Articles

e ®

CrossMark

oa

OPEN ACCESS

Lancet HIV 2025; 12: e638-48

Published Online

July 31,2025
https://doi.org/10.1016/
$2352-3018(25)00132-8

See Comment page e607

This online publication has been
corrected. The corrected version
first appeared at thelancet.
com/hiv on August 27, 2025

*Contributed equally

MRC Centre for Global
Infectious Disease Analysis,
School of Public Health,
Imperial College London,
London, UK (M K Walters MPH,
Prof M-C Boily PhD,

J W Imai-Eaton PhD);
Department of Epidemiology,
School of Public Health

(M A Bulterys PhD, M Barry PhD,
S Hicks MPH, A Richey MPH) and
University Libraries

(D Louden MLib), University of
Washington, Seattle, WA, USA;
Herbert Wertheim School of
Public Health, University of
California San Diego, La Jolla,
CA, USA (M A Bulterys PhD);
Simmons University, Boston,
MA, USA (M Sabin BA); Data for
Impact Department, Joint
United Nations Programme on
HIV/AIDS, Geneva, Switzerland
(M Mahy ScD); Center for
Modeling, Planning, and Policy
Analysis, Avenir Health,
Glastonbury, CT, USA

() Stover MA, R Glaubius PhD);
Department of Health Metrics
Sciences, School of Medicine,
and Institute for Health Metrics
and Evaluation, University of
Washington, Seattle, WA, USA
(H K PhD); Research Program,
Elizabeth Glaser Pediatric AIDS
Foundation, Washington, DC,
USA (L Mofenson MD);
Department of Internal
Medicine and Department of
Paediatrics, Massachusetts
General Hospital, Boston, MA,
USA (K Powis MD); Department
of Immunology and Infectious
Diseases (K Powis MD) and
Center for Communicable
Disease Dynamics, Department
of Epidemiology

(JW Imai-Eaton PhD), Harvard

638

Probability of vertical HIV transmission: a systematic review
and meta-regression

Magdalene K Walters*, Michelle A Bulterys*, Michael Barry, Sarah Hicks, Ann Richey, Margalit Sabin, Diana Louden, Mary Mahy, John Stover,
Robert Glaubius, Hmwe H Kyu, Marie-Claude Boily, Lynne Mofenson, Kathleen Powis, Jeffrey W Imai-Eaton

Summary

Background Eliminating HIV vertical transmission is a global priority and monitored by estimating paediatric HIV
infections with the UNAIDS-supported Spectrum AIDS Impact Module (Spectrum-AIM). Recent innovations in
antiretroviral therapy (ART) service-delivery models and first-line regimens aimed to reduce vertical transmission
probabilities. We did a systematic review and meta-analysis to estimate vertical transmission probabilities by maternal
immunological and treatment status.

Methods In this systematic review and meta-regression, we combined an updated systematic review with previous
data in meta-regression models to estimate vertical transmission probabilities and determinants. We searched
PubMed, Embase, the Global Health Database, WHO Global Index Medicus, CINAHL Complete, and Cochrane
CENTRAL for peer-reviewed English-language studies from all regions published between Jan 1, 2018 and Feb 8, 2024,
with search term domains mentioning “HIV”, “transmission”, “perinatal”, and “breastfeeding periods”, and “infants
born to women living with HIV” or related terms from randomised trials, cohort studies, or observational studies.
Four meta-regression models estimated vertical transmission probabilities. We assessed model sensitivity and
compared estimates to Spectrum-AIM’s previous results. Finally, we fit a meta-regression model to assess the

association of ART class and initiation timing on viral load suppression (VLS) at delivery.

Findings Of 12588 potential studies, we identified 24 new studies, which along with the 86 from previous reviews
yielded 110 total studies included in meta-regression analysis. For women not receiving ART, higher CD4 count was
associated with lower odds of perinatal vertical transmission (odds ratio [OR] 0-80, 95% CI 0-75-0-84, per 100 cells
per pL increase). For pregnant women on ART, each additional week on ART before delivery reduced odds of vertical
transmission by 5-6% (95% CI 4-2-7-0). The OR of perinatal vertical transmission among pregnant women initiating
integrase inhibitor-based ART 20 weeks before delivery was 0-36 (0-14—0-94) compared with those initiating non-
nucleoside reverse transcriptase inhibitor (NNRTI)-based ART. This association was confounded by study region.
Odds of VLS were lower when ART was initiated late in pregnancy (OR 0-37, 0-21-0-68) for the reference regimen
[NNRTI]), without significant difference by ART regimen.

Interpretation Vertical transmission probability varies by maternal immunological stage, treatment regimen, and
timing of treatment initiation. These estimates have been incorporated into Spectrum-AIM for UNAIDS 2025 HIV
estimates. Earlier ART initiation is associated with higher odds of VLS at delivery. Further evidence is needed on the
effects of recent ART innovations on vertical transmission outcomes.

Funding National Institutes of Health, UNAIDS, and UK Research and Innovation.

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY
4.0 license.

Introduction

Eliminating HIV vertical transmission and reaching
children living with HIV with effective lifelong
antiretroviral therapy (ART) are global priorities.! These
efforts require accurate data on paediatric HIV infection
levels and effectiveness of strategies for prevention of
vertical transmission (PVT). Because of incomplete HIV
testing among pregnant or breastfeeding women,
infants, and children, most countries rely on
mathematical models to create estimates, namely the
Spectrum AIDS Impact Module (Spectrum-AIM)
supported by UNAIDS.? Modelled estimates indicate that
vertical transmission has substantially declined over the

past two decades, coinciding with successful PVT
programme scale-up.’

