightly more participants than needed according to the
power calculations to account for drop outs, typically 10–20%more. In
conclusion, adequately powering of future trials is critical for opti-
mizing resources, risk mitigation, and advancing the HIV cure/remis-
sion agenda. Our simulated power calculations show that reducing the
study population sizemay be possible using single arm design and our
extensive dataset as reference.

Discussion
This study was an individual participant data meta-analysis of 24
prospective clinical trials with 382 participants including frequent
pVL measurements following an ATI. The definition of PTC in our

analysis was rigorous, requiring sustained and stringent viral control
off ART. We found that the median time to initial viremia above
50 copies/ml was just 16 days after ART interruption. Overall,
the observed frequency of individuals with PTC defined as pVL
<50 copies/ml 84 days after stopping ART was 4%. This proportion
was enriched for PWH who initiated early-ART (6%), while the fre-
quency was just 1% among those who started ART more than
6 months after HIV acquisition. Thus, our study provides robust
estimates on the expected time to viremia at different thresholds as
well as estimates of the frequency of PTC in a large cohort of indi-
viduals that received placebo or no active intervention prior to
stopping ART. Further, we identified key clinical parameters

Fig. 2 | Viral kinetics, frequency of control (<50 copies/mL) and time to viremia
of 50, 400 and 10,000 copies/mL during 84 days of ATI. a Individual plasmaHIV
RNA levels are shown during 84 days of ATI. The bold line represents median
plasmaHIVRNA of the entire cohort (n = 382). The dotted line indicates plasmaHIV
RNA of 50 copies/mL. Of note, 86 individuals had at least one plasma HIV RNA
measurement above 100,000 copies/mL and 19 individuals had at least one plasma
HIV RNA measurement above 1,000,000 copies/mL. b Percentage of individuals

(n = 376) with plasma HIV RNA< 50 or >50 copies/mL during 84 days of ATI.
c–e Kaplan–Meier curves showing the percentage of individuals (not NNRTI-
containing regimen) with first plasma HIV RNA measurement below the following
three thresholds 50, 400 and 10,000 copies/mL during 84 days of ATI. The dotted
lines indicate median times to reach the specified thresholds. Below each Kaplan-
Meier curves are noted thenumberof individuals at risk.ARTantiretroviral therapy,
ATI ART interruption, NNRTI non-nucleoside reverse transcriptase inhibitor.
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PreART At ATI start 

Race and ethnicity, n 
Plasma HIV RNA 

[copies/mL] 

Nadir CD4+ T cell 
count 

[per mm3] 

Stage at ART ini�a�on, 
n ART regimen, n 

PTC Male, 
n (%) Age Black White Other Early Late Unknown CD4+ T cell count 

[per mm3] 
INSTI-
based 

PI-
based Other

Sustained 
(n=4) 4 (100) 42 (35;50) 0 4 0 111,067 (96,534; 

125,601) 540 (509; 570) 3 1 0 1,006 (881; 
1,150) 2 2 0 

Regained 
(n=10) 9 (90) 38 (32;44) 2 6 2 38,386 (21,785; 

140,000) 484 (286; 679) 8 1 1 912 (596; 
1,219) 6 3 1 

Total 
(n=14) 13 (93) 38 (33;45) 2 10 2 82,000 (30,086; 

140,067 484 (300; 600) 11 2 1 912 (827; 
1,219) 8 5 1 

Data are median (interquar�le ranges) unless otherwise stated.

Fig. 3 | Post-treatment control (<50 copies/mL) at day 84 of ATI. a Pie chart
showing the percentage of individuals with plasma HIV RNA< 50 or >50 copies/mL
at day 84 of ATI among the entire cohort (n = 376). b Pie chart showing the peak
plasma HIV RNA level during 84 days of ATI among the post-treatment controllers
(n = 14: <50 copies/mL). c Plasma HIV RNA levels for individuals with either sus-
tained or regained post-treatment control (<50 copies/mL) at day 84 day of ATI.

Bold and thin lines represent sustained (n = 4) and regained (n = 10) post-
treatment controllers, respectively. The dotted line indicates plasma HIV RNA of
50 copies/mL. d Table with characteristics of the post-treatment controllers
(n = 14: <50 copies/mL). ART antiretroviral therapy, ATI ART interruption, PI pro-
tease inhibitor, PTC post-treatment control, INSTI integrase strand transfer
inhibitor.
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associated with time to viremia and PTC that may be used in the
design and interpretation of future HIV cure/remission trials.

