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Human immunodeficiency virus (HIV) infection significantly affect neurodevelopmental and
behavioral outcomes. We investigated whether alterations of gray matter organization and structural
covariance networks with vertical HIV infection adolescents exist, by using the GAT toolbox. MRI data
were analysed from 25 HIV vertically infected adolescents and 33 HIV-exposed-uninfected control
participants. The gray matter volume (GMV) was calculated, and structural brain networks were
reconstructed from gray matter co-variance. Gray matter losses were pronounced in anterior cingulate
cortex (ACC), right pallidum, right occipital lobe, inferior parietal lobe, and bilateral cerebellum crus.
The global brain network measures were not significantly different between the groups; however,
the nodal alterations were most pronounced in frontal, temporal, basal ganglia, cerebellum, and
temporal lobes. Brain hubs in the HIV-infected subjects increased in number and tended to shift to
sensorimotor and temporal areas. In the HIV-infected subjects, decreased GMVs in ACC and bilateral
cerebellum were related to lower Mini-Mental State Examination scores; the CD4 counts were positively
related to the GMVs in ACC and sensorimotor areas. These findings suggest that focally reduced gray
matter, disrupted nodal profiles of structural wirings, and a shift in hub distribution may represent
neuroanatomical biomarkers of HIV infection on the developing brain.

The mortality of perinatal infection with human immunodeficiency virus (HIV) has been transformed from a
near-uniformly fatal condition to a chronic or manageable disease to date">. Consequently, there is an increas-
ing population of vertically infected survivors. Highly active antiretroviral therapy (HAART) is imperative for
long-term survival following vertical infection. However, HIV has been associated with negative long-term effects
on neurocognitive functions, including subtle effects on executive functioning, visual-spatial memory process-
ing, and motor functioning®*. The potential mechanisms include a direct immuno-virologic impact, which leads
to the atrophy of gray matter and the demyelination of white matter fibers, as well as secondary microvascular
injury>.

Vertically infected adolescents carry HIV from birth. Thus, these children are chronically exposed to the
effects of HIV during a period of rapid cognitive development and brain maturation. Jahanshad N ef al.” found
that in HIV-exposure but uninfected children compared to HIV-unexposed and uninfected children, no differ-
ences in neuroanatomical or brain integrity measures were detectable. Advanced neuroimaging may enhance
our understanding of the neuroanatomical involvement of HIV infection. In a pilot brain morphometric study,
Aylward et al.® investigated the volumetric differences in the brain between seropositive HIV and seronegative
adults. The authors suggested that HIV infection causes generalized brain atrophy; however, the clinical fea-
tures of HIV dementia develop with selective basal ganglia atrophy. Other recent research has demonstrated
profound frontal and temporal gray matter atrophy in HIV-infected adults®~'2. However, in the existing three
reports of HIV-infected adolescents, the authors have reported inconsistent findings. Sarma et al.’® reported a
volume increase in the frontal and temporal gray matter in vertically infected youth, whereas two additional
studies'*"” identified cortical atrophy in the left supplementary motor area, frontal cortex, and anterior cingulate
cortex (ACC).
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HIV(+) HIV(-) p value

Age (years) 15.0+1.7 14.8+1.6 0.7
Gender (male/female) 14/10 16/17 0.46
Education level (years) 8.0+1.6 8.1+1.9 0.84
Current CD4 (cells/mm?) 597.5+257.7 NA NA
Age at first HIV treatment 85+3.3 NA NA
HIV treatment duration (months) | 75.9+34.9 NA NA
% treated at less than two year 16.7(n=4) NA NA
Plasma viral load (copies/mL) 686.0 £3222.2 NA NA
MMSE total score 259+23 274+£2.0 0.006
Ethnicity Han Chinese Han Chinese | NA
Parental status Farmer Farmer NA

Table 1. Demographic information for subjects in each group. Note: NA indicates not applicable or available;
MMSE: Mini-Mental State Examination.

