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A B S T R A C T

Introduction: Antiretroviral therapy (ART) is considered the most effective way to prevent perinatal transmission
of human immunodeficiency virus (HIV). However, there is little knowledge about the effect of ART on the brain
of HIV uninfected children born to HIV infected mothers (HUC). The current study evaluated the brain’s
microstructural integrity, and cognitive function in HUC compared to healthy children born to normal mothers
(CHNM) and HIV infected children born to HIV infected mothers (HIC) to investigate the effect of in-utero
exposure of ART on cerebral gray and white matter.
Materials and methods: Forty nine HIC, 12 HUC and 18 CHNM underwent neuropsychological (NP) assessment and
a brain MRI. Diffusion tensor imaging (DTI) data was used to generate fractional anisotropy (FA) and mean
diffusivity (MD) maps. Voxel wise comparison for FA and MD was performed between three groups using an
analysis of covariance (ANCOVA) including age and sex as covariates, and correction for multiple comparisons
(false discovery rate (FDR), p < 0.05 with minimum extended cluster size, 150 voxels). NP test scores were also
compared between three groups using ANOVA with Post Hoc Bonferroni multiple comparison corrections (p <

0.05). Significantly changed FA and MD values in different brain regions in HIC and HUC compared to CHNM
were used for correlation analysis with NP test scores using Pearson’s correlation.
Results: HIC and HUC groups showed significantly decreased NP test scores in various domain compared to
CHNM. Significantly lower NP test scores was observed in HIC than those of HUC. HIC showed decreased FA and
increased MD in multiple brain sites as compared to both CHNM and HUC. Decreased FA along with both
increased and decreased MD in different brain regions was present in HUC compared to CHNM. Both positive and
negative correlation of altered FA and MD values from different brain regions in HIC and HUC with NP test scores
was observed.
Conclusion: The presence of brain tissue changes and neurocognitive function deficit in absence of HIV infection in
HUC indicates that ART may have a detrimental impact on the developing brain. The findings of the current study
underscore the need for screening of ART exposed children for neurodevelopment and cognitive abnormalities at
an early stage and call for access to early interventions, and nutritional and care programs.
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1. Introduction

A United Nations report revealed that approximately 37.9 million
people are infected with the human immunodeficiency virus (HIV)
worldwide. Among them ~18.2 million are women and ~2.8 million are
children aged 0–18 years (WHO, 2019). Perinatal HIV transmission is the
main route of infection in children. The use of antiretroviral therapy
(ART) before and during pregnancy is considered the most effective way
to prevent perinatal transmission of HIV (UNICEF, 2016; Rossi and
Moschese, 1991). Though ART has improved the health and survival of
infectedmothers and prevent HIV transmission to children, there are now
very large number of children also have been exposed to ART in utero
(Afran et al., 2014; Coelho et al., 2017).

Earlier studies based on monotherapy regimen did not indicate an
association between ART exposure during pregnancy and growth,
cognitive functions, immune function, or neurologic development of HIV
uninfected children born to HIV infected mothers (HUC) (Culnane et al.,
1999; Funk et al., 2007; Neri et al., 2013; Newell et al., 2003). Currently
used polytherapy ART effectively crosses the placental barrier and pre-
vents the perinatal transmission of HIV infection (McCormack and Best,
2014; Ivanovic et al., 2009). However, this approach significantly in-
creases the risk of drug exposure to developing fetus during pregnancy
and may lead to impaired growth, neurodevelopmental delays and
mitochondrial abnormalities (Calamandrei et al., 2002; Venerosi et al.,
2005; Brogly et al., 2007; Barret et al., 2003; Blanche et al., 1999; Wil-
liams et al., 2016; Nicholson et al., 2015; Powis et al., 2016).

