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Abstract

Background Life-long early ART (started before age 2 years), often with periods of treatment interruption, is now
the standard of care in pediatric HIV infection. Although cross-sectional studies have investigated HIV-related dif-
ferences in cortical morphology in the setting of early ART and ART interruption, the long-term impact on cortical
developmental trajectories is unclear. This study compares the longitudinal trajectories of cortical thickness and fold-
ing (gyrification) from age 5 to 9 years in a subset of children perinatally infected with HIV (CPHIV) from the Children
with HIV Early antiRetroviral therapy (CHER) trial to age-matched children without HIV infection.

Methods 75 CHER participants in follow-up care at FAMCRU (Family Centre for Research with Ubuntu), as well

as 66 age-matched controls, received magnetic resonance imaging (MRI) on a 3 T Siemens Allegra at ages 5, 7 and/

or 9 years. MR images were processed, and cortical surfaces reconstructed using the FreeSurfer longitudinal processing
stream. Vertex-wise linear mixed effects (LME) analyses were performed across the whole brain to compare the means
and linear rates of change of cortical thickness and gyrification from 5 to 9 years between CPHIV and controls, as well
as to examine effects of ART interruption.

Results Children without HIV demonstrated generalized cortical thinning from 5 to 9 years, with the rate of thinning
varying by region, as well as regional age-related gyrification increases. Overall, the means and developmental trajec-
tories of cortical thickness and gyrification were similar in CPHIV. However, at an uncorrected p < 0.005, 6 regions were
identified where the cortex of CPHIV was thicker than in uninfected children, namely bilateral insula, left supramar-
ginal, lateral orbitofrontal and superior temporal, and right medial superior frontal regions. Planned ART interruption
did not affect development of cortical morphometry.

Conclusions Although our results suggest that normal development of cortical morphometry between the ages
of 5 and 9 years is preserved in CPHIV who started ART early, these findings require further confirmation with longitu-
dinal follow-up through the vulnerable adolescent period.
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Background

As of mid-2021, there were an estimated 1.3—2.1 million
children with perinatal HIV infection (CPHIV) under
15 years of age living in sub-Saharan Africa (SSA) [1].
Although the number of new vertical infections is declin-
ing due to implementation of strategies for prevention of
vertical transmission, there are still about 310,000 chil-
dren (age <14 years) living with HIV in South Africa [1].
Early antiretroviral therapy (ART) initiation upon test-
ing HIV seropositive is the current standard of care for
CPHIV [2-4]. However, the consequences of long-term
ART on the developing brain are not well understood.
As such, there is a need for longitudinal studies of brain
development in well-described cohorts of CPHIV in the
context of early ART.

A key study that led to the global adoption of early ART
was the children with HIV early antiretroviral therapy
(CHER) trial, which was conducted between 2005 and
2011 in Johannesburg and Cape Town, South Africa.
The study aimed to investigate clinical outcomes of early
(age<12 weeks) time-limited ART in asymptomatic
infants with perinatal HIV (PHIV) compared to deferred,
continuous ART. Clinical, neuropsychological and neuro-
imaging follow-up of the Cape Town CHER participants
was performed to investigate the long-term effects of
perinatal infection and early ART initiation on the cen-
tral nervous system (CNS), which is a key viral reservoir,
even in the combination ART (cART) era [5].

In this cohort, both neuropsychological testing [6—8]
and cross-sectional neuroimaging investigations sug-
gest small but persistent effects of HIV on the developing
brain, despite viral suppression from a young age. In sub-
cortical regions, our group has found HIV-related vol-
ume increases and decreases at different ages [9-11]. At
5- and 9 years HIV-related differences in metabolite lev-
els in the basal ganglia (BG) were observed [12, 13], and
at 11 years in the midfrontal gray matter (MFGM) and
peritrigonal white matter (PWM) [14]. In terms of white
matter development, at 5- and 7 years we found HIV-
associated abnormalities in localized white matter integ-
rity [15, 16]. Even though no HIV-related microstructural
differences were evident in the corpus callosum at these
ages, corpus callosum volumes were smaller in children
with PHIV at age 5 [9].

Looking at cortical gray matter, at 5 years we found
HIV-associated cortical thickness (CT) increases in bilat-
eral frontal and left temporal regions, as well as reduc-
tions in local gyrification indices (LGI) in bilateral medial
orbitofrontal regions extending into the rostral ante-
rior cingulate and left superior frontal regions [11]. At
7 years, CPHIV demonstrated thicker cortex in a small
left lateral occipital region and less gyrification in bilat-
eral paracentral and right temporal regions [10].
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ART interruption could exacerbate the ongoing
impact of HIV on brain development in CPHIV. Sev-
eral circumstances could lead to ART interruption
including, intolerance of ART in children since pediat-
ric formulation and pill sizes are not readily available,
stock-outs and, more recently, the test for HIV remis-
sion which requires intensive monitored antiretroviral
pause [17-20]. Lewis et al. [21] indicated that while
ART interruption may have limited effect on children
in the short term, its impact may be significant during
critical periods of neural development. We previously
identified region specific differences in cortical thick-
ness and folding in relation to ART interruption at
age 5 years in a sub-group of the CHER cohort using a
cross-sectional approach but have not investigated fur-
ther the long-term impact of interruption using a longi-
tudinal approach [11].

While HIV and ART interruption-related alterations
have been observed cross-sectionally at ages 5, 7 and/or
9 years, many of the alterations are not observed across
multiple time points. Longitudinal analysis across these
ages (5-9 years) may clarify the longer-term conse-
quences of cross-sectional findings. Longitudinal data
are informative because they allow the modeling of
developmental changes as either physiologically normal
or pathological in relation to various disease conditions
[22], thereby enhancing understanding of developmental
patterns in the presence of these conditions. Longitudi-
nal neuroimaging studies are increasingly desirable in
neuroimaging research due to their high sensitivity and
potential to account for inter-subject variability [23]. For
example, our recent longitudinal analysis of metabolite
levels in children from the CHER trial revealed elevated
choline levels indicative of neuroinflammation in CPHIV
compared to uninfected controls from 5-11 years in all
three regions studied, namely BG, MFGM and PWM
[24].