A consistent finding in our analyses, and in agreement with
others, was that starting ART less than 6 months vs more than
6 months after the time of HIV acquisition was associated with
delayed time to viremia and a higher probability of PTC. Interest-
ingly, a recent systematic review and meta-analysis estimated the
overall proportion of PTC was to be as high as 8%, ranging from 3% to
15%45. However, these estimates were not based on individual-level
data and it also included meta-data from studies that were not

prospective and did not have frequent pVL monitoring which likely
led to an overestimation in the frequency of PTCs. Another published
meta-analysis “The CHAMP” study compared individual-level data
from 6 historic ACTG ART interruption studies but not all 6 studies
used as frequent pVL monitoring as in our analysis. Using a PTC
definition of 2/3 of pVL measurements had to be <400 copies/mL
during the first 6 months after stopping ART, the CHAMP investiga-
tors found that the timing of ART initiation also influenced the out-
come with 13% vs 4% of those initiating ART in acute/recent infection
vs chronic infection respectively, fulfilling their criteria for PTC at

Fig. 4 | Correlations of immunological and virological variables for the ATI
participants (not NNRTI-containing regimen). a Heat map of Spearman’s rank
correlations between immunological and virological variables for the ATI partici-
pants (not NNRTI-containing regimen). *Asterisks noted at correlations with
P values < 0.05. b Correlation between nadir CD4+ T cell count and CD4 + T cell
count at ATI start (n = 206). c Correlation between nadir CD4+ T cell count and

time to viremia of 50 (circles; n = 208), 400 (squares; n = 206) and 10,000 (trian-
gles; n = 142) copies/mL. d–f Correlations between initial viral doubling time and
time to viremia of 50 (d, circles; n = 357), 400 (e, squares; n = 357) and 10,000
(f, triangles; n = 261) copies/mL, respectively. P values were calculated using two-
tailed Spearman’s correlation coefficient. ART antiretroviral therapy, ATI ART
interruption, NNRTI non-nucleoside reverse transcriptase inhibitor.
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6 months after stopping ART10. In another ACTG study (ACTG5345),
individuals who initiated modern ART including an integrase inhi-
bitor regimen, in either early or chronic HIV stage underwent an ATI.
Whilst there was no difference in time to viral rebound between
ACTG5345 (n = 45) and historic controls on boosted protease-
inhibitor regimens, a higher percentage of early-treated partici-
pants remained off ART at week 12 post ATI compared with chronic
participants (9% vs 2%; P = 0.0496)30. Thus, we conclude that in
agreement with our individual data-based meta-analysis, time from
HIV acquisition to ART initiation is a key determinant of subsequent
ART-free virological control after ATI across different meta-analyses
with varying frequency of pVL monitoring and stringency of PTC
criteria.

The vast majority of individuals enrolled into the 24 prospective
ATI trials included in this meta-analysis were male. This reflects the
population of PWH in the global north engaged in HIV cure/remis-
sion studies but leaves behind over half the population of PWH
globally. More data from diverse populations and women can be
anticipated as interventional ATI studies in Africa are now
ongoing46,47. Of note, amongst 82 African women undergoing ATI
22% maintained pVL <400 copies/mL – the pVL cut-off available at
the time of study, over a median of 188 weeks after stopping ART46.
Data from this study (SPARTAC) are not included in our analysis as
pVL measurements were not recorded frequently enough to be
eligible.

A limitation of this meta-analysis is that not all studies include
weekly pVL measurements. Although participants included had to
have at least 5 measurements of pVL within the first 84 days after ATI
with amaximumof 18 days betweenmeasures within the first 42 days
there are inevitably variations in timespan between measurements.
Dependent on the stringency of protocol-defined ART restart criteria
of each trial (e.g. pVL threshold), certain individuals may have been
censored prematurely before being identified as PTC which could
lead us to underestimate the frequency of PTC. However, given our
finding that PTC is rare (0.5%) when the viraemic peak was >10,000
copies/mL, lower threshold pVL ART restart criteria were unlikely to

have caused a large underestimation of the frequency of PTCs. The
findings reflect the current research landscape, and as such are not
generalizable to all PWH. This evaluation is an individual data-based
meta-analysis, with the goal of being as inclusive as possible, how-
ever, only studies from the Northern Hemisphere fulfilled the inclu-
sion criteria biasing the included population to white men. Future
studies will inform the field of a wider more representative
population.