Recently, increased attention has been directed at investigating the structural covariance of the connected gray
matter neuroanatomy. The biological significance of these association matrixes remains vague; however, it has
been demonstrated that the networks of gray matter covariance reflect the patterns of coordinated structural mat-
uration!®!” and disease propagation effects'®. Based on the association between the synchronized developmental
changes in distributed cortical regions and inter-regional anatomical correlations patterns, it is hypothesized that
vertically infected adolescents would exhibit differences in anatomical gray matter covariance particularly since
the presence of HIV infection occurs during a critical period for the brain maturation and development (i.e., from
the moment of birth or prenatally).

Preliminary findings have suggested that although HAART may effectively reduce the incidence of HIV
encephalopathy and mortality in perinatal HIV-infected adolescents and may improve the quality of life, many
children may exhibit continuous brain injury following early effective treatment'®. Cognitive function and brain
development are also affected in these children. We speculated that the structural brain network of perinatal
HIV-infected adolescents would differ from that of HIV- adolescents. However, it has not been determined
whether the organization differences of these gray-matter covariance networks are characteristic of vertically
infected adolescents.

More recently, complex network analysis based on graph theory had been used to characterize various organ-
izational features of brain function and structural networks?. These methods use characteristics of network
dynamics to describe the brain as a complex network consisting of regions (i.e., nodes) and the connections
between regions (i.e., edges)?!. In this study, we investigated the organization differences in regional gray matter
volume (GMV) covariance networks in HIV vertically infected adolescents. Specifically, we investigated whether
HIV vertically infected adolescents exhibited differences in large-scale structural brain topology.

Materials and Methods

Participants. We recruited 25 HIV-positive adolescents (HIV+) (mean age + SD, 15.0 = 1.7 years; range,
12-17 years). The presence of HIV was confirmed by enzyme-linked immunosorbent assay (ELISA) and Western
blot analysis. Also recruited 33 age- and gender-matched HIV-exposed but uninfected subjects (HIV—) (mean
age & SD, 14.8 & 1.6 years; range, 12-18 years). All HIV-positive adolescents were infected by mother-to-child
transmission during pregnancy, childbirth or through breastfeeding, and they were infected with the same clade/
strain of the virus. HIV-negative subjects’ fathers, mothers, or parents also suffered from HIV infections. The
socioeconomic status, cultural background and ethnic background of the two communities were similar. Detailed
population information and clinical measures are listed in Table 1. All subjects were enrolled from the Center
of AIDS Prevention and Cure of Zhongnan Hospital, Wuhan University. The inclusion criteria for HIV-infected
subjects included HIV acquisition during fetal or neonatal period, currently treated with HAART, and right-
handed. For the control subjects, the inclusion criteria included confirmation of HIV negative status by ELISA
and right-handedness.

Exclusion criteria for all subjects included those younger than 12 years of age or over 18 years of age, with
acute medical illnesses, current or past medical or neurological diseases, psychiatric illnesses, mental retardation,
current alcohol or drug abuse, HIV encephalopathy and opportunistic infections, magnetic resonance imag-
ing (MRI) contraindications, claustrophobia, metabolic disorders or other brain diseases (not AIDS-related).
We used the exclusion criteria, which included HIV encephalopathy to rule out space-occupying masses, other
lesions or cortical atrophy in the brain of HIV-infected adolescents, so that we got the difference in anatomical
gray matter covariance between the two groups. For the control subjects, the exclusion criteria also included
serious educational difficulties and a chronic medication other than asthma medication. Most HIV infection
participants participated in laboratory evaluations, such as plasma CD4 T-cell counts.

The study was approved by the Medical Ethics Committee of Zhongnan Hospital of Wuhan University, and
a written and informed consent was made from all participants or their guardians following a complete descrip-
tion of the measurements. These methods were carried out in accordance with the approved guidelines and
regulations.
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Assessments. The Mini-Mental State Examination (MMSE) were used to assess the cognitive abilities of the
subjects.

MRI acquisition. High-resolution T1-weighted structural MRI scans were acquired on the 3.0 T scanner
(Siemens, Tim-Trio; Erlangen, Germany), which was stationed at the Department of Radiology, the Zhongnan
Hospital of Wuhan University, using a multi-echo MPRAGE pulse sequence (repetition time = 1900 ms, echo
time = 2.1 ms, inversion time = 900 ms, flip angle = 9°, slice thickness = 1.00 mm, and matrix size =320 x 320)
that yielded 160 axial slices with an in-plane resolution of 1.0 x 1.0 mm. We visually inspected the cerebral
microbleeds foci measured by susceptibility-weighted imaging (SWI), and white matter hyperintensity by T2-
fluid-attenuated inversion recovery (FLAIR) images through all the subjects. We also excluded any subject that
exhibited obvious gray and white matter lesion imaged by SWI and FLAIR.