Brain morphometric measures such as CT—the dis-
tance between the inner white/gray matter boundary
and the outer gray/pial interface in the cerebral cortex
[25-27] and LGI—a measure of cortical folding, which
increases the number of neurons and cortical surface area
within a limited skull space [22, 28, 29]—can provide val-
uable information on cortical anatomical development.
Important micro-anatomical changes, including synaptic
pruning, neuronal specialization, rewiring of fibre tracts,
and structural folding and compacting occur during
development from late childhood into adolescence, and
determine the subsequent optimal function of the brain
in adult life [22, 30-32]. Longitudinal investigation of
these microstructural parameters in children living with
HIV is key to understanding whether the developmental
trajectory of cortical anatomy during a critical period of
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brain development [22, 30-32] differs from that of unin-
fected controls.

The aim of this study was therefore to describe the
longitudinal trajectory of morphometric development
of the cerebral cortex between the ages of 5 and 9 years
in the Cape Town arm of the CHER cohort, all of whom
started ART before 2 years of age. We hypothesized that
early-treated CPHIV would demonstrate altered mor-
phometric development compared to uninfected controls
in regions where we previously observed HIV-related dif-
ferences on cross-sectional analyses. In addition, based
on effects of ART interruption seen at age 5 years, we
posited that changes in cortical thickness development
would only be evident in CPHIV in whom ART had been
interrupted, while LGI development would be altered
similarly in all CPHIV (irrespective of whether treatment
had been interrupted or not).

Methods

Study participants

Study participants were 141 children (75 with PHIV; 72
male) who are being followed longitudinally at the Family
Centre for Research with Ubuntu (FAMCRU) at Tyger-
berg Children’s Hospital in Cape Town, South Africa. The
CPHIV were from the Cape Town cohort of the CHER
clinical trial on which infants with CD4 percentage >25%
were randomized at age 6 -12 weeks to receive either
immediate limited ART—interrupted at 40 or 96 weeks—
and restarted when clinical and/or immunological crite-
ria were met, or to start ART only when they developed
HIV symptoms or CD4 percentage dropped below 20%
(25% in the first year) as per guidelines at the time [33].
Enrolled children received comprehensive immuno-
logical and clinical follow-up, including assessment for
HIV-related encephalopathy. All CPHIV in the present
sample started ART before 76 weeks of age. First line
ART regimen consisted of Zidovudine (ZDV) + Lamivu-
dine (3TC)+ Lopinavir-Ritonavir (LPV/r, Kaletra®) [2,
34]; all CPHIV were on first line ART regimen until the
end point of the clinical trial [2]. Socioeconomically- and
sociodemographically matched children without HIV
infection (HIV-) were recruited from an interlinking vac-
cine trial [35]. The uninfected control group comprised
both children born to mothers with HIV infection (chil-
dren who are HIV exposed uninfected, CHEU; n=31)
and to HIV- mothers (children who are HIV unexposed;
CHU; n=35). To increase power to detect HIV-related
differences, we combined CHEU and CHU groups in our
analyses. Posthoc analyses were performed in any regions
showing HIV-related differences in morphometric devel-
opment to confirm whether exposed and unexposed chil-
dren differed in those regions.
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While CPHIV were motivated to remain in the lon-
gitudinal study as they received clinical care and neu-
ropsychological assessments, there was limited incentive
for children in the control group to remain in the study.
This resulted in higher attrition rates among the con-
trol group. To combat this, additional controls were
recruited during the study from similar neighbourhoods
as the CHER children. As far as possible, newly recruited
controls were matched with respect to exposure sta-
tus to those lost to follow-up (LTFU). Eligibility crite-
ria included documented HIV status of the mother and
the child at birth, birthweight>2000 g, being clinically
healthy with normal medical history, no history of CNS
insults or birth complications, nor a medical or psychi-
atric disorder that might affect cognitive performance [6,
36]. The current sample includes 24 additional controls (6
CHEU, 18 CHU) who were recruited at age 7 years.

Image acquisition and analysis

Study participants underwent brain MRI scanning on a
Siemens 3 T Allegra scanner at 5, 7 and 9 years of age,
using a protocol and procedure described previously
[10]. Scans were performed without sedation according
to protocols approved by the Faculty of Health Sciences
Human Research Ethics Committees of the Universi-
ties of Cape Town and Stellenbosch. Parents/guard-
ians of study participants provided written informed
consent and the children gave oral assent at ages 5 and
7, and written assent at 9 years. To limit motion due to
restlessness, children watched a movie via a mirror and
rear projection screen during scanning. Furthermore,
we used a 3D echo planar imaging (EPI) navigated [37]
multiecho magnetization prepared rapid gradient echo
(MEMPRAGE) [38] sequence (FOV 224x224 mm?2,
TR 2530 ms, TI 1160 ms, TEs=1.53/3.19/4.86/6.53 ms,
bandwidth 657 Hz/px, 144 slices, 1.3X1.0x1.0 mm3)
that prospectively corrects for motion during the scan.
MR images were visually inspected and those with poor
visual quality were excluded from analyses.