Predictors of time to pVL rebound as well as magnitude of
rebound have been explored. Historically, measures of the HIV reser-
voir have been shown to correlate with time to pVL rebound14,15,46, and
the size of the established HIV reservoir is also dependent on the time
of ART initiation (early-ART vs late-ART) hence further supporting the
observation that PTC is more likely in early-ART individuals13,14,46. In
addition, several studies have found that levels of reservoir activity
(i.e., cell-associated HIV RNA or residual viremia) have predicted tim-
ing of viral rebound13,35,48. Of the included studies in this individual
data-based meta-analysis HIV reservoir measurement was assessed in
12 studies either as an inclusion criteria (n = 4) or secondary endpoint
(n = 8). Since several different assays were used in these 12 studies to
measure the HIV reservoir, we did not include HIV reservoir as a pre-
dictor of time to viremia. Of note, assessing the quality of the HIV
reservoir seems to be more important than the quantity of the HIV
reservoir49.

Immunological biomarkers have also been demonstrated to
predict time to pVL rebound. In thismeta-analysis pre-ART pVL, nadir
CD4 + T-cell count and CD4 + T-cell count prior to ART interruption
were collected. Nadir CD4+ prior to ART start correlated with
CD4 + T-cell count pre-ATI, and has previously been shown to cor-
relate with time from HIV acquisition to ART initiation as well as size
of the HIV reservoir13 whichmay explain why nadir CD4 + T cell count
also correlated with time to viremia. Similarly, data from the SPAR-
TAC trial demonstrated that immunological biomarkers of T-cell
exhaustion (PD-1, Tim-3 and Lag-3) measured prior to ART start
predicted subsequent time to viral rebound16. More recently, the
ACTG5345 study demonstrated that amongst 33 late-ART and 12

Fig. 5 | Number of participants needed in future trials to achieve 25%, 35% or
50% post-treatment control (<50 copies/mL) among early-ART and late-ART
individuals at day 84 of ATI. Power calculations to be use for future study designs
on how many participants would be needed for either single arm or 1:1 active
intervention:placebo randomized controlled trials (RCTs) with 2 groups based on

the assumption that the studies would have a power of 90% to detect the indicated
differences in post-treatment control (PTC) at a 5% significant level, one-sided.
Early-ART (a) and late-ART (b) defined as people who started ARTwithin or beyond
6months of HIV acquisition. ART antiretroviral therapy, ATI ART interruption, PTC
post-treatment control.
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early-ART individuals, predictors of time and magnitude of viral
rebound were high proportion of HIV-gag specific CD8 + T cells,
low intact proviral HIV DNA and early-ART13. Detailed investigation
of immunological biomarkers predictive of PTC amongst 22 indivi-
duals from 8 ACTG studies who maintained pVL <400 copies/mL
for >24 weeks did not identify any association with HLA alleles, but
these PTCs had compared to non-controllers lower levels of CD4+
and CD8 + T-cell activation, reduced markers of CD4 + T cell
exhaustion, and more robust HIV-gag specific CD4 + T and NK cell
responses50.

In summary, to design safe and effective ATI trials, testing novel
strategies and therapies towards a HIV cure/remission, inclusion of a
placebo arm whilst scientifically rigorous is now debated. This meta-
analysis can be informative for future study designs to inform power,
strategy, monitoring frequency and communication with potential
study participants to enable anticipation of potential timing and
magnitude of viral rebound. The data from this meta-analysis can
also help inform the aspirational “signal” threshold of a new inter-
vention, given the rarity of spontaneous PTC. The value of smaller,
focused single arm intervention trials that can compare pertinent
clinical outcomes to the findings of this individual participant data
meta-analysis will enable interpretation of findings. While the inclu-
sion of control groups may be a requirement for regulatory regis-
tration of new agents, in certain settings there may no longer be
ethical equipoise.

Methods
This individual data-based meta-analysis complies with all relevant
ethical regulations. The 24 clinical trials included in this analysis were
all conducted in accordance with the respective national competent
authorities’ guidelines and informed consent was obtained from all
study participants (please refer to the individual studies for specific
details).