PVT programmes provide pregnant and breastfeeding
women living with HIV, and potentially their infants,
with antiretrovirals to suppress viral replication.**
Strategies recommended by WHO have evolved with
therapeutic advancements and scientific evidence.””
Initial 2003 guidelines recommended short-course
antiretrovirals during pregnancy. In 2013 and 2015,
WHO recommended immediate lifelong ART initiation
first for all pregnant women living with HIV (referred
to as option B+) and then for all people living with
HIV:® To reflect evolving PVT strategies and their
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Research in context

Evidence before this study

Three previous systematic reviews have assessed vertical
transmission probability to inform assumptions for modelled
estimates of perinatal and breastfeeding vertical HIV
transmission with the Spectrum AIDS Impact Module (Spectrum-
AIM). The most recent systematic review, done in 2018,
calculated vertical transmission probabilities as the weighted
average of literature published before 2018. Since 2018,
dolutegravir has been widely adopted as a first-line antiretroviral
for all people living with HIV, differentiated service-delivery
models for pregnant and breastfeeding women have aimed to
improve care engagement, and immediate lifelong antiretroviral
therapy initiation following HIV diagnosis has become standard
for all people living with HIV. These biomedical and service
delivery interventions aim to increase the proportion of
pregnant and breastfeeding women who are virally suppressed
before delivery, but evidence is scarce about their effect on
vertical transmission outcomes. To identify any previous
systematic review and meta-regression studies addressing
vertical transmission rates and effects of these innovations
therein, we searched PubMed from database inception to

Jan 4, 2025, for published articles using the search terms
(“vertical transmission” OR “mother-to-child transmission”

OR “MTCT” AND “HIV” AND “systematic review” AND “meta-
regression” OR “meta-analysis”), resulting in 27 relevant articles.
No articles estimated vertical transmission probability stratified
by prevention of vertical transmission intervention. Articles that
estimated cumulative vertical transmission probabilities were
restricted to a country or a region.

Added value of this study
This study systematically reviewed literature published before
Feb 8, 2024, on HIV vertical transmission probabilities stratified

efficacies, Spectrum-AIM predicts final vertical
transmission rates over time using national data on the
number of pregnant women living with HIV,? maternal
immunological status, transmission timing (perinatal
or breastfeeding), breastfeeding duration among
women living with HIV," and vertical transmission
probability according to PVT strategy.” Vertical
transmission probabilities are stratified by the following
groups: women living with HIV who did not receive
any antiretrovirals, women who seroconverted during
pregnancy or breastfeeding and did not receive
antiretrovirals, women who received short-course
antiretrovirals for PVT (maternal single-dose nevirapine
[sdNVP],” WHO 2006 dual antiretroviral prophylaxis,*
option A,* and option B),* and women on lifelong ART
(definitions in the appendix pp 3—4).

Vertical transmission probabilities for Spectrum-AIM
were initially estimated in a 2012 systematic review” and
subsequently updated with new systematic reviews
in 2015* and 2018,” as empirical data on newer PVT
strategies accumulated. Although PVT guidelines have
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by maternal clinical or treatment status. To our knowledge,

this is the first analysis using meta-regression to estimate vertical
transmission probabilities that are compatible with Spectrum-
AIM. Compared with previous analyses, the meta-regression
approach improves accounting for between-study heterogeneity
and quantifies statistical uncertainty associated with the vertical
transmission probabilities used in Spectrum-AIM. Overall
patterns of relative vertical transmission probabilities were
similar to previous reviews, but we estimated marginally higher
transmission probabilities among breastfeeding women.
Initiation of antiretrovirals before the second trimester of
pregnancy was associated with higher odds of maternal viral load
suppression at delivery. The systematic review identified limited
new data about effects of new first-line drug regimens or service-
delivery models outside of high-income settings.

Implications of all the available evidence

When implemented in Spectrum-AIM, the vertical transmission
probabilities estimated here result in more infections during
breastfeeding than previous estimates. This finding underscores
the importance of testing infants exposed to HIV for final HIV
status outcome after breastfeeding has ended. Additionally, our
results show the importance of initiating antiretrovirals as early
as possible during or before pregnancy to preserve the woman’s
health and achieve viral suppression by delivery to reduce the
probability of vertical transmission. Further evidence is needed
on the effect of integrase inhibitor-based regimen on vertical
transmission in diverse global regions.

not changed since the 2015 immediate lifelong ART
recommendation,® innovations in ART regimens and
service delivery models have aimed to improve HIV
treatment coverage and effectiveness, including PVT.
In 2019, dolutegravir was recommended as first-line
ART for all people living with HIV, including pregnant
women living with HIV.® People living with HIV on
dolutegravir achieve rapid viral load suppression (VLS),
which can reduce vertical transmission when initiated
late in pregnancy compared with previous first-line
regimens.”” Since the 2018 review, universal test and
treat and differentiated service delivery have aimed to
increase early ART initiation and retention among
pregnant and breastfeeding women living with HIV.”
Our study updated previous systematic reviews of
vertical transmission probabilities with new data
since 2018, applied meta-regression to synthesise
vertical transmission probabilities from pooled data
identified in 2012, 2015, 2018, and 2024 systematic
reviews, assessed ART regimen class and weeks on ART
before delivery as VLS determinants at delivery, and
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quantified the effect of updated vertical transmission
probabilities on modelled estimated paediatric
infections using Spectrum-AIM.

Methods

Search strategy and selection criteria

This systematic review and meta-regression analysis was
preregistered on PROSPERO (CRD 42024511011) and
reported according to PRISMA guidelines (appendix
pp 5-8). Ethical approval was obtained from the Imperial
College Research Ethics Committee (6300528).

To update previously conducted systematic reviews,"”
we searched PubMed, Embase, Global Health Database,
WHO Global Index Medicus, CINAHL Complete, and
Cochrane CENTRAL with search term domains
mentioning “HIV”, “transmission”, “perinatal” and
“breastfeeding periods”, and “infants born to women
living with HIV” or related terms. Complete search
strategies” are in the appendix (pp 9-13).

Database searches included literature published
between Jan 1, 2018 and Feb 8, 2024. The systematic
review was managed using Covidence software. Title and
abstracts were screened for eligibility and full-text articles
reviewed for inclusion by two independent reviewers
(MKW, MAB, MB, SH, AR, or MS), with conflicts
resolved through consensus. Inclusion criteria were:
English-language articles from all geographical regions
that reported vertical transmission data from randomised
trials, cohort studies, or observational studies. Vertical
transmission data needed to be stratified by maternal
PVT regimen or maternal CD4 category for women not
receiving PVT regimen; if women living with HIV
received ART during pregnancy, ART initiation timing
(preconception or during pregnancy) was required.
Cross-sectional, case—control, case series, case reports,
commentaries, letters to editors, study protocols, grey
literature, conference abstracts, and non-human animal
studies study designs were excluded.

