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Abstract
Introduction: There is a growing population of children who are HIV-exposed and uninfected (HEU) with the successful
expansion of antiretroviral therapy (ART) use in pregnancy. Children who are HEU are at risk of delayed neurodevelopment;
however, there is limited research on early brain growth and maturation. We aimed to investigate the effects of in utero expo-
sure to HIV/ART on brain structure of infants who are HEU compared to HIV-unexposed (HU).
Methods: Magnetic resonance imaging using a T2-weighted sequence was undertaken in a subgroup of infants aged 2–6
weeks enrolled in the Drakenstein Child Health Study birth cohort, South Africa, between 2012 and 2015. Mother–child pairs
received antenatal and postnatal HIV testing and ART per local guidelines. We compared subcortical and total grey matter
volumes between HEU and HU groups using multivariable linear regression adjusting for infant age, sex, intracranial volume
and socio-economic variables. We further assessed associations between brain volumes with maternal CD4 cell count and
ART exposure.
Results: One hundred forty-six infants (40 HEU; 106 HU) with high-resolution images were included in this analysis (mean
age 3 weeks; 50.7% male). All infants who were HEU were exposed to ART (88% maternal triple ART). Infants who were
HEU had smaller caudate volumes bilaterally (5.4% reduction, p < 0.05) compared to HU infants. There were no group differ-
ences in other subcortical volumes (all p > 0.2). Total grey matter volume was also reduced in infants who were HEU (2.1%
reduction, p < 0.05). Exploratory analyses showed that low maternal CD4 cell count (<350 cells/mm3) was associated with
decreased infant grey matter volumes. There was no relationship between timing of ART exposure and grey matter volumes.
Conclusions: Lower caudate and total grey matter volumes were found in infants who were HEU compared to HU in the first
weeks of life, and maternal immunosuppression was associated with reduced volumes. These findings suggest that antenatal
HIV exposure may impact early structural brain development and improved antenatal HIV management may have the potential
to optimize neurodevelopmental outcomes of children who are HEU.
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1 INTRODUCT ION

Over 1.3 million women living with HIV give birth each year
[1,2]. With effective antiretroviral therapy (ART), the num-
ber of infants infected with HIV has reduced to ∼150,000,
but paralleled by a growing global population of children who
are HIV-exposed and uninfected (HEU) [2]. Infants who are
HEU have been found to have higher mortality and morbidity

compared to HIV-unexposed (HU) infants [3–7]. Some studies
have also suggested that exposure to specific antiretrovirals
may be associated with poor pregnancy [6] and neurologic
[8,9] outcomes, while others have not [10,11]. Further, cohort
studies have reported delayed early neurodevelopment in chil-
dren who are HEU [12,13], although findings are inconsis-
tent and neurobiological mechanisms are not yet understood
[14].
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Brain growth and maturation occur rapidly in infancy [15]
and form the basis of later cognitive and behavioural out-
comes [16]. Advances in neuroimaging allow greater under-
standing of factors affecting early brain maturation and objec-
tive measures of neurodevelopment [17]. While many studies
of children with HIV infection have found differences in neu-
roanatomy [18,19], magnetic resonance imaging (MRI) stud-
ies examining brain development in children who are HEU
are scarce. Microstructural differences between children who
are HEU and HU have been described using diffusion tensor
imaging (DTI) in small sample sizes (HEU group <20) [20–23].
Yet, despite the potential use of structural MRI, only one ret-
rospective French study has examined brain morphology in
young children who were HEU (mean age 26 months) pre-
senting with neurologic symptoms. Of those children, 45%
had mitochondrial dysfunction, and 50% of images showed
atypical anatomy, including basal ganglia abnormalities and
volume loss [24]. However, children in this study were symp-
tomatic at baseline and predominantly exposed to zidovudine;
therefore, the findings may not be generalizable.