It is well documented that HIV compromises blood-brain barrier
(BBB) integrity (Rahimy et al., 2017; McRae, 2016; Zhang et al., 2015;
Wallet et al., 2019; Atluri et al., 2015; Louboutin and Strayer, 2012;
Bertrand et al., 2019; Patel et al., 2017). The viral proteins affect the
endothelial cells by modifying the small unit of GTPases and ERK1/2 and
increases the generation of reactive oxygen species (ROS) (Toborek et al.,
2003; Zhong et al., 2012; Pu et al., 2005). Increased levels of ROS,
proinflammatory cytokines (TNF-α, IL-1β) and C-reactive proteins may
further exacerbate inflammation (Brabers and Nottet, 2006; Ross et al.,
2009; Younas et al., 2016). These changes result in a leaky BBB by
impacting the function of endothelial cells and may subsequently lead to
brain tissue damage by affecting the astrocytes and pericytes (Ahmed
et al., 2018) (Fig. 1). Similarly, ART can also induce cellular toxicity
including mitochondrial damage, loss of BBB integrity, and consequently
brain tissue damage (Bertrand et al., 2016; Soontornniyomkij et al.,
2014; Chen et al., 2013; Purnell and Fox, 2014; Chang et al., 2008;
Cardenas et al., 2009; Ellis et al., 2007) (Fig. 1). For example, Efavirenz
impacts the BBB integrity via reduction of tight junction proteins of
endothelial cells (Bertrand et al., 2016; Bertrand and Toborek, 2015;
Faltz et al., 2017). Another ART “Lopinavir” increases the expression of
proinflammatory molecules such as endothelin-1 and sICAM-1 and
compromises BBB integrity (Mata-Marin et al., 2013; Auclair et al.,
2014). ART induced ROS may also inhibit NADH-linked mitochondrial
respiration (Modica-Napolitano, 1993).

Magnetic resonance imaging (MRI) has been widely applied modality
to evaluate neurodevelopment in children. Diffusion tensor imaging
(DTI), a tensor-based MR imaging method, is useful for mapping the
microstructural brain tissue integrity (Moseley, 2002; Fellgiebel et al.,
2006; Kodl et al., 2008; Pasi et al., 2016; Jahanshad et al., 2015;
Ackermann et al., 2016; Li et al., 2015; Uban et al., 2015; Walhovd et al.,
2010; Jankiewicz et al., 2017a; Tran et al., 2016; Morie et al., 2017).
Neda et al., observed no noticeable changes in DTI indices in the brain of
HUC as compared to healthy children born to normal mothers (CHNM)
(Jahanshad et al., 2015). A few studies have reported altered diffusion
metrics in HUC as compared to CHNM (Jankiewicz et al., 2017a; Tran
et al., 2016).

Structural, and functional brain changes associated with impaired
cognitive functions are well documented in HIV infected children born to
HIV infected mothers (HIC) (Yadav et al., 2017, 2018; Ragin et al., 2005;
Wu et al., 2006; Ackermann et al., 2014, 2019; Andronikou et al., 2014,
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2015; Patsalides et al., 2002; Cohen et al., 2016). A recent meta-analysis
study has showed that HIC and HUC have poor cognitive development
and motor outcomes as compared with CHNM (McHenry et al., 2018a).
However, limited information is available about brain changes and
cognitive function in HUC, moreover, none of the previously published
studies have included all three groups (i.e. HIC, HUC, and CHNM) for a
straightforward comparison. Hence, there is a clear lack of data regarding
neurocognitive performance (NP) and brain changes in the HUC cohort.
The current study evaluated brain microstructural tissue integrity, and
cognitive function in HUC compared to CHNM and HIC to systematically
investigate the effects of in-utero exposure of ART on cerebral gray and
white matter, and cognitive function. We hypothesize that ART exposure
to HUC may negatively impact the normal brain tissue development and
neurocognitive performance.