The primary outcome was vertical transmission
probability, either explicitly reported in studies or
calculated using the proportion of infants diagnosed with
HIV among exposed infants during pregnancy or
breastfeeding.  Extracted data included vertical
transmission timing, infant feeding (breast vs formula),
study characteristics (authors, study title, publication year,
geography, and study years), PVT strategy, maternal ART
initiation timing, and clinical data (eg, viral load or VLS,
and CD4 cell count for women not receiving antiretrovirals;
full list in the appendix p 14). Data were independently
extracted by two reviewers (MKW and MAB, MB, SH, AR,
or MS), resolving discrepancies through consensus.

Data analysis

We fit four meta-regression models to pooled data from
the 2024 and previous systematic reviews to estimate
vertical transmission probabilities stratified by the
vertical transmission categories in Spectrum-AIM.* The

four models estimated vertical transmission probability
on the logit scale among different groups: women living
with HIV not receiving antiretrovirals by CD4 cell count;
women living with HIV who seroconverted during
pregnancy or breastfeeding or received short-course
antiretrovirals for PVT; women living with HIV exposed
to perinatal transmission while receiving lifelong ART by
initiation timing; and women living with HIV exposed to
breastfeeding transmission receiving lifelong ART. We
also assessed ART regimen class as a predictor for
vertical transmission probability and whether VLS at
delivery (<50 copies per mL) was associated with ART
regimen or initiation timing.

Perinatal and breastfeeding vertical transmission
definitions remained the same as previous reviews.”
Perinatal vertical transmission was defined as HIV
acquisition occurring before 6 weeks postpartum. For
studies reporting transmission during breastfeeding, we
converted cumulative acquisition probabilities to monthly
probability for the period starting at the end of the
perinatal period (6 weeks) and ending at the time of the
last HIV test closest to breastfeeding cessation. Most
often this period spanned 6 weeks to 6 months (appendix
p 15).

Model 1 estimated vertical transmission among women
living with HIV not receiving antiretrovirals as a function
of the study population’s baseline CD4 cell count
midpoint:

logit(VTBF,CDA,s,ob;) = BO,BF:O + BI,BF:I + Bz * CD4M1dpomt+ Bs,BF:l *
C D4y i+ s+ o

Model 1 included fixed effects for perinatal (B, ,.,) and
monthly breastfeeding vertical transmission (B, ;)
intercepts, study population CD4 cell count midpoint (3,,
per 100 cells per pL, centred at 500 cells per pL), and an
interaction between CD4 midpoint and breastfeeding
timing (B, ;..,). CD4 midpoint was extracted as the median
CD4 count per pL of women living with HIV not
receiving antiretrovirals or the midpoint of relevant
CD4 range if studies reported vertical transmission by
CD4 categories. More information on CD4 midpoint
determination from each study is in the appendix
(pp 27-30). Random effects were included for study ()
and observation (p,,).

Model 2 estimated vertical transmission probability
among women living with HIV who acquired HIV
infection during pregnancy or breastfeeding (maternal
seroconversions) or received short-course antiretrovirals
for PVT:

lOg’L t( VTCutegoVy,TT,S,Obs) = BO,Catzgary,TT+ Hs+Hops

Model 2 included fixed effects for categories (B, cyugnr)
used in Spectrum-AIM, all stratified by transmission
timing: maternal seroconversion, to women living with
HIV receiving WHO 2006 dual antiretroviral regimen,

www.thelancet.com/hiv Vol 12 September 2025



Articles

sdNVP, option A, and option B. For breastfeeding
women receiving sdNVP, transmission rates were
stratified by CD4 count lower than 350 cells per pL and
CD4 equal to or higher than 350 cells per pL. Random
effects were included for study (p,) and observation (p,,).
Model 2 categories are defined by the common feature
that they represented categorical exposures for vertical

transmission, but did not involve adjustment for
continuous covariates, such as median CD4 count
(model 1) or lifelong ART initiation timing (models 3 and
4; appendix pp 3—4 for definition details).

Model 3 estimated perinatal transmission probabilities
among women on lifelong ART by maternal ART
initiation timing:

Previous reviews* 2024 systematic review Jan 1, 2018 to Feb 8, 2024
110 studies identified 12588 studies identified from databases and registers

38 from Rollins et al** (years covered 1990-2012) 4673 Embase
49 from Mahy et al* (years covered 2012-15) 3878 PubMed
23 from Stover et al*® (years covered 2015-18) 1859 Global Health

1311 CINAHL

770 CENTRAL
97 WHO
24 excluded

8 excluded from Rollins et al
3 not peer reviewed
4 duplicate data —b| 5858 duplicates removed |
1 heterogeneous results aggregate

13 excluded from Mahy et al v

5 not peer reviewed
4 duplicate data
4 heterogeneous results aggregate

3 excluded from Stover et al
1 with duplicate data
2 not peer reviewed

6730 titles and abstracts screened

_.| 6306 titles and abstracts excluded |

A 4 A

86 included in the final meta-analysis
30 from Rollins et al
36 from Mahy et al
20 from Stover et al

424 full texts assessed for eligibility

400 excluded
172 aggregated heterogeneous groups,
primarily on ART use
87 not the target HIV test time or
paediatric age group
> 56 full text not available
48 wrong study design
32 rate of vertical transmission not
reported
5 birthing persons were co-infected
with HIV and another illness

v

| 24 extracted and added to the meta-analysis

2024 meta-analysis
110 included in the final 2024 meta-regression

17 in model 1, untreated 58 in model 2, 57 in model 3, lifelong ART, 16 in model 4, lifelong 15 VLS, viral load at
women with HIV seroconversion and perinatal vertical ART, breastfeeding delivery
15 previous review short-course PVT transmission vertical transmission 11 previous review
(2018) 53 previous review 39 previous review 11 previous review (2018)
2 added in 2024 (2018) (2018) (2018) 4 added in 2024
Region Saddedin 2024 18 added in 2024 Sadded in 2024 Region
9 ESA Region Region Region 3ESA
2WCA 41ESA 23 ESA 12 ESA 1AP
1AP 6 WCA 2WCA 2 WCENA 11 WCENA
2 WCENA 1LAC 1LAC 2 several regions
1 MENA 4 AP 5AP
2 several regions 3 WCENA 23 WCENA
3 several regions 3 several regions

Figure 1: PRISMA flow diagram for the 2018-24 review
AP=Asia and Pacific. ART=antiretroviral therapy. ESA=eastern and southern Africa. LAC=Latin America and Caribbean. MENA=Middle East and north Africa.