Sub-Saharan Africa (SSA) has the highest burden of both
HIV and developmental delay globally [1,25]. Given the rela-
tionship between brain structure and function, it is criti-
cal to understand the effects of antenatal HIV/ART expo-
sure on brain maturation in this context [17]. The South
African Drakenstein Child Health Study (DCHS) birth cohort
was established to investigate the early-life determinants of
child health and development [26,27]. This study is set in
an African community with high levels of poverty and other
socio-environmental risk factors [28]. A single report from the
DCHS has investigated neonates who are HIV-exposed using
DTI, and found differences in white matter microstructure at
this age [21]. Volumetric brain growth in neonates is driven
by grey matter development [15]. Prior studies have shown
that grey matter may be affected by in utero factors, includ-
ing maternal substance use [29] and child HIV infection [30],
yet, to our knowledge, no published studies have examined
the effects of antenatal HIV/ART exposure without infection
on neonatal grey matter morphometry. Therefore, the aim of
this study was to investigate the effects of in utero HIV and
ART exposure on the neuroanatomy of newborn infants who
are HEU compared to HU. We hypothesized that infants who
are HEU would have altered grey matter volumes compared
to HU infants.

2 METHODS

2.1 Participants

We conducted a prospective neuroimaging study of neonates
nested within the DCHS, an observational population-based
birth cohort in the Western Cape of South Africa [26,27].
Pregnant women were recruited into the DCHS from two
public sector primary healthcare clinics, Mbekweni (serving
a predominantly black African community) and TC Newman
(serving a mixed ancestry community). Mothers were enrolled
into the DCHS during their second trimester if they were at
least 18 years old, between 20 and 28 weeks’ gestation and
intended to remain in the area [26,27].

Between 2012 and 2015, 1143 infants were born to 1137
mothers (Figure 1). Antenatal maternal HIV prevalence was
21%, but only two infants were HIV infected [28]. After birth,
a sub-group of 236 newborn infants were invited for neu-
roimaging (20.6%) [31]. Infants were included if they were
aged between 2 and 6 weeks and excluded if they had: (1)
medical comorbidities, including a genetic syndrome, neuro-
logical disorder or congenital abnormality; (2) history of pre-
maturity (gestation <36 weeks); (3) low Apgar score (<7 at
5 minutes); (4) neonatal intensive care admission; (5) mater-
nal use of illicit drugs during pregnancy; (6) MRI contraindica-
tions; or (7) infant HIV infection [29]. Convenience sampling
was used to select from eligible infants. In this high-risk popu-
lation, we paid particular attention to other known risk factors
associated with adverse neurodevelopment, including mater-
nal depression and alcohol use, and account for these in sen-
sitivity analyses.

2.2 Ethical considerations

The study was approved by the Faculty of Health Sciences,
Human Research Ethics Committee, University of Cape Town
(401/2009, 525/2012 and 044/2017) and the Western Cape
Department of Provincial Health Research Committee. Writ-
ten informed consent by mothers was given at enrolment and
at the start of each neuroimaging session.

2.3 Procedures

2.3.1 HIV/ART data

All women underwent routine HIV testing in pregnancy as per
the Western Cape prevention of mother-to-child transmission
of HIV (PMTCT) guidelines [32,33]. Mothers who tested neg-
ative were retested throughout pregnancy and the postpar-
tum period every 3 months to detect seroconversion. Moth-
ers living with HIV were enrolled into the Provincial PMTCT
programme and initiated on ART per guidelines at the time.
Before May 2013, the first-line regimen depended on mater-
nal clinical and immunological status consisting of triple ART
or zidovudine from 14 weeks’ gestation; from May 2013,
universal triple ART (commonly tenofovir, emtricitabine plus
efavirenz) was given to all pregnant women for life. Infants
who were HEU received prophylaxis of nevirapine with or
without zidovudine. Additional data on maternal CD4 and
viral load during pregnancy were obtained using the online
National Health Laboratory Service. HIV-exposed infants were
tested for HIV using PCR at 6 weeks of age per the guide-
lines; all HEU infants were confirmed to have a negative HIV
test result. HU infants were born to mothers with confirmed
HIV negative status.

2.3.2 Socio-demographic variables

Socio-demographic data were collected using validated ques-
tionnaires during interviews with trained study staff [34].
Birth data were abstracted from hospital records. Child
gestational age at delivery was calculated to define pre-
maturity based on antenatal ultrasound if available, other-
wise using symphysis-fundal height or maternal report of last
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Figure 1. Drakenstein Child Health Study cohort flow chart of children with neuroimaging.

menstrual period [28]. Maternal data on alcohol use, smok-
ing and depression were collected at antenatal visits and birth
[27].