Voxel-based morphometry (VBM) analysis. VBM analyses were performed using Statistical Parametric
Mapping software (SPM12; Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.
ac.uk/spm) and CAT12 (CAT, http://dbm.neuro.uni-jena.de/vbm/) based on MATLAB (MathWorks, Natick,
MA, USA). All T1 images were manually checked by an operator blind to subject identity. The processing steps
were as follows: (1) the raw T1 images were manually reoriented to the center point of the AC-PC plane; (2) the
reoriented images were segmented into white matter, gray matter and cerebrospinal fluid using the standard uni-
fied segmented model in CAT12; (3) the gray matter images were nonlinearly normalized into standard Montreal
Neurological Institute space using a pediatric template for 12- to 18-year-old children from the Imaging Research
Center at Cincinnati Children’s Hospital Medical Center (CCHMC); (4) these normalized sections were then
adjusted to ensure that the relative volumes of gray matter were retained after the spatial normalization proce-
dure; (5) the modulated images were re-sampled to 1.5 x 1.5 X 1.5 mm?® and smoothed with an 8 mm full-width at
half-maximum (FWHM) Gaussian kernel; (6) to control for deviations, we included an additional quality check
based on heterogeneity measurements of the sample as implemented in CAT; using the covariance of voxel-based
data to identify the outliers who were two or more standard deviations outside of the GMV sample distributions,
and one patient and one control were excluded based on this criterion; (7) finally, exclude voxels with a gray mat-
ter value <0.15 to eliminate the potential edge effects between the gray matter and white matter.

Network construction. All graph analysis in the current study was performed using the GAT toolbox*2.
Brain parcellation was performed following the automated anatomical labeling (AAL) algorithm with 90 cortical
and subcortical regions of interest (ROIs). The regional GM Vs of 90 ROIs were extracted from the individual
modulated normalized gray matter images in each group, where the age, gender and total brain size of the subject
were included as covariates of nuisance.

A 90 x 90 association matrix R was constructed for each group using the pair-wise regional correlations calcu-
lated as the partial correlation coefficients (r;) between the average GMV values for a pair of ROIs, “” and “j”. The
matrix R was subsequently transformed into a binary matrix A by thresholding the r;; into values of 0 or 1. These
thresholds were defined as the ranges of the network densities (D,y,;,-D,y,.x)> Where D,,;, represents the minimum
density above which the networks were not fragmented?. In the current study, we initially calculated the network
metrics across a density range of 0.1-0.45 (interval of density, 0.01) because structural networks with >50%
connectivity are considered less biologically significant. Ultimately, the density region of interest for the global
property comparisons was set to 0.13-0.45; above 0.13, the networks of the HIV+ and HIV — groups were fully
connected (i.e., each node of the network had at least one connection with another node). For the comparisons of
regional property, we chose the range of 0.13-0.45, in which the two networks groups were completely connected
and showed differences between groups in small-worldness.

Global network properties. We initially evaluated the differences within-group and between-group in
global network measures, such as small-worldness, clustering, and path length. The small-worldness index was
defined as [C/C,,q]/[L/L;apal> Where C indicates the clustering coefficient, L represents the characteristic path
length, and C,,,4 and L,,,4 are the average clustering coefficient and characteristic path length of 20 random net-
works, respectively. The small-world characteristics were calculated using the area under the curve (AUC) at a
minimum connection density (0.13) and across a range of densities (0.13-0.45). When the minimum density of
the small-worldness index was >1, the graph was considered small-world?>*.

Regional network properties and hub identification. We subsequently quantified the within-group

and between-group differences in the regional network properties, such as the normalized betweenness centrality
bi, normalized degree ki, and the hubs:
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Figure 1. Differences in GMV. The picture on the left side corresponds to the left hemisphere. (A) GMV
changes occur in the region with MNI co-ordinates in the z direction between z= —27 to z=25.5. (B) Sagittal
bitmaps indicate the relative reduced GMV regions.