PVT=prevention of vertical transmission. VLS=viral load suppression. WCA=western and central Africa. WCENA=western and central Europe and north America.
*Previous reviews informed the 2024 review approach.

www.thelancet.com/hiv Vol 12 September 2025
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Logit( VT o, weokssaes.0n) = Bo+ B * Tyus+ B, * late

INitiation + P+ oy,

Model 3 included a fixed intercept (B,) representing
vertical transmission when ART is initiated 20 weeks
before delivery, slope (B, for weeks on ART before
delivery (T\,.., centred on ART initiated 20 weeks before
delivery; specified as 40 weeks for women already on
ART at conception), and a fixed effect for ART initiation
within 4 weeks of delivery (B, late initiation). The late-
initiation effect accounted for increased risk of
unsuppressed viral load at delivery when ART is initiated
late in pregnancy. T, was preferentially extracted as the
reported median weeks on ART before delivery, or,
otherwise, taken as the range midpoint for studies that
reported ART initiation as a range of gestational weeks.
We contacted corresponding authors of 26 studies that
reported ART initiation timing as a range to request the
median ART initiation gestational week. Assumptions to
estimate weeks on ART are described in the appendix
(pp 31-36). Random effects were included for study ()
and observation (p,,,).

Model 4 estimated monthly breastfeeding transmission
probabilities by ART initiation timing (preconception or
during pregnancy):

logit(VT e arrs) =Bo+ B, *  ART  started  during
pregnancy + i
Former vertical Updated vertical Percent Percent of pregnant
transmission transmission change* women living with

probability probability (studies HIV in each stratum
(studies published  published before
before 2018) Feb 8,2024)

20101 2015 2023f

Model 1: vertical transmission probability for women not receiving PVT

0-199 cells/pL
200-350 cells/pL
>350 cells/pL

Model 2: vertical transmission probability from maternal seroconversion or short-course PVT

Infection

sdNVP

Dual antiretroviral
Option A

Option B

Model 3: perinatal transmission probability from women receiving ART by timing of initiation

Option B+, on ART
<4 weeks

Option B+, on ART
5-39 weeks
Option B+, on ART
before conception

ART=antiretroviral therapy. PVT=prevention of vertical transmission. sdNVP=single-dose nevirapine. *Negative
percentages represent a percent decrease from the former value, whereas positive values represent a percent increase
from the former value. tThe proportion of women living with HIV who fall into each category each year globally.

37-0%
27-0%
15-0%

18:1%
7:5%
2:2%
41%
1.9%

8:2%

1-4%

0-26%

-10%
7%
+11%

8% 3% 2%
4%
12%

33:4% (27-8-39-1)
251% (21-4-28-9)
16-6% (13-9-19-7)

12% 5%

21% 12%

18-1% (12-8-25.2) 0%

8.3% (5-9-113) +11% 1% 1% 0%

31% (2-1-4-7) +41% 15% 0% 0%
31% (2:3-4-2) -24% 1% 2% 0%
1-8% (1-4-2-3) 5% 3% 4% 0%

5-6% (2:8-109)  -32% 1% 3% 1%
1.0% (0-8-1:3) -29% 9%  36%  25%
0-33% (0-23-0-48)  +27% 9%  34%  56%

Table 1: Perinatal vertical transmission probabilities by PVT regimen

642

Model 4 included two fixed effects for ART started
preconception (f,) and for ART started during pregnancy
(B). For breastfeeding transmission, ART initiation
timing was classified as a binary covariate rather than
continuous weeks before delivery (as in model 3 for
perinatal transmission) because time on ART during
pregnancy is less directly related to VLS during
breastfeeding than VLS at delivery. This model included
random effects by observation (pg). Study level random
effects were not included because only two studies had
multiple observations.

To assess associations between ART regimen class on
perinatal transmission probability, we modified model 3
to include fixed effects for ART regimen class (non-
nucleoside reverse transcriptase inhibitors [NNRTIs;
reference], integrase inhibitors, protease inhibitors, and
others). We evaluated geographical region as a confounder
of this association (sensitivity analysis, appendix p 36).

Regarding determinants of VLS at delivery, we analysed
studies that reported the proportion of women living with
HIV with VLS (<50 copies per mL) at delivery, time on
ART, and ART regimen class:
10git(VLS 11 ctass mime.ons) = Bo+ B, * class+ B, * time + B, * class *
time+ s+ o,

This model included a fixed effect intercept (f3,) for
transmission among women initiating NNRTIs early
(before second trimester start), fixed effects for ART
regimen class relative to NNRTIs for early initiation ([3,),
timing of ART initiation (late, after the first trimester and
before delivery, relative to early), and an interaction
between ART class and timing. Study (p) and observation
(Poy) random effects were included.

To assess implications of estimated vertical transmission
probabilities for Spectrum-AIM estimates of paediatric
HIV infection, we used predicted values from models 1 to
4 to produce vertical transmission probability estimates
compatible with stratifications in Spectrum-AIM. For
vertical transmission probabilities among women living
with HIV not receiving PVT stratified by CD4 categories
<200, 200-350, and >350 or higher cells per pL, we used
model 1 to predict vertical transmission probabilities
corresponding to CD4 midpoint values 100 cells per pL,
275 cells per pL, and 500 cells per pL, respectively.
Model 2 was used to predict vertical transmission
probabilities for maternal seroconversion and short-
course antiretrovirals for PVT. For perinatal vertical
transmission probabilities among women on ART for less
than or equal to 4 weeks, 5-39 weeks, and preconception,
model 3 was used to predict probabilities corresponding
to 2 weeks, 20 weeks, and 40 weeks on ART, respectively.
Model 4 was used to predict breastfeeding vertical
transmission probabilities for women initiating ART
before conception or during pregnancy.