2. Materials and Methods

The study received Human Ethics Committee and the Institutional
Regulatory Board approval. Signed informed consent was obtained from
all subjects or their nearest kin before the study. Forty-nine HIC, 12 HUC,
and 18 age/sex-matched CHNM of the similar education and socio-
economic status were included in the current study (Table 1). Both HIV
infected and uninfected subjects were born to HIV infected mother. All
subjects were recruited from a national center for HIV prevention and
treatment located in north part of India during the period of 2011 to
2013. The parents of these children were mostly referred from primary
care centers to the secondary care hospital. The diagnosis and treatment
of HIV infected subjects were performed by same healthcare provider.
Nutritional intake and psychological support were similar for all HIV
infected subjects. The healthy controls were recruited from the same
family member or relatives of the infected children. All included children
were not having any visible gross brain abnormalities or comorbidity. We
excluded those subjects which showed brain abnormalities such as
tumor, cyst, or any other mass lesion or brain hyperintensity on T2-
weighted and fluid-attenuated inversion recovery and gross brain atro-
phy on T1-weighted brain images. HIV diagnosis was performed at the
government established centers using a standard protocol including an
enzyme-linked-immunosorbent-assay (ELISA) test followed by validation
from duplicate HIV rapid tests of greater sensitivity and specificity
(Yadav et al., 2017).

All HIV-positive children underwent appropriate combination anti-
retroviral therapy (cART) under the HIV prevention program (Yadav
et al., 2018). The initial treatment of cART includes 2 nucleoside/nu-
cleotide (either thymidine analog Zidovudine or Stavudine together with
a cytidine analog Lamivudine) and 1 non-nucleoside reverse transcrip-
tase inhibitor (Nevirapine or Efavirenz). All HIV positive mothers
received appropriate standard cART regimen. All participating children
underwent clinical and neurocognitive assessment, and a brain MRI.

2.1. Neurocognitive performance (NP)

Neurocognitive function of each child was evaluated using a well-
established cognitive battery (Revisie Amsterdamse Kinder Intelligentie
Test (RAKIT) especially targeted to detect impaired neurocognitive skills
(Khire et al., 1992). The neurocognitive battery has 9 test domains
(closure, exclusion, memory span, verbal learning, mazes, quantity,
learning names, discs, and hidden figures) which can evaluate executive
functions, sensory and motor coordination, attention, language, recall
power, learning and visual capacity (Khire et al., 1992). The raw scores of
neurocognitive test were adjusted to standard scores which were used for
the statistical analysis.

2.2. Brain Magnetic resonance imaging

Brain MRI images were collected on a clinical 3-T MRI (GE Health-
care, Wisconsin) using a transmit and receive 8-channel head coil. Three



Table 1
Demographic, clinical and global diffusion variables of healthy children born to
normal mothers (CHNM), HIV uninfected children born to HIV infected mothers
(HUC), and HIV infected children (HIC) born to HIV infected mothers.

Demographic and clinical
variables

CHNM (n
¼ 18)

HUC (n ¼
8)

HIC (n ¼
22)

P
values

Age (years) 12 � 2.8 10 � 1.8 10 � 2.3 0.06
Gender (M/F) 9/9 4/4 14/8
Education 3.8 � 2.04 4.25 �

2.12
3.6 � 2.41 0.63

Ethnicity Asian
Indian

Asian
Indian

Asian
Indian

–

Peak HIV viral load (log
copy/ml)

– – 483 � 240 –

CD4þ T-cell count at the time
of MRI ( � 106/L)