Right cerebellum crus 19.5 —78 —42 508 — —3.308
Left cerebellum crus —36 —81 —22.5 2459 — —4.385
Right cerebellum 19.5 —82.5 —15 2842 — —4.051
Right pallidum 19.5 —4.5 3 548 — —3.831
Right calcarine 7.5 —85.5 3 349 18/17 —3.474
Left ACC —12 31.5 285 534 32/9 —3.509
Right superior occipital lobe | 18 —96 30 275 19/18 —3.616

Table 2. Regions of GMV changes in HIV positive adolescents compared with age- and gender-matched
controls. BA: Brodmann’s area; ACC: anterior cingulate cortex. P < 0.05, with a cluster level Family Wise Error
(FWE) correction and threshold-free cluster enhancement (TFCE) multiple comparison-corrected.

where B, represents the total number of the shortest paths that pass through node i, K; represents the number of
edges between node i and other nodes, and B and K represent the average betweenness and degree of the entire
network respectively. In addition, b; and k; were used to identify the hubs of the network; nodes with regional
values of at least greater than the mean value one SD were identified as hubs.

Statistical analysis. Statistical analysis for the patient demographics was conducted using IBM SPSS version
20 (IBM SPSS Inc., Chicago, IL, USA) and included Chi-square and independent sample t-tests for the participant
characteristics. The significance threshold was set to p < 0.05. The whole brain GMV differences between the two
groups were tested in CAT and SPM12 using two-sample t-tests, and the whole brain volume, age and gender were
used as covariates of without interest. The significance threshold was set to p < 0.05 with a cluster level Family
Wise Error (FWE) correction and threshold-free cluster enhancement (TFCE) multiple comparison-corrected.

Results

Demographic and clinical data. Table 1 shows the demographic and clinical data for all subjects. There
were no significant differences in age or duration of education between the HIV-infected subjects and the HIV-
exposed-uninfected group; however, the MMSE scores were significantly lower in the HIV-infected subjects
(p=0.006). The CD4 counts ranged from 144-1025 cells/mm? (average: 597.5 cells/mm?). 18 HIV+ adolescents
were with undetectable plasma viral loads.

Differences in GMV and global GMV. GMV changes were identified in the HIV+ adolescents compared
with the HIV— subjects and are shown in Fig. 1 and Table 2. HIV-positive adolescents showed significantly
reduced GMVs (blue) in both bilateral cerebellum crus, right cerebellum, right pallidum, right calcarine, left
anterior cingulate cortex, and right superior occipital lobe compared with control subjects. In the analysis,
HIV-positive adolescents did not show a significantly increased GMV.

We had also compared the global gray matter volume between groups, and there was no significant difference
in the total brain volume between the HIV+ group and the HIV— group (including the total gray matter volume,
total white matter volume, and the sum of gray and white matter volumes) (the effects of age and gender were
removed).
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Figure 2. Correlation matrix and binary graph. HIV+ and HIV — groups’ correlation matrix; the strength

of the connections is indicated by the color-bar. HIV+ and HIV— groups’ binary graph; the presence of a
connection is indicated by the white-gray color. These matrices are graphs of the D,;;, (13%) threshold, where all
nodes are fully connected in the two groups’ structural networks.

Within-group global network measures. The minimum network density of the network fragmenta-
tion was D,;, = 0.13. In order to study the changes of the network topology as a function of network density,
we thresholded the constructed association matrices at a range of 0.13-0.45. The changes in global network
measurements as a function of the network cost are shown in Fig. 2. The two networks followed a small-world
organization with a wide range of network densities; both networks had a slightly higher path length than ran-
dom networks with a substantially increased clustering coeflicient compared to random networks. This pattern
resulted in a small-world index greater than 1 across the range of network densities.

Between-group differences in global network measures. Differences across network densities.
We investigated the differences between groups in the global network of networks at a range of densities
(0.13:0.01:0.45) threshold (Fig. 3). The two networks exhibit a small-world organization, that is, a normalized
clustering greater than one and a normalized path length close to one. Positive values indicate HIV— > HIV+,
and negative values indicate HIV— < HIV+. Compared with HIV—, the HIV+ network was not significantly
different regarding the normalized clustering, normalized path length or small-world index across a range of
densities (p > 0.05).