Simulations of the effects on paediatric infections were
done in an R implementation of the Spectrum-AIM

www.thelancet.com/hiv Vol 12 September 2025



Articles

paediatric model that matched Spectrum-AIM
version 6.37% in four countries (Burkina Faso, the
Democratic Republic of the Congo, Malawi, and Rwanda)
in 2000, 2010, 2015, and 2023. Spectrum-AIM files were
used for UNAIDS 2024 Global HIV Estimates. Results
were compared with the 2024 UNAIDS published
paediatric HIV infections, using vertical transmission
probabilities used in Spectrum-AIM for UNAIDS
estimates published in 2019-24 (appendix pp 3—4;
henceforth referred to as the former vertical transmission
probabilities).?

Analyses were done in R 4.3.1. Mixed effect meta-
regression models were fit using the R package
glmmTMB version 1.1.9.* CIs were calculated as the
2-5th and 97-5th percentiles of 3000 Monte Carlo
samples from each model’s joint posterior distribution.
Data and code for model analyses are publicly available.”

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

Our updated search of 12588 reviews identified
6730 unique records (figure 1). Data were included from
24 studies. The primary reason for exclusion was
reporting vertical transmission aggregated across distinct
PVT groups. The data extracted from the 24 new studies
published since Jan 1, 2018, were combined with data
from 30 studies from Rollin and colleagues® from 2012,
36 studies from Mahy and colleagues® from 2015, and
20 studies from Stover and colleagues” from 2018
(figure 1), yielding 110 studies included in meta-regression
analyses. Studies were published between 1988 and 2023
and data were collected between 1982 and 2022. All global
regions were represented, but most studies were done in
eastern and southern Africa (appendix pp 48-56).

Model 1 included data from 17 studies on vertical
transmission among women not receiving PVT by CD4
category, two of which were identified in the 2024
systematic review (figure 1; appendix pp 19-20).
9642 (80-2%) of 12021 observations were from studies
that stratified vertical transmission by CD4 range. Each
additional 100 cells per pL in median CD4 was associated
with lower vertical transmission odds (odds ratio [OR] 0-8,
95% CI 0-75-0-84; appendix p 16). The interaction
between CD4 midpoint and breastfeeding transmission
was not statistically significant (appendix p 16). Predicted
perinatal transmission probabilities increased with lower
maternal CD4 category from around one in six among
women with CD4 higher than 350 cells per pL to around
one in three among women with CD4 lower than 200 cells
per pL (table 1). Monthly transmission probabilities
among breastfeeding women increased from around
0-8% per month among untreated women with CD4 of
350 cells per pL or higher to 1% per month among women

www.thelancet.com/hiv Vol 12 September 2025

Percent
change*

Former vertical
transmission

Updated vertical
transmission

probability probability (studies
(studies published  published before
before 2018) Feb 8,2024)

Percent of pregnant
women living with
HIVin each stratum

2010t 2015t 2023t

Model 1: vertical transmission probability for women not receiving PVT

0-199 cells/pL 0-89% 1.02% (0-32-3-32) +15%
200-350 cells/pL 0-81% 0-90% (0-49-1-73) +11%
>350 cells/pL 0-51% 0-79% (0-43-1-43) +55%

8%
12%
21%

3%
5%
12%

Model 2: vertical transmission probability from maternal seroconversion or short-course PVT

Infection 26-9% 2829% (20-82-37:20)  +5%
(onetime,

not monthly)

sdNVP 0-99% 0-89% (0-16-4-45)  -10%
<350 cells/pL

sdNVP 0-40% 0-35% (0-06-1-94) -13%
2350 cells/pL

Dual 0-18% 0-20% (0-06-074)  +11%
antiretroviral

Option A 0-20% 0-21% (0-06-0-63) +5%
Option B 0-13% 0-14% (0-07-0-30) +8%

11%%

11%%

15%

11%
3%

Model 4: monthly breastfeeding transmission for women receiving lifelong ART

Option B+, on 0-20% 0-13%S (0-08-0-22)

ART <4 weeks
Option B+, on
ART 5-39 weeks
Option B+, on
ART before
conception

-35%

0-11% 0-13%5 (0-08-022)  +18%

0-02% 0-02% (0-00-0-06) 0%

1%

9%

9%

1%+

1%%

0%

2%
4%

3%

36%

34%

2%
4%
12%

0%+

0%+

0%

0%
0%

1%

25%

56%

All breastfeeding vertical transmission probabilities are per month, except for maternal seroconversions, which is a
one-time probability for breastfeeding women living with HIV. ART=antiretroviral therapy. PVT=prevention of vertical
transmission. sdNVP=single-dose nevirapine. *Negative percentages represent a percent decrease from the former
value, whereas positive values represent a percent increase from the former value. tThe proportion of women living
with HIV who fall into each category each year globally. ¥These proportions represent women with any CD4 count who
received sdNVP. §These values were estimated as monthly breastfeeding transmission probability among women who

initiated ART at any time during pregnancy.

Table 2: Breastfeeding vertical transmission probabilities by PVT regimen

with CD4 lower than 200 cells per pL (table 2). In
sensitivity analyses, fitting the model to only studies that
reported study population median CD4, rather than the
CD4 range, changed the estimated relationship between
CD4 and vertical transmission (appendix p 29). The
restricted criteria made the model disproportionately
sensitive to observations from three studies published
between 1991 and 1998 reporting high transmission,
because 80-2% of all observations were omitted (appendix
pp 27-30).

Model 2 included data from 58 studies on vertical
transmission among women who seroconverted or
received short-course antiretrovirals for PVT, four of
58 identified in the 2024 review (figure 1; appendix
pp 21-24). Around one in five women who seroconverted
during pregnancy transmitted HIV perinatally (table 1)
and nearly one in three who seroconverted during
breastfeeding  (table 2). Perinatal transmission
probabilities were lower among women who received
short-course antiretrovirals for PVT. Short-course
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antiretroviral —strategies recommended in earlier
guidelines (ie, sdNVP, dual antiretroviral, and option A)
were less effective at averting vertical transmission and
had higher vertical transmission probabilities than those
used more recently (option B) for both perinatal (table 1)
and breastfeeding transmission (table 2).