Search strategy and selection criteria
We completed a literature review using the electronic database of
PubMed in September 2024 using the following terms: “off ther-
apy”[All Fields] OR “ART interruption”[All Fields] OR “treatment
interruption”[All Fields] OR “Withholding Treatment”[All Fields] OR
“antiretroviral interruption”[All Fields] OR “therapy interruption”[All
Fields] OR “Withholding Treatment”[MeSH Terms] AND (“HIV”
[Mesh]) OR (“HIV”). Several excluding terms were used to specific the
search (Supplementary Table S1). No geographical restriction was
applied. We excluded studies that were written in non-English,
abstracts, letters, reviews, commentary articles, opinion articles,
case reports, studies with co-infection, animal studies, in-vitro stu-
dies, mother-to-child transmission, infant/children and adolescent
studies.

We included prospective clinical ATI studies in adults receiving
either placebo or no active intervention and where frequent pVL
monitoring was conducted (defined as a minimum of 5 planned pVL
measurements within the first 84 days of post-ATI with a maximum of
18 days between measurements within the first 42 days).

Data extraction
Covidence.org was used for literature search. Two of the authors
(JDG, JG) independently screened studies for above inclusion and
exclusion criteria. To access individual-level data, corresponding
authors and/or principal investigators of each identified study were
asked to complete a predefined data sheet. This included individual
data on age at ATI, sex (female/male/other), race and ethnicity (asian,
black, white, other, unknown), pre-ART pVL, nadir CD4 + T cell count,
early-ART (within 6 months) or late-ART (beyond 6 months), ART
regimen at ATI, CD4 + T cell count at ATI, and consecutive pVL

measurements during ATI and corresponding days since start of ATI.
For six individuals the clinical assay used for quantification of pVL
had a limit of quantification of 65 copies/mL, thus these individuals
were excluded from the analysis of time to viremia of 50 copies/mL24.
In a few cases, some participants from the identified studies did not
fulfil the inclusion criteria and were excluded, which was noted for
the respective studies.

Definitions
Early-ART versus late-ART. Early-ART initiation was defined as PWH
who started ART in the presence of an HIV-positive antibody
test result within up to 6 months of a previous negative antibody
test, HIV + RNA or p24 in the absence of detectable antibody, or
evolution of antibody testing on western blot, incident in a
recency assay51 or self-reported time of HIV acquisition less than
6 months prior to starting ART. Late-ART initiation was defined as
starting ART beyond 6 months of HIV acquisition. A few individuals
had unknown date of HIV acquisition and were categorized as
‘unknown’.

Post-treatment control. We defined PTCs as PWH with pVL below 50,
200, 400 or 1000 copies/mL at day 84 (12 weeks) or the closest
timepoint to day 84 after stopping ART. This most stringent cut-off of
50 copies/mL was chosen because it mirrors the current treatment
goal for HIV and excludes viremic controllers. The pVL kinetics after
stopping ART were graphed and the characteristics of PTCs including
pre-ATI ART regimen were tabulated.

Statistical analysis
Data are presented as median (interquartile range [IQR]), median
(range), or numbers (percentages) as indicated in each respective
legend. The Kaplan–Meier estimator was used to assess the magni-
tude of the difference between the survival curves, and the log-rank
test was used to compare time to viremia for the following three
thresholds: 50, 400 and 10,000 copies/mL. Fisher’s exact test was
used to analyze contingency tables. For correlations, Spearman’s
correlation coefficient was only done for individuals with available
data points. The initial viral doubling time was calculated based on
the first two consecutive pVL measurements that increased, and the
second measurement had to increase by 1000 copies/mL compared
to the previous measurement. The slope of this increase was calcu-
lated using a linear regression model. Univariable and multivariable
Cox proportional hazards regression models were used to explore
the following risk factors for time to viremia during ATI: sex, early-
ART versus late-ART, and ART regimen at ATI (non-nucleoside
reverse transcriptase inhibitors [NNRTI] versus non-NNRTI). Corre-
lations between initial viral doubling time and time to viremia were
estimated.

Sample size estimations were calculated using either two inde-
pendent study groups comparisons or one study group compared to a
known value of the indicated percentages of PTC (chi-squared tests) or
means of time to viremia (unpaired t tests). In the sample size esti-
mations for randomized controlled trials, we used a randomization
ratio of 1:1 active intervention:placebo in that an unbalanced rando-
mization ratio such as 2:1 would require larger sample sizes to obtain
the same precision in the statistical analysis. We estimated the size of
the hypothetic study populations that would yield >90% power to
detect the indicated differences at a 5% significance level using one-
sided tests. We used Stata version 17.0 and Prism version 7.0 software
for statistical analyses.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
Data are not available for download due to privacy/ethical restrictions.
Specific requests for access to the data may be sent to the corre-
sponding authors and/or principal investigators of each identified study.
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