– – 540 � 298 –

Global Gray Matter FA 0.178 �
0.0066

0.176 �
0.0037

0.164 �
0.0083

0.001

Global White Matter FA 0.325 �
0.0142

0.310 �
0.0058

0.297 �
0.0161

0.001

Global Gray Matter MD ( �
10�3) mm2/s

0.930 �
0.031

0.922 �
0.019

0.958 �
0.061

0.087

Global White Matter MD( �
10�3) mm2/s

0.873 �
0.018

0.877 �
0.022

0.909 �
0.039

0.001
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dimensional high resolution T1 weighted brain volumes were collected
in the sagittal plane: repetition time (TR) ¼ 8.4 ms; echo time (TE) ¼
3.32 ms; inversion time (TI) ¼ 400 ms; flip angle (FA) ¼ 13�; matrix size
¼ 512 � 512 and field of view (FOV) ¼ 240 � 240 mm2 with 1 mm
thickness. T2 weighted images were acquired in the axial plane with TR
¼ 5660 ms; TE ¼ 98 ms; FA ¼ 90�; matrix size ¼ 256 � 256 and FOV ¼
240 � 240 mm2 with 3 mm slice thickness. Fluid attenuated inversion
recovery (FLAIR) images were also acquired in the axial plane using TR
¼ 9000 ms; TE ¼ 128 ms; TI ¼ 2400 ms; FA ¼ 90�; matrix ¼ 320 � 256;
FOV ¼ 240 � 240 mm2 with 3 mm slice thickness. For DTI image
acquisition, a dual spin-echo single-shot echo-planar pulse sequence in
the axial plane with ramp sampling was performed using the following
parameters: TR¼ 17 s; TE ¼ 88.7 ms; intersection gap¼ 0; FOV¼ 240 �
240 mm; image matrix ¼ 256 � 256; NEX ¼ 1; diffusion weighting b-
factor ¼ 1000 s/mm2 number of slice ¼ 46; number of direction ¼ 30
with 3 mm slice thickness. 15 HIC who showed hyperintensity on T2
weighted and FLAIR images were excluded from the analysis. Because of
incomplete scans or the presence of motion artifacts another 16 children
(4 HUC, and 12 HIC) were omitted from the analysis. The data quanti-
fication and statistical analysis was performed for a total of 48 children
(18 CHNM, 8 HUC, and 22 HIC).
2.3. Diffusion tensor imaging data processing

DTI images were preprocessed using FMRIB Software Library (FSL
version 6.0. 0., http://www.fmrib.ox.ac. uk/fsl)) package. The first step
was skull stripping of non-diffusion images (B0) from each subject using a
brain extraction tool. In the second step, we corrected the data for motion
artifact using diffusion sensitizing gradients and geometrical distortions.
In the third step, we used motion and distortion corrected images to
estimate the diffusion tensor for each voxel and DTI metrics were derived
[fractional anisotropy (FA) and mean diffusivity (MD)]. The newest
version of FSL (Version 6.0.0) has very robust package (eddy_correct) for
distortion correction induced by eddy current and simultaneously it
Fig. 1. Effect of human immunodeficiency virus (HIV) and antiretroviral therapy (A
children shows intact BBB, and neuron (A). The BBB compromises in HIV infected a
upregulating the cytokines, pro-inflammatory markers and reactive oxygen species (
inflammation and brain tissue damage (C). More brain tissue damage is obvious in
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corrects for subject motion. In addition, the FSL software also performs
outlier detection to identify slices where signal is lost as a consequence of
subject movement during the diffusion encoding and replaces those slices
by non-parametric predictions by the Gaussian process.

Normalization and smoothing of FA and MDmaps were performed by
statistical parametric mapping (SPM) package 12 (Wellcome Department
of Cognitive Neurology, UK) and MATLAB (MathWorks, Natick, MA),
these normalized and smoothed maps (FA and MD) were used for the
voxel-based analysis. In short, non-gradient diffusion-weighted images of
each participant were normalized to the standard (Montreal Neurological
Institute) space using earlier defined distribution probability of gray,
white, and cerebrospinal fluid tissue types maps supplied with SPM12
RT) on blood-brain barrier (BBB), neuron and brain tissue. The brain of healthy
nd ART exposed children, which subsequently leads to brain tissue damage by
ROS) (B). BBB is also compromised in children exposed to ART causing neuro-
HIV infected and ART exposed children than ART exposed children (B and C).

http://www.fmrib.ox.ac


Fig. 2. Bar plots are showing the neuropsychological test (NP) scores (mean � SD) in healthy children born to normal mothers (CHNM), HIV uninfected children born
to HIV infected mothers (HUC) and HIV infected children born to HIV infected mothers (HIC). ANOVA with Post Hoc Bonferroni multiple comparison corrections
(p < 0.05) were used for comparison.