Model 3 included data from 57 studies on perinatal
transmission among women on lifelong ART, 15 of 57
identified in the 2024 systematic review (figures 1, 2;
appendix p 25). Five of 26 studies provided additional
unpublished data on median gestational week at ART
initiation. Each additional week on ART before delivery
reduced vertical transmission odds by 5-6% (95% CI
4.2-7-0; appendix p 16). Perinatal vertical transmission
probability was lowest among women who initiated ART
preconception and highest among women who initiated
in the last 4 weeks of pregnancy (table 1). When model 3
was restricted to only studies that reported the median
weeks on ART (rather than a range of weeks when ART

was initiated) the odds ratio for less than 4 weeks
compared with 20 weeks was 10-1 (6-6-16-1; appendix
pp 31-36).

Model 4 included data from 16 studies on breastfeeding
transmission among women on lifelong ART, 5 of
16 identified in the 2024 systematic review (figure 1;
appendix p 26). The monthly breastfeeding transmission
probability was 0-13% (0-08-0-22) for women who
initiated ART during pregnancy and 0-02% (0-0-06) for
women who initiated ART preconception (table 2).

When refitting model 3 with fixed effects for ART
regimen class, women living with HIV who initiated
integrase inhibitors versus an NNRTI-based regimen had
significantly lower vertical transmission odds (OR: 0-36
(0-14-0-94), appendix p 17). After adding geographical
region to the model, associations with ART regimen were
no longer statistically significant (appendix p 36).

15 studies reported data on the proportion of women
living with HIV with viral load of less than 50 copies
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Figure 2: Data used in models 1-4 and model estimates of vertical transmission probability

Point size reflects study size and colour indicates whether the study was identified in the 2024 systematic review. Blue violin plots are used for categorical models
(models 2 and 4) and blue lines with ribbon are used for continuous models (models 1 and 3). Panels represent the different models used to produce estimates of
vertical transmission probability compatible with Spectrum-AIDS Impact Module, with the top row displaying perinatal vertical transmission probabilities and the
bottom row displaying breastfeeding vertical transmission probabilities. ART=antiretroviral therapy. PVT=prevention of vertical transmission. sdNVP=single-dose

nevirapine.
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per mL at delivery; three were identified in the 2024
systematic review (figure 1). Most studies were from
western and central Europe and north America. VLS
probability at delivery was highest among women living
with HIV who initiated integrase inhibitor-based
regimens before the second trimester (appendix p 17);
however, the difference between regimen classes was
not statistically significant. VLS probability among
women who started ART before the second trimester
was 90-6% (95% CI 80-4-95-4) for NNRTIs, 79-2%
(42-3-95-0) for protease inhibitors, and 90-0%
(62-9-97-8) for other regimens. Odds of VLS were lower
when ART was initiated after the first trimester (OR
0-37, 0-21-0-68) for the reference regimen [NNRTI]),
without significant difference by ART regimen. VLS
probability among women who initiated ART after the
first trimester was 40-4% (3-3-90-2) for integrase
inhibitors, 82-8% (70-2-90-4) for NNRTIs, 65-6%
(51-7-76-5) for protease inhibitors, and 74-3%
(2-8-99-6) for other regimens.

We compared the updated vertical transmission
probabilities with the former default vertical transmission
probabilities in Spectrum-AIM (tables 1, 2). The mean
percent difference was 2%. The percent difference was
largest for monthly breastfeeding transmission
probability among women with CD4 higher than
350 cells per pL (table 2). Updated perinatal transmission

probabilities were on average lower, whereas updated
breastfeeding transmission probabilities were on average
higher.

We incorporated the updated vertical transmission
probabilities (tables 1, 2) into Spectrum-AIM to estimate
the number of paediatric infections in Burkina Faso,
the Democratic Republic of the Congo, Malawi, and
Rwanda (appendix pp 38-46). In 2023, total paediatric
infections (perinatal and breastfeeding) from the
updated vertical transmission probabilities were 8-8%
higher than those estimated from the former vertical
transmission probabilities (figure 3). Perinatal
infections were slightly lower except in the Democratic
Republic of the Congo (average 2-5% lower) and
breastfeeding infections were higher in all countries
(average 15-6% higher; figure 3). Increases in estimated
vertical transmission infections during breastfeeding
were largest among women who did not receive short-
course antiretrovirals for PVT or experienced treatment
interruptions (table 2).

Discussion

We systematically updated evidence about HIV vertical
transmission determinants and probabilities, including
the effectiveness of antiretroviral-based strategies to
prevent transmission. This information is crucial to
produce modelled estimates of paediatric HIV infections

Transmission category
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Figure 3: Differences in the 2023 number of paediatric infections using the Spectrum-AIDS Impact Module former versus updated VT probabilities
Coloured percentage points represent the percent difference between the infections using the former versus updated VT probabilities. ART=antiretroviral therapy.
PVT=prevention of vertical transmission. VT=vertical transmission.

www.thelancet.com/hiv Vol 12 September 2025 645



Articles

646

and guide strategies to eliminate vertical transmission.
Since the 2018 review, 24 studies were published with data
relevant to inform parameters in Spectrum-AIM.
Compared with previous assessments, we applied a more
systematic meta-regression approach that strengthened
pooling of information and quantified statistical
uncertainty for the first time.

Patterns of vertical transmission probabilities were
consistent with previous reviews."" Vertical transmission
was highest among women not receiving PVT, lower
among women receiving short-course antiretrovirals for
PVT, and lowest among women initiating ART during
and before pregnancy. Changes from former default
values’ are attributable to both new data since the
previous review and the meta-regression analytical
approach. Perinatal vertical transmission probabilities
are slightly lower than reported in previous reviews.” Of
perinatal vertical transmission probabilities, vertical
transmission probability among women initiating ART
within 4 weeks was the largest relative decrease
(8:2% to 5-6%); only 1% of pregnant women living with
HIV globally initiate ART within 4 weeks of delivery, so
this change will not substantially change estimates of
perinatal infections. Updated breastfeeding vertical
transmission probabilities were higher than previous
values. The largest change was among women who did
not receive any antiretrovirals for PVT for which assumed
probabilities had not been updated since the 2012 review.

The vertical transmission probabilities derived here
have been adopted as default values recommended for
countries using Spectrum-AIM to update national HIV
estimates in 2025. These new values are unlikely to
substantially change the number of perinatal infections
but will increase estimated infections during
breastfeeding. The shift in infection timing to the
breastfeeding period has implications for HIV testing
strategies. Retaining mother—infant pairs in PVT services
until breastfeeding cessation is important to prevent
transmission and monitor HIV outcomes. Additionally,
universal final HIV outcome ascertainment could be
used to compare programmatic data to estimates of new
infections from Spectrum-AIM.