MR images were reviewed by a senior radiologist; if
abnormalities were noted, children were referred for a
clinical scan. T1-weighted high-resolution structural
volumes that met visual quality control criteria were
processed using the automated 3-stage longitudinal pro-
cessing stream in FreeSurfer version 6.0 to extract reli-
able longitudinal surface CT and LGI measures (https://
surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessi
ng). The longitudinal processing stream first performs
cross-sectional parcellation and cortical surface recon-
struction for all subjects at all time points. The next stage
of the pipeline re-samples the cross-sectional data of
each subject to a base template. From the base template,
longitudinal data are generated at all time points [23, 39,
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40]. Outputs from the segmentation and parcellation
steps were visually checked for errors and outlier values
for CT/LGI were identified. Reconstructed data were
then sampled to the FreeSurfer average subject template
for vertex-wise analysis. For CT analyses, spatial smooth-
ing was applied using a Gaussian kernel with 10 mm full-
width, half-maximum (FWHM). No smoothing was used
for LGL

Longitudinal vertex-wise analyses of cortical thickness

and LGI

Morphometric data were analysed using FreeSurfer’s spa-
tiotemporal linear mixed effect model (LME) toolbox in
MATLAB R2017a (https://www.mathworks.com/) [41].
LME models can handle longitudinal data such as ours
that contains observations at different time points and
varying numbers of time points for different subjects. To
establish regional CT and LGI trajectories in typically
developing children, we first created an LME model with
HIV- children only. To investigate the influence of HIV
in the context of early treatment on morphometric devel-
opment across this age range, we performed an analysis
on all participants using an LME model that additionally
included both HIV status and an age by HIV status inter-
action term to identify possible HIV-related differences
in developmental trajectories.

Further, the rates of change in CT and LGI of CPHIV
who had interrupted ART (Interrupted ART) and those
who had continuous ART (Continuous ART) were sep-
arately compared to HIV- controls. To assess the possi-
ble effect of encephalopathy on the trajectory of cortical
development in PHIV, we also compared children who
had previously had a diagnosis of HIVE to HIV- controls.

All analyses were done using a vertex-wise LME model,
with group as a categorical fixed effect and random par-
ticipant-specific intercepts. Rate of CT and LGI change
with age in HIV- control children were modelled as
follows:

Yij= B+ (B2x tj) + (B3 * sexj) + bii+ej (1)

where Y; = cortical thickness or gyrification of subject i
at time point j p; = intercept t; = time variable—age in
years of subject i at scan time point j sex; = 1 if subject i
was female and 0 if male

b,; = participant-specific intercept

e; = error

To examine potential non-linear effects of time, we
repeated our analyses with an additional term for the
square of time (tij 2) added in the model. For both CT
and LGI, we present colour maps of the regression coeffi-
cients for age (i.e. B, from Eq. 1) across the whole cortical
surface.
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To allow for different means or slopes in PHIV (or
Interrupted ART or Continuous ART or HIVE) and HIV-
children, the following model was used:

Yij =pB1+ (B2* tj) + (B3 * HIV))
+ (Ba * HIV; * t;) 2)
+ (Bs * sexj) + bi; + ejj

where

HIV,=variable for HIV status of subject i (or HIVE sta-
tus or Interrupted ART or Continuous ART).

The null hypothesis of differences in either the means
or rate of change of CT/LGI between PHIV (or Inter-
rupted ART or Continuous ART or HIVE) and HIV-
groups was tested. We also investigated potential
non-linear effects of time by repeating the analyses with
a term for the square of time (tij 2) added into the model.
To correct for multiple comparisons we used a false dis-
covery rate (FDR) corrected threshold of p<0.05 for a
two-tailed test. For both CT and LGI, we present colour
maps of the relevant regression coefficients (i.e. B; and f,
from Eq. 2 for group and age by group interaction effects,
respectively) across the entire cortical surface.

Results

We present results for 141 participants who received
MRI at least once from 5 to 9 years on the same scan-
ner. Fifty-six children (23 PHIV) received a single scan,
63 children (44 PHIV) were scanned twice, and 22 chil-
dren (8 PHIV) had 3 scans, for a total of 248 time points.
Viral loads of 93.5% of the children in this study were
suppressed (<400 copies/mL) at the first scan around age
5 years. The 5-year data of one HIV- control child were
excluded due to being incomplete, and the data at age
7 years of one CPHIV were excluded due to poor image
quality. There were no failures in automated LGI compu-
tation, nor errors in cortical segmentation. There were
no outliers in output values of CT and LGI for processed
MR images. Table 1 shows biographical data of children
without (HIV-) and with PHIV at ages 5, 7 and 9 years.
Table 2 presents clinical data for the CPHIV.

Groups were matched for age at each time point,
except at age 5 when CPHIV were 2.5 months younger
on average than HIV- children. Scores on the Grif-
fiths’ Mental Development Scales (GMDS) Extended
Revision for South Africa at age 5 and on the Kaufman
Assessment Battery for Children (KABC) at age 9, did
not differ between CPHIV and HIV- control groups.
At age 7, scores for mental processing on the KABC
tended to be lower, albeit below conventional levels of
significance, in CPHIV than in controls. Nonetheless,
KABC developmental trajectories from age 7 to 9 were
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Table 1 Biographical data for all participants (N=141; 75 PHIV, 66 HIV-)
CPHIV HIV- t/x? p
Age: 5 years (N=82)
Sample size (N) 52 30
Age at scan (years) 5394031 560+043 - 264 0.01
Number of males (% males) 21 (40%) 16 (53%) 137 024
Birth weight (g) 3125+386 2973+603 147 0.14
Estimated total intracranial volume 1375+ 96 1363£110 0.53 0.60
(ETIV) (cm?)
Neuropsychological measures AllCPHIV  IntART ConART All HIV- CHEU CHU
GMDS® (n=24) (n=28) (n=17) (n=13)
Performance (EQ) 74+10 73+£11 76+10 76+18 73+20 79+17 —0.55 0.58
Practical reasoning (FQ) 77+8 76+10 77+7 76+11 73+12 79+7 0.60 0.55
Sub-scales aggregate (GQ) 83+6 83+7 83+6 83+ 82+10 84+6 0.23 0.82
Age: 7 years (N=125)
Sample size (N) 71 54
Age at scan (years) 720+0.13 7.24+0.13 - 140 0.16
Number of males (% males) 36 (51%) 30 (56%) 0.13 0.72
Birth weight (g) 3081+454 3081 +481 —-0.01 0.99
Estimated total intracranial volume 1419+ 101 1444 +£137 -1.17 0.24
(ETIV) (cm?)
Neuropsychological measures AlLCPHIV  IntART ConART All HIV- CHEU CHU
KABC® COMPOSITE SCORES (n=32) (n=39) (n=23) (n=31)
Mental processing index 72+8 72+8 73+8 75+10 74+10 76+11 -1.90 0.06
Non-verbal index 74+ 11 73£11 7511 76+12 73+12 78+11 - 096 0.34
Age: 9 years (N = 41)
Sample size (N) 12 29
Age at scan (years) 9.13£0.27 9.03+£0.56 0.58 0.57
Number of males (% males) 7 (58%) 16 (55%) <0.001 1.00
Birth weight (g) 3126+479 3171 +466 -0.28 0.78
Estimated total intracranial volume 14224683 1437£135 -038 0.71
(ETIV) (cm?)
Neuropsychological measures AILCPHIV  IntART ConART All HIV- CHEU CHU
KABCP COMPOSITE SCORES (n=8) (n=4) (n=17) (n=12)
Mental processing index 7310 7310 72£10 79£12 77£12 8112 - 149 0.14
Non-verbal index 78+10 78+8 7715 80+ 14 80+14 80+13 - 046 0.65