Fig. 3. Voxel-wise one-way ANCOVA findings for
fractional anisotropy (FA) between three groups. F-
test maps are showing significant difference in FA
between three groups (A). T score maps are showing
significantly decreased FA value in different brain
regions of HIV infected children born to HIV infected
mothers (HIC) compared to children born to normal
mothers (CHNM) and HIV uninfected children born to
HIV infected mothers (HUC) (B, C). T score maps
shows decreased FA value in multiple brain sites in
HUC children compared to CHNM children (D).
ANCOVA (age and gender as covariates with
correction for multiple comparisons (false dis-
covery rate, p < 0.05 with minimum extended
cluster size, 150 voxels).
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package (Ashburner and Friston, 2005), and the obtained normalization
parameters were applied on FA andMDmaps followed by 8mmGaussian
filter full-width-at-half-maximum smoothing.

3. Statistical analysis

IBM Statistical Package for the Social Sciences (SPSS 22.0) software
was used for the statistical analysis. Analysis of variance (ANOVA) and
Chi-square tests were performed to examine the demographic and clin-
ical variables among the groups. NP test scores were compared between
three groups using ANOVA with Post Hoc Bonferroni multiple compari-
son corrections (p < 0.05). We compared the normalized and smoothed
FA and MD maps voxel-by-voxel between groups using ANCOVA,
including age and gender as covariates and correction for multiple
comparisons (false discovery rate (FDR) p < 0.05 with minimum
extended cluster size, 150 voxels) and F and t valuemaps were generated.

The FA and MD values from the voxel at peak t value within the
clusters were extracted using XYZ coordinates. These FA and MD values
were used for the correlation analysis with NP test scores using Pearson’s
4

correlation.

4. Results

Demographic, clinical, and global brain FA and MD values of CHNM,
HUC and HIC are summarized in Table 1. No significant differences in
age or gender were observed between groups. HIC showed significantly
lower NP test scores in 6 of 9 domains (closure, exclusion, memory,
verbal learning, quantities, and hidden-figures), and HUC in 1 of 9 do-
mains (exclusion) as compared to CHNM. HIC also showed significantly
lower NP test score in 1 of 9 domains (quantity) compared to HUC
(Fig. 2).
4.1. Diffusion changes between HIC and CHNM

HIC showed significantly decreased FA compared to CHNM in the left
cingulum, left cerebellar and left fusiform (Table 3 and Fig. 3 B).

The MD was significantly increased in HIC compared to CHNM in the
left precuneus, right medial frontal gyrus and right frontal lobe (Table 4



Fig. 4. Voxel-wise one-way ANCOVA findings for
mean diffusivity (FA) between three groups. F-test
maps are showing significant difference in MD be-
tween three groups (A). T score maps are showing
significantly increased MD value in different brain
regions of HIV infected children born to HIV infected
mothers (HIC) compared to children born to normal
mothers (CHNM) and HIV uninfected children born to
HIV infected mothers (HUC) (B and C). T score maps
depicts both increased and decreased MD values in
HUC compared to CHNM (D). ANCOVA (age and
gender as covariates with correction for multiple
comparisons (false discovery rate, p < 0.05 with
minimum extended cluster size, 150 voxels).

Table 2
Pearson’s correlation of fractional anisotropy (FA) and mean diffusivity (MD) showing significant difference in different brain regions in HIC and HUC compared to
CHNM with neuropsychological test scores.