2.3.3 Cytomegalovirus testing

Nasopharyngeal swabs were collected from a subgroup of
infants (n = 111) between birth and the MRI scan as
part of the DCHS protocol. Cytomegalovirus (CMV) DNA
was measured using quantitative multiplex real-time PCR
on FTDResp33 (Fast-track Diagnostics, Luxembourg). These
methods are described in full elsewhere [35].

2.3.4 Neuroimaging acquisition

T2-weighted MR images [36] were acquired at the Cape Uni-
versities Brain Imaging Centre, at Tygerberg Hospital from
September 2012 to September 2015 using a Siemens Magne-
tom 3T Allegra MRI scanner (Erlangen, Germany). Neuroimag-
ing was conducted during natural sleep without sedation [21]
(Supporting Information).

2.3.5 Neuroimaging processing

Neuroimaging data were available for 183 neonates (50 HEU;
133 HU). T2-weighted images were processed using Statis-
tical Parametric Mapping (SPM8) software blinded to child
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HIV/ART exposure status, to generate measures of brain
structure. Images were segmented and total grey matter
and subcortical regions-of-interest (thalamus, caudate, puta-
men, pallidum, amygdala and hippocampus) were defined per
the automated anatomical labelling atlas [37] adapted to a
neonate grey matter template in Montreal Neurological Insti-
tute standard space [38]. Volumes were extracted from seg-
mented grey matter images bilaterally. Quality control was
performed by two researchers to identify any scan artefacts
and errors of segmentation. Outlier detection was performed
using the ENIGMA protocol [39]. Any regions marked as a
statistical outlier were re-inspected to confirm accurate seg-
mentation.

The mean of the left and right hemispheres was calcu-
lated for each subcortical structure. Intracranial volume (ICV)
was calculated as total grey matter, white matter and cere-
brospinal fluid.

2.4 Statistical analysis

Socio-demographic and clinical characteristics were com-
pared between HEU and HU groups using unpaired t-tests
or Mann–Whitney U tests (continuous variables), and chi-
squared tests or Fisher’s exact tests (categorical variables).
Group differences in subcortical and total grey matter vol-
umes were assessed using linear regression. In each model,
HIV exposure was considered as the independent variable and
grey matter volume as the dependent variable. Confounders
were selected a priori. Minimally adjusted models included
infant age at scan, infant sex and ICV (to account for vari-
ability in head size). Fully adjusted models were created using
a Directed Acyclic Graph [4,12] to determine the minimal
adjustment set of variables and additionally included mater-
nal education, household income and maternal age. Standard-
ized effect sizes were calculated using Cohen’s d. Residuals
were checked for normality using quantile–quantile plots and
homogeneity of variance using scatterplots. Percentage differ-
ences (% absolute difference in volume between HEU and HU
infants relative to the mean volume in the control group for
the particular structure) were also calculated.

Among infants who were HEU, the effects of maternal dis-
ease severity (measured through CD4 cell count) and mater-
nal ART were explored through secondary regression analy-
ses. CD4 cell counts were binned into three categories, <350,
350–500 and >500, per previous guidelines [33]. For ART
exposure, analyses were performed firstly comparing infants
exposed to maternal triple ART versus zidovudine only; and
secondly, examining timing of initial ART exposure, comparing
maternal ART initiation preconception versus during pregnancy
given reports of adverse outcomes associated with ART expo-
sure at conception [40]. We also conducted analyses limit-
ing to infants exposed to the same WHO-recommended first-
line regimen that most women received (tenofovir + emtric-
itabine/lamivudine + efavirenz) to allow us to examine the
timing of initial ART exposure without the confounding effects
of different antiretroviral drugs.

Finally, sensitivity analyses were performed to assess the
robustness of the results by: (1) excluding imaging outliers; (2)
restricting to neonates ≤28 days old at imaging; (3) restrict-
ing to infants from one clinic, given site differences and that

site was closely correlated to HIV status; (4) assessing addi-
tional potential confounders, including maternal prenatal alco-
hol use, smoking and depression, that may be on the causal
pathway; and (5) excluding infants who tested CMV positive
at any point (Supporting Information).