We evaluated emerging evidence on scale-up of
universal test and treat, differentiated service delivery
models, and dolutegravir-based first-line regimens at
increasing VLS and reducing vertical transmission
among pregnant and breastfeeding women living with
HIV* We found scarce data to assess these. ART
initiation before the second trimester was associated
with higher VLS at delivery, consistent with observed
lower transmission probability among women who
initiated ART earlier. However, data on VLS at delivery
were predominantly limited to studies conducted in
high-income countries and where women initiated
integrase inhibitor-based regimens early in pregnancy.

Regarding differences by ART regimen, women who
initiated integrase inhibitor-based regimens (including

dolutegravir) had the lowest perinatal vertical
transmission probability. Data were insufficient to assess
the effect of antiretroviral drug class on vertical
transmission probability during breastfeeding. These
results should be interpreted cautiously as studies with
integrase inhibitor-based regimens were predominately
in high-income countries; only one study reporting
vertical transmission probability among women
receiving integrase inhibitor-based regimens was done in
Africa. The difference in vertical transmission probability
by regimen was attenuated and not statistically significant
when adjusting for geographical region. Moreover,
data indicating different vertical transmission rates
associated with integrase inhibitor-based regimens were
predominately among women initiating ART before or
early in pregnancy, whereas cohort studies comparing
regimens among the same study populations have found
no regimen differences in vertical transmission and VLS
among women when ART is initiated early,” but with
potential benefits when ART is initiated late because of
faster VLS associated with integrase inhibitor-based
regimens. As such, we believe additional data among
women initiating integrase inhibitors late in pregnancy
are needed before recommending modelling vertical
transmission probability by ART regimen.

Our systematic review has limitations. Restricting to
studies that disaggregated vertical transmission by PVT
strategy and ART initiation timing excluded 43% of full
texts that reported unstratified vertical transmission.
Individual level information about maternal CD4 cell
counts or ART initiation timing and vertical transmission
outcomes might have quantified these relationships
more precisely than the broad categories from our
systematic review. The association between CD4 cell
count and vertical transmission probability was
significantly different in studies that reported CD4 range
versus CD4 midpoint, driven by three studies done in
the 1990s that reported CD4 range and very high vertical
transmission that accounted for only 6% of observations
from model 1. Regarding ART initiation timing, the
relationship between weeks on ART and vertical
transmission did not differ between reporting median
weeks versus range of weeks. Only including studies
that reported median weeks would have excluded 76% of
all studies that reported ART initiation occurring during
the third trimester. We did not estimate vertical
transmission probability among women who initiated
ART after seroconverting during pregnancy or
postpartum, an area for future work as identifying
infections during these periods is an increasing focus of
PVT programmes through retesting at late antenatal
care visits, labour and delivery, and postnatally.

In conclusion, vertical HIV transmission probability
varies substantially according to maternal clinical
characteristics and ART initiation timing. Our analysis
incorporated more data through an updated systematic
literature search and refined formal statistical synthesis.
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We found somewhat higher transmission rates during
breastfeeding than previous estimates. Findings reinforce
the importance of initiating women living with HIV on
ART early in pregnancy to progress towards HIV vertical
transmission elimination. However, data were limited to
quantify the effects of recent innovations in ART regimens
and service delivery models on vertical transmission rates;
this should continue to be assessed as new data emerge.

Contributors

MKW, MAB, KP, and JWI-E conceptualised the study as a systematic
review and meta-regression. MKW and MAB accessed and verified the
underlying data. MAB supervised the systematic review methodology
and MKW supervised the data extraction and meta-regression.

MAB and DL developed the methodology for the search strategy.

MKW, MAB, MB, SH, AR, and MS screened abstracts and full texts for
inclusion and extracted data. MKW, JWI-E, and M-CB developed the
meta-regression methodology and HHK, KP, LM, MM, JS, and RG
provided feedback on study design and analytic approaches.

MKW conducted the analysis and drafted the initial manuscript with
assistance from MAB. Figures were created by MKW, MAB, and MB.
All authors revised the manuscript for intellectual content and approved
the final manuscript. MKW and MAB were responsible for the decision
to submit the manuscript, with approval from all authors.

Declaration of interests

MB declares personal fees for work on this review from National
Institutes of Health (NIH) award 1R01AI152721-01A1. SH declares grants
from National Institute of Child Health and Human Development
F31HD116617 for work outside the submitted work. M-CB declares
funding from the NIH to HIV Prevention Trials Network and Wellcome
Trust paid to her institution. MM is an employee of UNAIDS and received
financial support through her institution. LM declares funding from ViiV
to her employer (Elizabeth Glaser Pediatric AIDS Foundation) as well as
paid consultancy fees from WHO. KP declares funding from NIH,
Harvard T H Chan School of Public Health, and John Hopkins University
paid to her institution. KP declares involvement in a data safety
monitoring board for Bifidobacterium infantis for Infant Immune
Development, a randomised controlled trial evaluating use of probiotics in
infants (outside of the submitted work). JWI-E declares grants from
UNAIDS and the Bill & Melinda Gates Foundation, consulting fees from
BAO Systems, and meeting travel support from UNAIDS, the Gates
Foundation, and International AIDS Society outside the submitted work.
All other authors declare no competing interests. A preliminary analysis
of this work was presented in October, 2024, to a virtual meeting of the
UNAIDS Reference Group on HIV Estimates, Modelling, and Projections.

Data sharing
Data used in this analysis are publicly available from: https://doi.
org/10.5281/zenodo.15166513.%

Acknowledgments

This research was supported by the National Institute of Allergy and
Infectious Diseases of the National Institutes of Health under award
number 1R01AI152721-01A1 (MKW, MB, HHK, and JWI-E), UNAIDS
(MKW, MM, and JWI-E), and the UK Medical Research Council (MRC)
Centre for Global Infectious Disease Analysis (reference MR/R015600/1,
MKW, M-CB, JWI-E), jointly funded by MRC and the UK Foreign,
Commonwealth & Development Office (FCDO), under the MRC/FCDO
Concordat agreement and is also part of the EDCTP2 programme
supported by the EU. The authors acknowledge and thank participants
in the UNAIDS Reference Group on HIV Estimates, Modelling, and
Projections for suggestions to refine the analysis, Caitlin Dugdale and
Andrea Ciaranello for insights on the viral load analysis, and

Edmond Brewer and Megan Verma for assistance with initial title
abstract screening. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the funders.