Group Brain sites Exclusion Memory Verbal Mazes Quantity Discs Hidden

HIC FA L Postcentral 0.42 0.20 0.50* 0.22 0.34 0.36 0.15
R Corpus Callosum 0.28 �0.08 0.56* 0.33 0.26 0.34 0.37
L Insula 0.15 �0.23 0.53* 0.26 0.52* 0.41 0.29
L Hypothalamus 0.33 0.06 0.56* 0.32 0.44 0.16 0.08

MD R Medial Frontal 0.40 0.48* 0.05 0.02 �0.01 0.31 0.35
R Frontal Lobe �0.39 �0.29 �0.37 ¡0.48* ¡0.46* �0.42 �0.11
R Inferior Temporal �0.23 �0.14 �0.17 ¡0.52* �0.21 �0.17 0.05
R Culmen �0.12 �0.04 �0.18 ¡0.46* �0.20 �0.07 0.06

HUC FA R Fusiform �0.66 0.23 ¡0.74* 0.40 �0.45 0.26 �0.63
L Pulvinar �0.69 0.32 ¡0.86* 0.50 �0.15 0.53 �0.57
L Insula ¡0.71* �0.01 �0.52 0.21 �0.40 �0.21 ¡0.72*
L Hypothalamus 0.04 0.97 0.17 0.61 0.32 0.61 0.05

MD R Cerebelum Crus1 0.44 �0.63 0.46 �0.43 �0.12 ¡0.72* �0.27
R Middle Temporal 0.72* �0.21 0.53 �0.39 0.68 0.11 0.77*

*Significant (P< 0.05) correlation of neuropsychological test with FA and MD values of various brain regions. L: left; R: right. Only significant correlation of DTI metrics
with cognitive domains (two cognitive domains showed no significant correlations).
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and Fig. 4 B).
4.2. Diffusion changes between HIC and HUC

Significantly decreased FA in the right fusiform, left postcentral
gyrus, left pulvinar, left inferior temporal gyrus, left angular, right corpus
callosum, left insula, left hypothalamus, right parietal lobe, right post-
central gyrus, right parietal lobe was observed in HIC compared to HUC
(Table 3 and Fig. 3 C).

The HIC group showed significantly increased MD in the left extra
nuclear, right superior frontal gyrus, left middle temporal gyrus, right
inferior temporal gyrus, left cerebellar tonsil and right culmen compared
to HUC group (Table 4 and Fig. 4 C).
4.3. Diffusion changes between HUC and CHNM

HUC showed significantly decreased FA in the right inferior occipital
gyrus, right middle frontal gyrus, right cuneus, right paracentral lobule,
right insula, right superior frontal gyrus, left paracentral lobule, right
supramarginal gyrus, right superior frontal gyrus compared to CHNM
(Table 3 and Fig. 3 D).

Significantly increased MD in the right parietal lobe, while signifi-
cantly decreased MD in the right cerebellum crus1, left extra nuclear,
right middle temporal gyrus was observed in HUC as compared to CHNM
(Table 4 and Fig. 4 D).
5

4.4. Correlation between significant DTI derive metrics from brain regions
with cognitive functions

Both positive and negative correlations were observed between
altered FA and MD from different brain regions in HIC and HUC with NP
test scores (Table 2).

In HIC, FA from the left postcentral, right corpus callosum, left insula
and left hypothalamus significantly correlated with verbal learning (p ¼
0.03; r ¼ 0.5, p ¼ 0.01; r ¼ 0.56, p ¼ 0.02; r ¼ 0.53, p ¼ 0.01; r ¼ 0.56)
and FA from the left insula correlated with quantity (p ¼ 0.02; r ¼ 0.52).
The HUC group showed significant negative correlation of FA in the right
fusiform and left pulvinar with verbal learning (p ¼ 0.04; r ¼ - 0.74, p ¼
0.006; r¼ - 0.86); and left insula with exclusion (p ¼ 0.05; r¼ - 0.7.) and
hidden figures (p ¼ 0.05; r ¼ - 0.76).