All values are mean * standard deviation except where indicated otherwise; Bold indicates significance at p <0.05

CPHIV children with perinatal HIV; HIV- children without HIV, IntART children with PHIV in whom ART was interrupted; ConART children with PHIV who received
continuous ART; CHEU uninfected children who were exposed to HIV; CHU uninfected children unexposed to HIV

2 Griffiths’ Mental Development Scales—extended revised: 2-8 years
b Kaufman Assessment Battery for Children, second edition

similar between CPHIV and uninfected controls (Addi-
tional file 1: Table S1). To support combining PHIV
and control sub-groups in our analyses, we also present
means of GMDS and KABC scores for each sub-group
in Table 1. Notably, scores on the GMDS and KABC did
not differ between CPHIV on Interrupted and Continu-
ous ART, nor between CHEU and CHU at ages 5, 7 or
9 years. The number of children diagnosed with HIVE
was similar in the continuous and interrupted ART
groups (Table 2).

Rate of change in CT and LGl in HIV- control children
Thickness

Among uninfected control children we observe wide-
spread cortical thinning from age 5 to 9 years. This
decrease in thickness was significant at an FDR-corrected
p-value of 0.05 (B, <—0.09 mm/year) over much of the lat-
eral surface of the cortex, as well as in medial superior
parietal, occipital and frontal regions. The decrease was
greatest in postcentral/supramarginal, lateral frontal and
temporal regions (0.11 mm/year), followed by bilateral
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Table 2 Clinical data for all children with PHIV (N=75)
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Interrupted ART Continuous ART
Sample size (N) 39 36
Clinical data at baseline (age 6-8 weeks)
CD4 count (cells/mm3) 18274955 1739+833
CD4% 33+10 33+£10
CD4/CD8 ratio 14+09[0.2-4.4)° 12+0.7 [0.2-3.4]%
CD8 count (cells/mm?) 166041218 16864871
Viral load at enrolment
High (>750,000 copies/mL): n (%) 21 (53.8%) 23 (63.9%)
Low (400-750,000 copies/mL): n (%) 18 (46.2%) 13 (36.1%)
Suppressed (< 400 copies/mL): n (%) 0 (0%) 0 (0%)

Other clinical / treatment measures
Age at ART initiation (weeks)
Age at ART interruption (weeks)
Age of first viral load suppression (weeks)
Duration of ART interruption (weeks)
Nadir CD4%
Age at nadir CD4% (weeks)
CDC classification

83[74,9.71[6.6-12.0°
51.71473,72.6]
33.9[31.5,49.8] [30.6-213.3)°
344 [20.4,52.3] [5.7-299.4)°
19+6

91.0[55.9,125.7]

1891(7.7,27.2] [6.0-75.7)°
47.6(33.5,79.2] [29.1-285.6)°
0.00 (not interrupted)

20+6

2791[188,51.0]

A:n (%) 8 (20%) 1(3%)
B:n (%) 9 (23%) 7 (19%)
Severe B: n (%) 2 (5%) 7 (19%)
Cn (%) 20 (51%) 19 (53%)
Unknown: n (%) 0 (0%) 2 (6%)
HIV encephalopathy diagnosis: n (%) 7 (18%) 5 (14%)

Values are mean * standard deviation or median [IQR]
?range

precentral and medial occipital regions (0.07 mm/year)
(Fig. 1). Adding the square of time (t; %) to the model did
not change the results.

Local gyrification indices

Children without HIV demonstrate increasing gyral
folding from 5 to 9 years at an FDR-corrected p of
0.05 (B,>0.03) in large bilateral lateral frontal and
right temporal regions, as well as right medial inferior
parieto-occipital regions. The greatest changes (B, in
Eq. (1)=0.047 units/year, FDR p<0.001) were observed
in bilateral rostral middle frontal and right superior
temporal regions, and in parts of the right postcentral
gyrus and parieto-occipital sulcus areas (Fig. 1). Adding
the square of time (t; %) to the model did not change the
findings.