Data analysis was performed using STATA (StataCorp Inc,
College Station, TX, USA) version 14.2. p < 0.05 was used as
the threshold of statistical significance. The mean volume of
each bilateral subcortical structure was used to minimize the
number of comparisons; however, where a region was asso-
ciated with HIV exposure status (p < 0.05), we conducted
exploratory analyses stratified by hemisphere. We also per-
formed additional correction for multiple comparisons across
the subcortical regional models (n = 6) using the standard
false discovery rate method with a false-positive rate of 5%
(q = 0.05) [41].

3 RESULTS

3.1 Characteristics of infants who are HEU and
HU

A total of 146 infants (40 HEU; 106 HU) had T2-weighted
structural MRIs that passed quality control (Figure 1). HEU
and HU groups were comparable in terms of age at scan, sex
and socio-economic factors, although mothers with HIV were
older. Median age at scanning was 21 days (IQR 18–26) and
51% were male. Higher prevalence of prenatal smoking, alco-
hol use and depression occurred in the HU group (Table 1).
All infants who were HEU were ART exposed (88% to mater-
nal triple ART; 38% exposed from conception). Median mater-
nal CD4 cell count during pregnancy was 423 cells/mm3 (IQR
286–594). The imaging subsample was largely representative
of the population included in the wider study (Table S1).

3.2 Subcortical volumes

Infants who were HEU had smaller caudate volumes in com-
parison to HU (1785 vs. 1886 mm3, p = 0.0009, Cohen’s d
effect size −0.58 [95% CI −0.95 to −0.21]) independent of
infant age, sex and ICV (Table 2 and Figure 2). When adjust-
ing for socio-economic confounders (maternal age, education
and household income), the associations held with a simi-
lar effect size −0.57 (−0.94 to −0.20) and remained signifi-
cant after multiple comparison correction (Table 2). This effect
was evident bilaterally (left hemisphere p = 0.015, effect size:
−0.45 [−0.82 to −0.09]; right hemisphere p = 0.0002, effect
size: −0.62 [−1.00 to −0.25]) with volumetric reductions of
5.4% overall, 4.1% left hemisphere and 6.6% right hemisphere.
There were no group differences in other subcortical regions
(all p > 0.2).

3.3 Total grey matter

Total grey matter volume was 2.1% smaller in infants who
were HEU (233,713 vs. 238,676 mm3, p = 0.035, minimally
adjusted Cohen’s d effect size: −0.33 [−0.69 to 0.04]) com-
pared to HU infants (Table 2 and Figure 3). There remained
strong evidence for association after further adjusting for
potential socio-economic confounders (Table 2).

4

http://onlinelibrary.wiley.com/doi/10.1002/jia2.25863/full
https://doi.org/10.1002/jia2.25863


Wedderburn CJ et al. Journal of the International AIDS Society 2022, 25:e25863
http://onlinelibrary.wiley.com/doi/10.1002/jia2.25863/full | https://doi.org/10.1002/jia2.25863

Table 1. Socio-demographic and clinical characteristics of infants according to HIV exposure

Variable Total (n = 146) HEU (n = 40) HU (n = 106) p-value

Socio-demographic characteristics

Child age at scan, days 21 (18–26) 23 (19–28) 21 (18–26) 0.326

Child post-conceptual age at scan, days 298 (291–307) 298 (286–309) 298 (293–306) 0.714

Sex

Female 72 (49.3%) 18 (45.0%) 54 (50.9%) 0.522

Male 74 (50.7%) 22 (55.0%) 52 (49.1%)

Site

TC Newman 73 (50.0%) 1 (2.5%) 72 (67.9%) <0.001*

Mbekweni 73 (50.0%) 39 (97.5%) 34 (32.1%)

Monthly household income (ZAR)

<R1000 (<∼$75) 49 (33.6%) 13 (32.5%) 36 (34.0%) 0.513

R1000–R5000 (∼$75–375) 75 (51.4%) 23 (57.5%) 52 (49.1%)

>R5000 (>∼$375) 22 (15.1%) 4 (10.0%) 18 (17.0%)

Maternal education

Any primary 7 (4.8%) 2 (5.0%) 5 (4.7%) 0.915

Any secondary 73 (50.0%) 20 (50.0%) 53 (50.0%)