In HIC, MD from the right frontal lobe showed negative correlation
with mazes (p ¼ 0.04; r ¼ � 0.48) and quantity (p ¼ 0.05; r ¼ � 0.46).
MD from the right inferior temporal and culmen showed negative cor-
relation withmazes (p¼ 0.02; r¼� 0.52, p¼ 0.05; r¼� 0.46) while MD
from the right medial frontal correlated positively with memory (p ¼
0.04; r ¼ 0.48).

In HUC, significant positive correlation of MD from the right middle
temporal with exclusion (p¼ 0.04; r¼ 0.73) and hidden figure (p¼ 0.03;
r ¼ 0.77) was observed, while MD from the right cerebellum crus1
showed negative correlation with discs (p ¼ 0.04; r ¼ - 0.73).



Table 3
Brain regions with significant between-group differences in FA.

Condition Brain area Voxels MNI coordinates
(mm)

Peak voxel
t score

X Y Z

CHNM >

HIC
L cingulum 79393 0 42 8 8.94
L cerebellar 445 �20 �60 �44 4.05
L fusiform 246 �40 �52 �32 3.44

HUC > HIC R fusiform 759 28 �38 20 6.55
L postcentral gyrus 193 �48 �24 40 6.54
Left pulvinar 1277 �18 �34 10 5.72
L inferior temporal
gyrus

245 �60 �22 �26 5.67

L angular 152 �38 �70 42 5.60
R corpus callosum 246 12 �28 6 5.42
L insula 999 �40 �20 �4 5.35
L hypothalamus 661 �8 �4 �6 5.20
R parietal lobe 212 26 �32 48 5.11
R postcentral gyrus 246 50 �18 �22 4.98
R parietal lobe 181 �24 �42 42 4.09

CHNM >

HUC
R inferior occipital
gyrus

4120 40 �74 �8 6.97

R middle frontal
gyrus

13437 42 50 14 6.41

R cuneus 1552 22 �62 36 6.14
R paracentral
lobule

1469 10 �42 62 6.14

R insula 454 38 16 �12 5.34
R superior frontal
gyrus

217 14 32 52 4.60

L paracentral
lobule

296 �6 �12 66 4.38

R supramarginal
gyrus

189 36 �56 28 4.33

R superior frontal
gyrus

173 16 52 26 3.83

Notes: The statistical thresholds were set at P < 0.05 (corrected for false dis-
covery rate) with a minimum cluster size of 150 voxels. L: Left; R: Right.

Table 4
Brain regions with significant between-group differences in MD.

Condition Brain area Voxels MNI coordinates
(mm)

Peak voxel
t score

X Y Z

HIC >

CHNM
L precuneus 57704 �8 �54 14 9.14
R medial frontal
gyrus

1404 8 8 �22 4.09

R frontal lobe 224 �58 �38 �28 3.48
HIC > HUC L extra nuclear 44787 �2 �10 �10 7.13

R superior frontal
gyrus

181 24 62 20 4.96

L middle
temporal gyrus

326 �44 �70 8 4.82

R inferior
temporal gyrus

508 44 �12 �36 4.24

L cerebellar tonsil 348 �40 �46 �52 4.12
R culmen 178 28 �38 �30 2.99

HUC >

CHNM
R parietal lobe 218 38 �62 32 6.43

HUC <

CHNM
R cerebelum
crus1

725 46 �68 �24 5.52

L extra nuclear 243 �34 �22 �2 5.26
R middle
temporal gyrus

298 48 30 �8 4.24

Notes: The statistical thresholds were set at P < 0.05 (corrected for false dis-
covery rate) with a minimum cluster size of 150 voxels. L: Left; R: Right.
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5. Discussion