Group comparison of means and rate of change of CT

After correction for multiple comparisons, vertex-wise
analyses did not reveal any regions where the mean CT
(B; in Eq. (2)), nor the rate of change of CT from age 5
to 9 years [B, in Eq. (2)], differed significantly between

CPHIV and their uninfected peers (Fig. 2A and C).
However, small regions in the left supramarginal gyrus,
insula, lateral occipital gyri, and inferior temporal gyrus
(indicated by arrows in Fig. 2A) demonstrated thicker
cortex in CPHIV that fell just short of significance at a
strict FDR corrected threshold. To reduce the risk of
type 2 errors, we identified clusters showing differences
(in means or rate of change of CT) between CPHIV and
HIV- controls at an uncorrected p <0.005 and extracted
mean CT values in these clusters for each subject at each
age for which the subject provided data. At this thresh-
old, we identified 6 regions where the cortex was thicker
from age 5-9 years in CPHIV than controls (numbered
arrows in Fig. 2B), but none where the rates of change
of CT differed between groups. In Table 3 we present
the MNI coordinates and sizes of the 6 clusters where
CPHIV demonstrate thicker cortex, as well as regression
coeflicients from a post-hoc LME analysis. Plots of corti-
cal thickness as a function of age are presented for each
of these clusters in Fig. 3.

To ensure that our results are not biased by the absence
of within-subject information for participants who
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Cortical thickness
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Gyrification

Fig. 1 Colour map of regression coefficients showing rate of change from age 5 to 9 years of (left) cortical thickness and (right) local gyrification
indices in HIV-uninfected (HIV-) children controlling for sex. Positive regression coefficients (red/yellow) indicate increases with age, while negative
coefficients (cyan/blue) indicate decreases with age. The colour bar scale in each figure applies to both lateral (top) and medial (bottom) views.

(N=66 HIV- controls)

Cortical thickness

Effects of HIV Status

Age byHN Status Inieractions

Fig. 2 Colour map of the vertex-wise regression coefficients of the effect on cortical thickness of A, B HIV status [3; in Eq. (2)] and C age by HIV
status interactions [, in Eq. (2)], respectively. In A and B, positive regression coefficients (red/yellow) indicate thicker cortex in CPHIV compared

to uninfected controls and negative coefficients (cyan/blue) thinner cortex. In C, positive regression coefficients (red/yellow) indicate a greater
rate of change of cortical thickness from age 5 to 9 years in CPHIV than uninfected controls, and negative coefficients (cyan/blue) indicate a slower
rate of change. The colour bar scale in each figure indicates the effect size (Cohen's d). While the scales in A and C extend to effect sizes required
for significance at FDR-corrected p-values, the scale in B has been right censored to highlight clusters showing group differences that survive

at uncorrected p < 0.005. For HIV status, effect sizes>0.06 and > 0.29 are significant at uncorrected and FDR corrected p=0.05, respectively. For age
by HIV status interactions, effect sizes>0.09 and > 0.31 are significant at uncorrected and FDR corrected p=0.05, respectively. (N=141: PHIV=75,

HIV —=66)

provided data at only a single time point, we repeated the
post-hoc LME analysis using regional CT data from only
children who provided data at multiple time points (52
CPHIV, 33 HIV-). Although effect sizes were smaller than
from analyses including all children, cortical thickening
in CPHIV compared to controls remained evident in all
the regions except the left banks of the superior tempo-
ral sulcus, and below conventional levels of significance
in left lateral orbitofrontal cortex. Age, group by age

interactions, and sex effects were similar to before (Addi-
tional file 1: Table S2). We also repeated our post-hoc
LME analyses to examine whether CT developmental
trajectories differed within the HIV- or PHIV sub-groups.
Notably, cortical thickness development did not differ in
any of the regions between exposed and unexposed unin-
fected control children (all p’s>0.26, Additional file 1:
Table S3), nor between CPHIV in whom treatment had
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Table 3 Regions where children with PHIV have thicker cortex than HIV- controls from age 5 to 9 years at an uncorrected p <0.005,
and regression coefficients from a post-hoc LME analysis performed on regional means of cortical thickness extracted in these clusters
for each child at each age for which the child provided data. Numbering of regression coefficients is as per Eq. (2)

Cluster region MNI coordinates

Size (mm?) HIV status effects Age effects

HIV status by age Sex effects

(x,y,2) interactions
B5 (SE) p-value B, (SE) p-value B, (SE) p-value Bs (SE); p-value

L Supramarginal —590,—464,216 245 0.38(0.11)<0.001  —0.05(0.01)<0.001 0.02 (0.01) 0. —0.07 (0.06) 0.
L Insula —329,150,-13 124 0.38(0.16)<0.001  —0.06 (0.02) <0.001 0.02(0.02)0 —0.13(0.07) 0.05
L Lateral orbitofrontal ~ —18.0,24.6,— 189 120 0.20(0.10)<0.001  —0.05(0.01)<0.001 0.01(0.01) 0.63 0.06 (0.04) 0.17
L Banks of Superior —53.0,—-418,86 77 0.33(0.16)<0.001  —0.06 (0.01)<0.001 0.02(0.02) 0.46 —0.06 (0.07) 0.34
Temporal Sulcus
R Medial Superior 129,253,295 504 0.19(0.08) <0.001 —0.02(0.01) <0.00T —0.0002 (0.01) 0.98 —0.05 (0.04) 0.19
frontal
R Insula 372,-38,-04 314 0.20(0.12) <0.001 —0.03(0.01) <0.001T —0.03(0.01)0.04 0.01 (0.05) 0.79

L Left; R Right; B unstandardised regression coefficients from LME model (Eq. 2); SE standard error; p-values are uncorrected

been interrupted compared to those on continuous treat-
ment (all p’s >0.08, Additional file 1: Table S4).

We did not find any regions showing differences in the
means nor rate of change of CT between either the Inter-
rupted ART, Continuous ART, or HIVE groups and the
HIV- control group at either FDR corrected p<0.05 or
uncorrected p<0.005 thresholds. Adding the square of
time (tij %) to the LME model did not change the findings.