Completed secondary 58 (39.7%) 15 (37.5%) 43 (40.6%)

Any tertiary 8 (5.5%) 3 (7.5%) 5 (4.7%)

Maternal employment status (employed) 40 (27.4%) 11 (27.5%) 29 (27.4%) 0.986

Relationship status (married/cohabitating) 63 (43.5%) 16 (40.0%) 47 (44.8%) 0.605

Maternal age at birth, years 26.9 (22.0–31.6) 29.4 (24.6–33.2) 26.1 (21.7–30.0) 0.017*

Gestational age at birth, weeks 39 (38–40) 39 (38–40) 39 (38–40) 0.390

Birthweight, g 3157 (462) 3110 (443) 3174 (469) 0.462

Birth head circumference, cm 33.8 (1.7) 33.8 (1.8) 33.8 (1.7) 0.957

Maternal smoking during pregnancy

Active 45 (31.0%) 6 (15.0%) 39 (37.1%)

Passive 61 (42.1%) 22 (55.0%) 39 (37.1%)

Non-smoker 39 (26.9%) 12 (30.0%) 27 (25.7%) 0.031*

Maternal alcohol use during pregnancy 25 (17.9%) 2 (5.6%) 23 (22.1%) 0.025*

Maternal depression 44 (31.4%) 6 (16.7%) 38 (36.5%) 0.027*

Maternal hospitalization 8 (5.5%) 1 (2.5%) 7 (6.6.%) 0.446

Neuroanatomical variables

Total intracranial volume (mm3) 425,903 (4434) 425,352 (5237) 426,111 (4100) 0.674

Maternal and child HIV variables

Maternal HIV diagnosis time-point

Before pregnancy 27 (71.1%)

During pregnancy 11 (29.0%)

Maternal CD4 cell count

Median (interquartile range) (cells/mm3) 423 (286–594)

<350 cells/mm3 13 (39.4%)

350–500 cells/mm3 8 (24.2%)

>500 cells/mm3 12 (36.4%)

Maternal viral load (VL) in pregnancy

Lower than detectable limit (<40 copies/ml) 19 (73.1%)

VL detectable (≥40–1000 copies/ml) 5 (19.2%)

Virally unsuppressed (≥1000 copies/ml) 2 (7.7%)

Antiretroviral drug initiation

Before conception 15 (37.5%)

During pregnancy 25 (62.5%)

(Continued)
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Table 1. Continued

Variable Total (n = 146) HEU (n = 40) HU (n = 106) p-value

Antiretroviral regimen during pregnancy

Monotherapy with AZT (zidovudine) 5 (12.5%)

2 NRTIs + NNRTI (first line) 34 (85.0%)

2 NRTIs + PI (second line) 1 (2.5%)

Infant prophylaxis

NVP [nevirapine] alone 35 (87.5%)

NVP + AZT 5 (12.5%)

Note: Data are presented as n/N (%), mean (SD) or median (IQR). p-values represent group-comparison with two-sided unpaired t-tests or
Mann–Whitney U tests (continuous variables), or chi-squared or Fisher’s exact test if any n <5 (categorical variables) as appropriate.
Abbreviations: AZT, zidovudine; HEU, HIV-exposed and uninfected; HU, HIV-unexposed; NNRTI, non-nucleoside reverse transcriptase inhibitor;
NRTI, nucleoside reverse transcriptase inhibitor; NVP, nevirapine; PI, protease inhibitor; VL, viral load.
*p < 0.05. Percentages are cited among those with non-missing values. Missing data: relationship status (n = 1); birthweight (n = 1); smoking
(n = 1); alcohol (n = 6); depression (n = 6); HIV diagnosis time-point (n = 2); CD4 (n = 7); and viral load (n = 14). Specific variables were
assessed as follows: (1) maternal smoking was measured by urine cotinine levels taken antenatally/birth; (2) maternal alcohol use was assessed
and quantified using the Alcohol, Smoking and Substance Involvement Screening Test (ASSIST) and retrospectively collected data on moderate-
severe alcohol use in pregnancy forming a dichotomous measure; (3) maternal depression in pregnancy was measured using the Edinburgh
postnatal depression scale (EPDS); (4) the lowest maternal CD4 during pregnancy was used to reflect maternal immunosuppression in preg-
nancy; (5) maternal viral load was categorized into <40 copies/ml as lower than the detectable limit, ≥40 to <1000 copies/ml as detectable
and ≥1000 copies/ml as unsuppressed. Where there was more than one result, the highest viral load during pregnancy was taken; (6) of those
mothers initiating ART during pregnancy, timing of initiation: 6 (24%) first trimester, 14 (56%) second/third trimester, 5 (20%) unknown; (7)
first-line triple therapy: a non-nucleoside reverse-transcriptase inhibitor backbone and two nucleoside reverse transcriptase inhibitors, most
commonly efavirenz with tenofovir and emtricitabine as a fixed-dose combination (n = 31, 77.5%); however, some mothers received nevirapine-
based treatment (n = 3).