The changes in FA and MD and cognitive function in HIC as observed
in the current study is consistent with the previous findings (Uban et al.,
2015; Cohen et al., 2016; Hoare et al., 2012). Significantly decreased FA
and altered MD in multiple brain sites with lower NP test scores in HUC
6

as compared to CHNM suggest that exposure of ART may have a detri-
mental effect on neurodevelopment. However, the changes in DTI met-
rics as well as NP test scores were comparatively greater in HIC than HUC
when compared to those of CHNM. Our findings support the previous
observations (Jahanshad et al., 2015; Jankiewicz et al., 2017a; Tran
et al., 2016) and suggest that ART exposure may affect the brain and
cognitive function of growing children through direct (Children taking
the ART) or indirect (Children exposed to ART) pathways.

A study performed by Neda et al., reported no significant difference in
neuroanatomical or brain tissue integrity, while, non-significantly lower
IQ scores in HUC as compared to CHNM (Jahanshad et al., 2015). Though
the above study observed an association between brain microstructural
tissue integrity measures and intelligence quotient scores, but they were
unable to reach any conclusion due to heterogeneous nature of sample
characteristics such as no clear information about maternal history and
perinatal antiretroviral drug exposure status. Half population of HUC
children were born before 2000 and thus were less likely exposed to ART
and among the remaining HUC; 11 children were born between 2000 and
2003 and in that period mothers were only on zidovudine, and 5 children
were born after 2004 and mothers were on zidovudine with single-dose
nevirapine. Another study performed in normal neonates born to HIV
infected mothers showed significantly higher FA in the middle cerebellar
peduncles as compared to same age group healthy control (Tran et al.,
2016). They found a positive correlation of FA with cognitive functions.
Another study reported higher FA and lower MD in the corticospinal tract
of HUC children (Jankiewicz et al., 2017b), but it lacks information about
the status of HIV infection and treatment of mothers. A straightforward
comparison of our study to previous studies is not possible due to the
nature of sample characteristics as the current study performed in chil-
dren with mean age of 10 years.

A study by Kerr SJ et al., 2014 observed significant lower verbal In-
telligence Quotient, full-scale IQ, and Bead Memory in HUC than those of
CHNM (Kerr et al., 2014). Neda et al., have also showed significant lower
NP test scores in HUC as compared to CHNM similar to Kerr and
Puthanakit T studies (Jahanshad et al., 2015; Kerr et al., 2014; Putha-
nakit et al., 2013). Few studies evaluated the developmental differences
in HUC have found marginal effects of ART on cognitive performance
(McHenry et al., 2018b).

The current study observed a significant correlation of FA and MD
with NP test scores. The presence of significant correlations of NP test
scores with DTI metrics suggest that the neuronal changes have an impact
on cognitive functions in both HIC and HUC children. Further, the higher
brain tissue damage in HIC than HUC could be the synergistic effect of
HIV and ART.

Due to the cross-sectional design of our study we were not able to
assess the impact of ART or HIV on brain development over time
(changes with age). Moreover, the small sample size could be considered
as a limitation of the current study. We envisage that a larger sample size
may improve the correlation between DTI metrics and NP test scores and
provide a clear view of the effects of ART on brain development.
Nevertheless, the strength of the current study is the comprehensive
neurocognitive test battery and inclusion of three groups (HIC, HUC, and
CHNM) for a straightforward comparison.

6. Conclusions

Lower FA indicates loss of brain tissue integrity (neuronal damage or
demyelination), and altered MD denotes the presence of cerebral edema
and/or neuro-inflammation, which may subsequently responsible for the
lower cognitive functions in HIC and HUC. The presence of brain tissue
changes and neurocognitive deficits in the absence of HIV infection in
HUC emphasize that ART may have a detrimental impact on developing
brain. The findings of the current study underscore the need for screening
of ART exposed children for the neurodevelopment and cognitive ab-
normalities at an early stage and call for access to early interventions, and
nutritional and care programs.
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