Group comparison of means and rate of change of LGI

After correction for multiple comparisons, vertex-wise
analyses did not reveal any regions where the means (P
in Eq. (2)), nor the rate of change from age 5 to 9 years
(B, in Eq. (2)), of LGI (Fig. 4A and B) differed significantly
between CPHIV and their uninfected peers, nor between
either the Interrupted- or Continuous ART groups and
the HIV- control group. We also did not find any differ-
ences at an uncorrected p<0.005. Adding the square of
time (t; %) to the model did not change the findings.

We did, however, find greater mean (B; (SE)=0.34
(0.12), FDR p=0.04) and slower rate of change (B,
(SE)=- 0.03 (0.05), FDR p=0.01) of gyrification in chil-
dren who had previously had a diagnosis of HIVE com-
pared to HIV- controls in a left rostral middle frontal
region (MNI co-ordinates at peak: — 38.6, 45.9, 1.5; clus-
ter size: 1702.56 mm? Additional file 1: Figure S1).

Discussion

To the best of our knowledge, this study is the first lon-
gitudinal neuroimaging investigation of cortical devel-
opment in CPHIV from a resource-limited setting and
who received ART before age 2 years. Similar to previ-
ous studies, typically-developing control children showed
widespread decreases in cortical thickness from age 5 to
9 years [22, 42—44]. Gyrification showed less change dur-
ing this period, but increases were observed in rostral

middle frontal, temporal, postcentral and parieto-occip-
ital regions. Although the developmental trajectories of
cortical thickness and gyrification in CPHIV were simi-
lar to that of matched typically-developing HIV- children
during this important period of brain development, we
identified 6 regions, albeit at a lower significance level,
where the cortex of CPHIV was thicker than in unin-
fected children, namely bilateral insula, left supramar-
ginal, lateral orbitofrontal and superior temporal, and
right medial superior frontal regions.

Morphometric development

in typically-developing HIV- children from age

5-9 years

Cortical thinning from childhood into early adoles-
cence is associated with physiological processes related
to neurodevelopment and regional specialization of the
developing brain, and faster thinning of cortex has been
associated with higher intelligence quotients (IQ) around
age 10 years [45]. These physiological processes include
myelinogenesis [22, 42, 46], synaptic pruning and den-
dritic arborisation [26, 42, 46, 47], which lead to reduc-
tion in the size and number of neurons and their synaptic
processes [26, 42, 46]. These neurodevelopmental pro-
cesses work together to reinforce and strengthen fibres
and connections that are used consistently for transmit-
ting brain impulses, while redundant fibres are “pruned”
or removed [48]. The process of myelination in the lower
cortical layer closest to the cortical white/grey matter
interface may be the main process that influences cortical
thinning with brain growth [22, 42, 49].

We also observed increased gyrification with age in
bilateral frontal regions, which is consistent with find-
ings by Schnack et al. [45] of increasing cortical surface
area with age. Although, the developmental trajectory
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Fig. 3 Developmental trajectories of cortical thickness from age 5 to 9 years in regions where the cortex of children with PHIV was thicker

than in uninfected controls at an uncorrected p <0.005. The shadows represent the 95% confidence interval (Cl). (N=141: PHIV=75, HIV —

of cortical folding is not yet fully understood, the frontal
cortex controls the complex executive skills of planning,
working memory and cognitive flexibility that develops in
late childhood [22, 50, 51], corresponding to the period
studied here. Maturation of cortical morphology follows
a back-to-front—occipital-to-prefrontal —[48] develop-
mental sequence, with prefrontal cortex maturing last in
the continuous process of development from childhood
into adolescence. The regional variation in rate of change
and development in brain morphometry may be related
to the complexity associated with the cytoarchitecture,
information processing and co-ordination functionalities

66)

of different cortical regions [22]. In terms of functional
complexity, primary sensory areas change and develop
faster than the more complex polymodal, higher-order
association areas [22, 48, 52].

The increases in cortical folding we observed in this
study may be functionally related to the acquiring of
critical developmental skills in late childhood into ado-
lescence [53, 54]. Our finding of increasing gyrification in
rostral middle frontal regions through age 9 years is simi-
lar to that of Cao et al. [28], who reported that although
regional gyrification decreases from medial to lateral
regions starting as early as age 4, frontal gyral complexity
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Effect of HIV status by age interactions on Gyrification

—

Fig.4 Colour map of the vertex-wise regression coefficients of the effect on local gyrification indices of A HIV status (35 in Eq. (2)) and B HIV status
by age interactions (3, in Eq. (2)), respectively. In A, positive regression coefficients (red/yellow) indicate greater gyrification in CPHIV compared

to uninfected controls and negative coefficients (cyan/blue) less gyrification. In B, positive regression coefficients (red/yellow) indicate a greater
rate of change from age 5 to 9 years in CPHIV than uninfected controls, and negative coefficients (cyan/blue) indicate a slower rate of change.

The colour bar scale in each figure indicates the effect size (Cohen'’s d). For HIV status and status by age interactions, respectively, effect sizes > 0.30
and >3.77 are required for significance at an FDR corrected p=0.05. (N=141: PHIV=75, HIV-=66)

continues to increase, possibly into the teenage years [28,
55].

Effect of perinatal HIV infection and early

ART initiation on longitudinal morphometry
development

The main focus of this study was to examine whether
PHIV in the context of early ART initiation affects brain
development across childhood. Previous cross-sectional
neuroimaging studies comparing brain developmen-
tal indices of children and youth with PHIV to healthy
controls found associations of HIV infection with both
regionally thicker or thinner cortex [56-59], as well as
regionally-specific lower gyrification [56, 59].

In our own cross-sectional analyses of the cohort stud-
ied here, we previously reported thicker cortex at age
5 years in CPHIV compared to uninfected controls in
bilateral frontal and left temporo-insular regions, and
lower LGIs in left superior medial frontal and bilateral
medial orbitofrontal cortices extending into rostral ante-
rior cingulate [11]. In contrast, at age 7 years, we found
thicker cortex only in a small left lateral occipital region,
and less gyrification in bilateral paracentral and right
temporal regions [10]. These regions seen in our cohort
at ages 5 and 7 years are similar to the regions implicated
in previous studies of CPHIV [56-59].