3.4 Sensitivity analyses

We confirmed the findings by conducting the analyses exclud-
ing statistical outliers (Table S2) and restricting firstly to those
infants who were ≤28 days of age (Table S3); and secondly to
those infants who were attending Mbekweni clinic, where the
majority of infants who are HEU were attending (Table S4),
resulting in associations of a similar magnitude and direction.
Our findings persisted after adjusting for relevant psychoso-
cial variables that differed between groups, including prena-
tal exposure to maternal depression, smoking and alcohol that
were higher in the control HU group (Tables S5–S7). No child
had evidence of congenital CMV disease. A low prevalence of
infant CMV infection was detected on nasopharyngeal swabs
taken prior to the scan date, with one HEU and one HU infant
testing positive (no group difference, p = 0.570). Excluding
these infants from the analysis did not meaningfully change
the associations or effect sizes (Table S8).

3.5 Association with maternal immune function
and ART

In exploratory analyses, we found maternal CD4 predicted
infant total grey matter volumes (Figure 3 and Table S9).
Our results suggest that there is a dose–response associa-
tion with lower maternal CD4 associated with smaller infant
volumes, and infants who were HEU born to mothers with
CD4 cell count <350 cells/mm3 had the lowest volumes. We
found no relationship between maternal ART regimen or tim-
ing of initiation and infant global and regional brain volumes
(p > 0.05) (Table S10). In analyses restricted to infants who
were HEU exposed to the same first-line triple ART, there was

also no effect of ART initiation timing. In this sub-group, the
relationship between maternal immunological compromise and
decreased infant grey matter volumes was strengthened for
both caudate and total grey matter (Table 3).

4 D ISCUSS ION

In this study, we used MRI to examine the impact of HIV/ART
exposure on brain structure. Overall, infants who were HEU
had smaller total grey matter and subcortical caudate volumes
bilaterally compared to infants who were HU, independent
of ICV and socio-economic factors. In exploratory analyses,
maternal immunosuppression was associated with reduced
volumes. Our results suggest that in utero exposure to HIV
may affect brain maturation of specific regions, and changes
in brain structure in infants who are HEU can be detected
at a very early stage of neurodevelopment. This concurs with
recent literature on early growth trajectories, suggesting pre-
natal origins of developmental abnormalities in children who
are HEU [42,43].

We found that the caudate, a major nucleus of the basal
ganglia and integral part of the cortico-striatal network, was
smaller in volume in infants who were HEU compared to
HU. Other subcortical regions were not affected. Although
there are no prior publications on basal ganglia volume in
children who are HEU, basal ganglia abnormalities have been
frequently reported in adults [44] and children with HIV
[19,30], despite ART. Furthermore, magnetic resonance spec-
troscopy studies have found altered basal ganglia metabolite
levels in school-aged children who are HEU at 9 years [45]
(although not 11 years [46]), and who are living with HIV
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Figure 2. Comparison of subcortical volumes between infants who are HEU and HU. Mean volumes (of left and right hemispheres) for
each subcortical region comparing infants who are HEU (n = 40) and HU (n = 106) with an associated atlas of brain regions. *p < 0.05
after multiple comparison correction. The box-and-whisker plots demonstrate the data distribution and group differences of the mean
volume of left and right hemispheres in mm3. In all plots, the middle line represents the median, and the upper and lower bounds of
the boxes are the first and third quartiles, respectively. The whiskers extend from highest to lowest data point, and all data points are
plotted. Representative atlas images are in sagittal, coronal and axial views (from left to right).