References

1 WHO. Global guidance on criteria and processes for validation:
elimination of mother-to-child transmission of HIV and syphilis.
World Health Organization, 2014.

www.thelancet.com/hiv Vol 12 September 2025

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Stover J, Glaubius R. Methods and assumptions for estimating key
HIV indicators in the UNAIDS annual estimates processs.

J Acquir Immune Defic Syndr 2024; 95: eS.

AIDSinfo. UNAIDS. https://aidsinfo.unaids.org/ (accessed

Jan 4, 2025).

WHO. Antiretroviral drugs for treating pregnant women and
preventing HIV infection in infants: recommendations for a public
health approach. World Health Organization, 2010.

WHO. Consolidated guidelines on the use of antiretroviral drugs
for treating and preventing HIV infection: recommendations for a
public health approach. World Health Organization, 2013.

WHO. Consolidated guidelines on the use of antiretroviral drugs
for treating and preventing HIV infection: recommendations for a
public health approach, 2nd edn. World Health Organization, 2016.
Idele P, Hayashi C, Porth T, Mamahit A, Mahy M. Prevention of
mother-to-child transmission of HIV and paediatric HIV care and
treatment monitoring: from measuring process to impact and
elimination of mother-to-child transmission of HIV. AIDS Behav
2017; 21: 23-33.

Mwanza ], Kawonga M, Gray GE, Doherty T, Mutale W. Evolution of
prevention of mother to child transmission of HIV policy in
Zambia: application of the policy triangle to understand the roles of
actors, process and power. Glob Public Health 2021; 17: 2764.
Phanuphak N, Phanuphak P. History of the prevention of mother-to-
child transmission of HIV in Thailand. J Virus Erad 2016; 2: 107-09.
WHO. Scaling up antiretroviral therapy in resource-limited settings:
treatment guidelines for a public health approach. Geneva: World
Health Organization, 2013.

Glaubius R, Stover |, Johnson LF, Mahiane SG, Mahy MI, Eaton JW.
Differences in breastfeeding duration by maternal HIV status:

a pooled analysis of nationally representative surveys in sub-
Saharan Africa. | Acquir Immune Defic Syndr 2024; 95: e81.

Mahy M, Marsh K, Sabin K, Wanyeki I, Daher ], Ghys PD. HIV
estimates through 2018: data for decision-making. AIDS 2019;

33: 5203-11.

Lallemant M, Jourdain G, Coeur SL, et al. Single-dose perinatal
nevirapine plus standard zidovudine to prevent mother-to-child
transmission of HIV-1in Thailand. N Engl | Med 2004; 351: 217-28.
Dao H, Mofenson LM, Ekpini R, et al. International
recommendations on antiretroviral drugs for treatment of HIV-
infected women and prevention of mother-to-child HIV
transmission in resource-limited settings: 2006 update.

Am J Obstet Gynecol 2007; 197: S42-55.

Rollins N, Mahy M, Becquet R, Kuhn L, Creek T, Mofenson L.
Estimates of peripartum and postnatal mother-to-child transmission
probabilities of HIV for use in Spectrum and other population-
based models. Sex Transm Infect 2012; 88: i44-51.

Mahy M, Penazzato M, Ciaranello A, et al. Improving estimates of
children living with HIV from the Spectrum AIDS Impact Model.
AIDS 2017; 31: S13-22.

Stover J, Glaubius R, Mofenson L, et al. Updates to the Spectrum/
AIM model for estimating key HIV indicators at national and
subnational levels. AIDS 2019; 33: S227.

WHO. Update of recommendations on first- and second-line
antiretroviral regimens. Geneva: World Health Organization, 2019.
Waitt C, Orrell C, Walimbwa S, et al. Safety and pharmacokinetics
of dolutegravir in pregnant mothers with HIV infection and their
neonates: a randomised trial (DolPHIN-1 study). PLOS Med 2019;
16: €1002895.

Walmsley S, Antela A, Clumeck N. Dolutegravir plus abacavir—
lamivudine for the treatment of HIV-1 infection. N Engl | Med 2013;
369: 1215541.

Abrams EJ, Langwenya N, Gachuhi A, et al. Impact of universal
antiretroviral therapy for pregnant and postpartum women on
antiretroviral therapy uptake and retention. AIDS 2019; 33: 45.
Louden DN. Rates of mother-to-child HIV transmission with new
first-line antiretroviral therapies and associated viral suppression:
updated systematic review and meta-regression. Feb 8, 2024.
https://osf.io/uvnb9/ (accessed Nov 12, 2024).

Ashton R, Imai-Eaton JW, FitzJohn R, Kusumgar M, Walters MK.
Leapfrog HIV model: multistate population projection model for
demographic and HIV epidemic estimation. April 7, 2025. https://
doi.org/10.5281/zenodo.15166688 (accessed April 7, 2025).

647



Articles

24 Brooks ME, Kristensen K, Benthem K] van, et al. glmmTMB 26  'WHO. Guideline on when to start antiretroviral therapy and on pre-
balances speed and flexibility among packages for zero-inflated exposure prophylaxis for HIV. World Health Organization, 2015.
generalized linear mixed modeling. R J 2017; 9: 378-400. 27 Davey S, Ajibola G, Maswabi K, et al. Mother-to-child HIV

25 Walters MK. Meta-analysis of HIV vertical transmission transmission with in utero dolutegravir vs. efavirenz in Botswana.
probabilities. May 2, 2025. https://doi.org/10.5281/zenodo.15166513 J Acquir Immune Defic Syndr 2020; 84: 235.

(accessed May 2, 2025).

648 www.thelancet.com/hiv Vol 12 September 2025



	Probability of vertical HIV transmission: a systematic review and meta-regression
	Introduction
	Methods
	Search strategy and selection criteria
	Data analysis
	Role of the funding source

	Results
	Discussion
	Acknowledgments
	References