Few longitudinal studies exist of effects of HIV infec-
tion on neurodevelopment, especially in children ini-
tiated to ART early (<2 years) who have been virally
suppressed from a young age. We identified 3 longitudinal

studies [57, 60, 61] that investigated brain development
in children and adolescents living with HIV. Although all
3 demonstrated regionally altered brain morphometry in
CPHIV, only one showed an effect of HIV on the trajec-
tory of morphometric development [57]. Van den Hof
et al. [60] reported a slower rate of normal grey matter
volume decline over a period of approximately 5 years in
children living with HIV aged 8—18 years, but this was
attributable to variation in participant height. Although
white matter volume was lower in CPHIV the develop-
mental trajectory was no different from controls and
these changes were not associated with cognitive devel-
opment. Wade et al. [61] identified a subcortical pallidal
region in the basal ganglia that was thinner in CPHIV
with a mean age of 11 years. However, they found no
effect of HIV on longitudinal shape or volume changes
of the pallidum over a period of one year. By contrast, in
addition to finding areas of lower GM volume and altered
CT in CPHIV, Yu et al. [57] showed HIV status by age
interaction effects in 13-year-old children after 1 year on
GM volume, especially in bilateral parietal lobes, and on
CT in the bilateral central sulcus, insula, frontal lobe and
cingulate sulcus.

Overall, our findings of thicker cortex in CPHIV in
bilateral insula, right medial frontal, and left supramar-
ginal, lateral orbitofrontal and superior temporal regions
(at a lower uncorrected level of significance), but similar
developmental trajectories of cortical thickness and gyri-
fication between CPHIV and HIV- children are consist-
ent with previous studies suggesting that HIV effects on
brain morphology are subtle. The slightly relaxed level
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of significance was to address concerns regarding insuf-
ficient power and to reduce the risk of type 2 error. Unex-
pectedly, only the insular clusters in this study overlap
with regions where cortex was thicker at either ages 5 or
7 years in our previous studies.

The fact that brain regions implicated at either ages 7
or 9 years in our cohort do not overlap, together with the
absence of HIV-related differences (at conventional levels
of significance) in cortical development from 5-9 years
in our current analyses, suggest that early ART initiation
combined with ongoing treatment may prevent persistent
HIV-associated damage to the cortex in young children.
It is possible, therefore, that previously reported HIV-
related alterations in CT and LGI at 5 and 7 years repre-
sent transient localized maturation differences that may
be a side effect of long-term HIV infection and ongoing
treatment. However, to confirm that the absence of HIV-
related differences is not merely due to a lack of power,
cortical development should be studied through adoles-
cence, which will also increase power to detect long-term
HIV-related differences. Notably, evidence of persistent
cognitive deficits remains. At age 5 years, Beery visual
perception scores were lower in CPHIV [6], and at both
ages 7 and 9 years CPHIV performed worse than unin-
fected controls on tasks assessing executive function and
auditory working memory [36].

Previously, in the same cohort studied here, we
reported elevated levels of choline (glycerophosphocho-
line + phosphocholine) from 5 to 11 years in CPHIV com-
pared to uninfected controls in all three regions where
MR spectroscopy data were acquired, namely MFGM,
BG and PWM, as well as higher myo-inositol in the
MEGM [24]. Notably, the right medial superior frontal
region where we find thicker cortex from age 5-9 years
in CPHIV overlaps the MFGM region-of-interest (ROI)
from our MRS study, and the supramarginal gyrus is
adjacent to the PWM—although we find thicker cortex in
the left supramarginal gyrus while the PWM ROI where
MRS data were acquired was on the right. The elevated
choline and myo-inositol levels in these regions suggest
that the thicker cortex observed here in CPHIV may be
related to persistent neuroinflammation and astrocytosis,
despite early ART.

Effect of ART interruption on morphometry
development

Since children with PHIV start a lifetime of ART at birth,
there is much interest in the possibility of safe treatment
interruption(s). One of the goals of this follow up study
was to assess the long-term implications of planned
interruption compared to continuous ART. Cross-sec-
tional comparison at age 5 years showed that children
in whom ART had been interrupted had thicker cortex
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than HIV- controls in the left rostral and superior fron-
tal, and right insula regions, and lower gyrification in the
left precuneus and right rostral and caudal anterior cin-
gulate regions, but higher gyrification in the right lateral
occipital regions [11]. Children on continuous ART dem-
onstrated lower gyrification compared to HIV- controls
in right posterior superior frontal and superior parietal
regions, but higher gyrification in left fusiform, and right
rostral middle frontal and lateral occipital regions [11].
However, longitudinal analysis did not reveal any regions
where CT nor LGI, nor their developmental trajectories
from 5 to 9 years, differed between either CPHIV on
interrupted or continuous treatment and HIV- controls.

According to previous studies, immune compromise
related to a planned short ART interruption has a similar
recovery pattern as continuous ART [21, 62]. Research
has shown infants’ immune systems to be dynamic and
malleable, allowing them to recover from short periods
of ART interruption [19, 21]. Several studies demon-
strate that the most important factors in perinatal HIV
treatment is ART initiation timing and duration on treat-
ment before interruption [20, 34, 62]. Early ART initia-
tion is beneficial for improved immune system and viral
suppression, as well as improving neurodevelopmen-
tal outcomes [2, 8, 34]. These results suggest that when
ART is initiated before critical developmental processes
are affected by viral replication, a short interruption may
not affect long-term immune health. In contrast, a longer
interruption may lead to viral rebound, resistance and
neuropsychological consequences [19, 20, 63]. The range
of interruption durations for the children in the cohort
under study is quite large (6—300 weeks). Although ART
interruption may lead to age specific alterations in brain
morphometry development [11], the absence of HIV-
related differences in the means and developmental tra-
jectories of CT and LGI suggest that differences do not
persist to later ages.