Table 3. Impact of maternal ART timing of initiation and maternal CD4 count during pregnancy on caudate and total grey matter

volumes restricted to HIV-exposed and uninfected infants born to mothers on first-line triple ART

Caudate Total grey matter

Adjusted coefficienta (95% CI) p-Value Adjusted coefficienta (95% CI) p-Value

ART initiation

Before conception Reference Reference

During pregnancy −58.30 (−164.40 to 47.81) 0.263 −71.68 (−11,225 to 11,081) 0.989

CD4

CD4 >500 Reference Reference

CD4 350–500 −25.52 (−150.70 to 99.67) 0.674 −5229 (−18,387 to 7930) 0.415

CD4 <350 −128.72 (−248.56 to −8.88) 0.037* −15,023 (−27,619 to −2426) 0.022*

Note: Mean differences (adjusted regression coefficients with 95% CIs) and p-values for associations between brain volumes and maternal
ART initiation timing in relation to pregnancy and CD4 cell count, restricted to those mothers on the same first-line ART regimen consisting of
tenofovir + emtricitabine/lamivudine + efavirenz. ART timing was dichotomized into initiation before or during pregnancy. Total N = 25 (ART
initiation before conception [n = 7], during pregnancy [n = 18]; CD4 >500 [n = 7], 350–500 [n = 6], <350 [n = 12]).
Abbreviations: ART, antiretroviral therapy; CI, confidence interval.
aModels were adjusted to include maternal CD4 cell count, ART initiation timing, child age at scan, child sex and intracranial volume (only ART
initiation timing and CD4 are shown).
*p < 0·05.
Post hoc the caudate was assessed bilaterally for the effect of CD4<350: left hemisphere: CD4 <350 adjusted coefficient: −131.41 (−260.99
to −1.84) p = 0.047; right hemisphere: CD4<350 adjusted coefficient: −126.03 (−258.30 to 6.24), p = 0.061.
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Figure 3. Assessment of the impact of HIV/ART exposure on total grey matter and associations with maternal immune status. (a) Com-
parison of total grey matter volume between infants who are HEU and HU. Total grey matter volumes are plotted comparing infants
who are HEU (n = 40) and HU (n = 106) with an associated neonatal atlas of grey matter. *p < 0.05. We present box-and-whisker plots
to demonstrate the data distribution. In all plots, the middle line represents the median, and the upper and lower bounds of the boxes
are the first and third quartiles, respectively. The whiskers extend from highest to lowest data point, and all data points are plotted. (b)
Association of maternal CD4 cell count with total grey matter volume in HEU infants. Mean volumes for children born to mothers with
CD4 > 500 cells/mm3 (n = 12); CD4 350–500 cells/mm3 (n = 8); and CD4 < 350 cells/mm3 (n = 13).

[47], suggesting that basal ganglia neurons may be particularly
susceptible to the effects of HIV exposure [45]. The close
proximity of the caudate to the cerebrospinal fluid [44] may
also make it more vulnerable to changes to the in utero
environment.

Our results also show that HIV exposure was associated
with lower total grey matter volume, which builds on evidence
of volume reductions reported in a small study of children
aged 2 years [24]. However, this was a French retrospective
study of children presenting with neurological symptoms, and
the generalizability of these findings to the large HEU popu-
lation in SSA is uncertain. Studies in children with HIV infec-
tion [30], adolescents [48] and adults [44] on ART have also
reported smaller global grey matter volumes. Although mecha-
nisms are likely to differ between children living with HIV and
HEU, our data suggest that there may be similarities across
neurobiological pathways for the impact of HIV on the devel-
oping brain in the context of exposure and infection; or the
downstream effects of altered immune function in pregnancy
may have a similar impact.

Various potential mechanisms are hypothesized by which
maternal HIV exposure may impact a child’s developing ner-
vous system. In exploratory analyses, we found an associa-
tion between maternal CD4 cell count during pregnancy and
total grey matter and caudate volumes. Immune activation

in pregnancy has been implicated in various neuropsychiatric
disorders in the offspring [49], and associated with immuno-
logical dysregulation in children who are HEU [50] and
altered brain development [51,52]. Importantly, the identified
dose–response association between grey matter volume and
maternal CD4 suggests that close maternal HIV management
during pregnancy, including viral load monitoring and patient
education to prevent immune compromise, may be key for
promoting optimal fetal neural development.