Effect of HIVE on morphometry development

With the introduction of early ART, there has been a
decline in the incidence of HIVE [64, 65]. In our cohort of
early-treated CPHIV, only 16% had been diagnosed with
HIV-related encephalopathy, compared to incidences of
20-60% in previous studies of perinatally infected but
ART-naive pediatric cohorts [64, 66, 67]. We did not find
any differences in the developmental trajectories of corti-
cal thickness or gyrification between the HIVE group and
HIV- controls, except in the left rostral middle frontal
region where children with HIVE demonstrated greater
mean gyrification than HIV- controls and failed to show
the age-related increase in gyrification seen in controls.
Although the small number of HIVE subjects raises con-
cerns regarding the reliability of this finding, the low
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number of HIVE children in our cohort and the limited
number of regions found to show altered developmental
trajectories, reinforce the benefits of early ART in reduc-
ing the occurrence and severity of neurologic conditions
such as HIVE.

Since brain development moves from posterior (occipi-
tal lobe) to anterior (frontal lobe), the frontal lobe of
the brain is expected to develop last [49]. The reduced
age-related changes in gyrification in the rostral middle
frontal region in HIVE children may therefore point to
developmental delay. However, it may simply be a con-
sequence of the higher gyrification evident in HIVE chil-
dren in this region at age 5 years.

Limitations and future work

The small sample size at age 9 years, with fewer CPHIV
compared to HIV- controls, was due to the decommis-
sioning of the 3 T Siemens Allegra brain scanner used for
this study. The small number of children diagnosed with
HIVE precludes strong conclusions about group differ-
ences. Although FreeSurfer’s longitudinal pipeline was
not originally designed for pediatric cortical segmen-
tation, manual quality checks were performed on the
cortical model to ensure accurate extraction and segmen-
tation of cortical surfaces.

A key theory of cortical folding formation links gyral
and sulcal formation in the brain to neural connectiv-
ity [52]. It postulates that regions with greater neural
connectivity are associated with greater tension, ensur-
ing that such brain regions are in close proximity dur-
ing brain growth, forming gyri, while regions with lower
connectivity follow a similar pattern to form sulci [47,
52]. Functional connections are associated with acquir-
ing new skills and abilities during neurodevelopment,
leading to changes in surface morphology of the cortex.
Hence it may be worthwhile for future longitudinal stud-
ies to investigate gyrification development in relation to
neural connections using DTI and functional connectiv-
ity measures.

The relationship between cortical developmental tra-
jectories and longitudinal neuropsychological outcomes
should also be examined.

Conclusion

We present results from a follow-up neuroimaging
study of a subset of children from the CHER trial during
an important stage of neurodevelopment (5-9 years).
In our control group, generalized cortical thinning
was observed from age 5 to 9 years, with the rate of
thinning varying by region. Age-related increases in
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gyrification were observed in large bilateral frontal,
right temporal, and right medial inferior parieto-occip-
ital regions. After correction for multiple comparisons,
we did not find any regions where the means or devel-
opmental trajectories of cortical thickness and gyri-
fication differed between CPHIV who initiated ART
early and uninfected controls. However, at an uncor-
rected p<0.005, we found 6 regions where CPHIV had
thicker cortex than uninfected controls. Planned ART
interruption did not affect development of cortical
morphometry. HIV-related encephalopathy was associ-
ated with greater gyrification and the absence of age-
related gyrification increases in bilateral rostral middle
frontal regions. Although our results suggest that early
ART initiation preserves normal development of corti-
cal morphometry between the ages of 5 and 9 years in
perinatal HIV infection, these findings need to be con-
firmed with longitudinal follow-up through the vulner-
able adolescent period.
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Additional file 1: Table S1. Regression coefficients from a linear mixed
effect analysis examining effects of HIV status on KABC developmental
trajectories from age 7 to 9 years. Table S2. Regression coefficients from
a post-hoc LME analysis of CT trajectories in regions where CPHIV showed
cortical thickening using only children who provided data at more than
one time point (N=85; 52 PHIV). Numbering of regression coefficients

is as per equation (2). Table S3. Regression coefficients from a post-hoc
LME analysis comparing CT developmental trajectories between CHEU
and CHU in the 6 regions where children with PHIV demonstrated thicker
cortex from age 5 to 9 years than HIV- controls. Numbering of regression
coefficients is as per equation (2). Table S4. Regression coefficients from a
post-hoc LME analysis comparing CT developmental trajectories between
CPHIV in whom treatment was interrupted and those on continuous ART
in the 6 regions where children with PHIV demonstrated thicker cortex
from age 5 to 9 years than HIV- controls. Numbering of regression coef-
ficients is as per equation (2). Figure S1. Effects of HIV status (HIVE vs HIV-)
by age interactions on local gyrification indices (LGlIs). (A) Colour map of
effects sizes. Positive regression coefficients (red/yellow) indicate greater
rates of change of LGl in children who had previously been diagnosed
with HIVE than HIV-, and negative coefficients (cyan/blue) indicate lower
rates of change in HIVE than HIV- children. The colour bar scale applies

to both lateral (top) and medial (bottom) views. Children with a previous
diagnosis of HIVE did not demonstrate the increasing gyrification from
ages 5 to 9 years evident in HIV- controls in bilateral rostral middle frontal
regions. In the left hemisphere in the region outlined in red (white arrow),
the difference is significant at an FDR-corrected p<0.05. (B) Plots showing
the rate of change of gyrification in the left rostral middle frontal regions
from ages 5 and 9 across HIVE and HIV- groups (left) and a spaghetti plot
of individual trajectories (right). (HIV- = 66, HIVE = 12).
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