Previous work has suggested potential neurotoxic effects of
ART on the developing brain [24,53] and that timing of expo-
sure may be a determinant of outcomes [40]. We investigated
maternal ART regimen and timing of initial exposure in rela-
tion to conception. We found no relationship between ART
exposure and brain volumes in this cohort. However, most
mothers were on first-line triple therapy limiting statistical
power to separate the effects of HIV and ART. In analyses
restricted to HEU infants exposed to the same first-line ART,
removing the potential diluting effect of different antiretro-
virals, there was again no effect of ART initiation timing.
Further work is needed in this area, particularly given the
previously described associations between efavirenz and neu-
robehaviour [40,53] and the new WHO guidelines recom-
mending dolutegravir-based ART [54]. While dolutegravir has
improved efficacy [55], there were concerns raised in 2018
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related to an increased risk of neural tube defects in women
conceiving on dolutegravir [56,57]; however, recent data show
that differences between dolutegravir- and non-dolutegravir
regimens are no longer significant [10,58]. Long-term safety
information on integrase strand transfer inhibitors is needed,
and monitoring of child brain outcomes is critical.

Grey matter growth is fundamental for cognitive, language
and motor skill development [15], and the caudate plays a
role in motivation, movement, cognition and verbal fluency
[59], as such, these structural deficiencies may have impor-
tant neurodevelopmental implications. Postnatal maturation
of the brain grey matter and subcortical structures occurs
most rapidly in early infancy [15,17], and evidence from stud-
ies of premature infants has shown that deep grey brain
volumes, particularly the caudate, predict academic outcomes
in childhood [60,61]. Previous cohort studies have reported
delayed neurocognitive development in children who are HEU
compared to HU [12,62], although findings are inconsistent
[14]. Delineating any differences in brain anatomy will help
further understand the neurodevelopmental trajectories of
children who are HEU. Our findings provide evidence for sub-
tle neuroanatomical differences between infants who are HEU
versus HU early in life. Future research is needed to further
explore underlying causal pathways and the complex interac-
tions between factors that impact brain maturation, includ-
ing the role of biological, environmental and psychosocial
variables [4].

Strengths of the study include a well-characterized cohort
and an HEU group representative of other HEU popula-
tions across South Africa [63]. We present, to our knowledge,
the largest neuroimaging study of children who are HEU
during a period of importance for structural and functional
development [17] that allows better differentiation between
in utero versus postnatal risk factors than studies of older
children. We also considered the potential impact of infant
CMV infection. However, some important limitations of our
study require consideration. Our sample size limited statis-
tical power in the exploratory CD4 and ART analyses, and
we were unable to examine maternal viral load. Although we
excluded infants with known risk factors for neurodevelop-
ment and adjusted for other covariates, we acknowledge the
potential for residual confounding. More studies are needed
to replicate these findings and assess generalizability. Finally,
we only report a single imaging time-point and note the age
of the cohort (2012–2015) as a limitation. Although overall
PMTCT coverage at the time of this study was similar to many
SSA countries currently [2], our cohort is pre-dolutegravir.
The clinical relevance and longitudinal trajectories of the iden-
tified volumetric abnormalities need to be confirmed in future
prospective studies, along with investigation of new ART
regimens.

5 CONCLUS IONS

We show that infants who are HEU had smaller caudate and
total grey matter volumes compared to HU infants. Scans
were conducted at a median of 21 days of life, limiting expo-
sure to postnatal factors that may also influence brain devel-
opment. The results are further strengthened by robustness

after accounting for potential socio-economic confounders,
and associations with maternal immune status. These findings
suggest that antenatal HIV exposure may impact early brain
structural development and maturation, and demonstrate that
neuroanatomical changes are present soon after birth. This
has important implications for understanding the risk of long-
term neurodevelopmental impairment in the growing HEU
population and suggests that improved HIV prevention, along
with better maternal HIV management in pregnancy, may
have the potential to optimize child brain development. Lon-
gitudinal follow up is needed to determine underlying mech-
anisms and whether these abnormalities persist into later
childhood.
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