AUC analysis of global network measures. In addition to the comparison of networks at different den-
sities, we compared the AUC (density range, 0.13:0.01:0.45) of the global network measurement curves between
groups. Similar to identified differences across densities, HIV+ network did not exhibit a significantly different
AUC for normalized clustering or small-worldness compared with the HIV— network.

Between-group differences in regional network measures.  An AUC analysis was performed on the
regional network measures. We also compared the AUC (density range, 0.13:0.01:0.45) of the global network
measurement curves between groups (Fig. 4). Regions about the p_auc_MDeg, including the left fusiform gyrus,
right inferior occipital gyrus, left inferior temporal gyrus, and right middle temporal gyrus, were significantly
smaller in the HIV+ group, and the right medial orbital and right superior frontal gyrus exhibited a significantly
greater degree in the HIV+ group (Fig. 4A). Regions about the p_auc_MNodeBetw, including the left hippocam-
pus, left parahippocampal gyrus, and left inferior temporal gyrus, exhibited significantly smaller betweenness
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Figure 3. Changes in global network measurements and intergroup differences as a function of network
density. HIV+ and HIV — networks” normalized clustering (left top), normalized path length (left middle), and
small-world index (left bottom). The intergroup differences and 95% confidence intervals in the normalized
clustering (right top), normalized path length (right middle) and small-world index (right bottom). The
difference is indicated by the red marker between the HIV— and HIV+ networks.

in the HIV+ group, and the bilateral calcarine fissure, right medial orbital, right superior frontal gyrus, left lin-
gual gyrus, and right postcentral gyrus exhibited significantly greater betweenness in the HIV+ group (Fig. 4B).
Regions about the p_auc_MClust, including the left lingual gyrus, right putamen, and left supplementary motor
area, exhibited significantly smaller clustering in the HIV+ group, and left middle frontal gyrus, left superior
frontal gyrus, left middle occipital gyrus, left gyrus rectus exhibited significantly greater clustering in the HIV+
group (Fig. 4C). All regions survived following FDR correction (p < 0.05).

Network hubs. If the regional betweenness centrality of a node was one SD higher than the average network
betweenness, we considered it a hub. For the networks hubs were quantified at the threshold of D,,,;, and based on
the nodal betweenness curves’ AUC (density range, 0.13:0.01:0.45) (Fig. 5). For networks thresholded at D,;,, the
common hubs in the both groups include the left cuneus cortex and right rolandic operculum; HIV+ network
hubs of betweenness were identified in right middle frontal gyrus, right superior frontal gyrus, left insula, left lin-
gual gyrus, right postcentral gyrus, left precentral gyrus, bilateral precuneus, right putamen, right supplementary
motor gyrus and bilateral middle temporal gyrus, whereas the HIV— network hubs were identified in bilateral
median cingulate, left inferior frontal gyrus, left middle frontal gyrus, left fusiform gyrus, right heschl gyrus, left
pallidum, left parahippocampal gyrus, left inferior parietal and left inferior temporal gyrus.

Random failure and targeted attack analysis. We calculated the size of the largest remaining com-
ponent in response to the successive removal of nodes in random order in order to analyze the response of the
networks to random failure. The results are shown in Fig. 6. In all parts of the removed nodes, the resilience of
the random failure of the HIV+ network was not significant (p > 0.05) compared to HIV— (left). The AUC of the
curve in the HIV+ network also increased compared to the HIV— network; however, this effect was not signifi-
cant. In general, to targeted attack the HIV+ network was less robust than HIV— network, and the difference is
significant (p < 0.05) at several fractions of attacked nodes.

Correlation results.  Using a linear regression analysis, we determined the volumes of specific gray matter
regions were positively correlated with the MMSE scores and CD4 cell counts in the HIV-infected adolescents.
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Figure 4. (A) Regions about the p_auc_MDeg compared the HIV+ group to the HIV— group. (B) Regions
about the p_auc_MNodeBetw compared the HIV+ group to the HIV— group. (C) Regions about the p_
auc_MClust compared the HIV+ group to the HIV— group. All regions survived following FDR correction
(p<0.05).

The results are shown in Fig. 7. The MMSE scores were positively correlated with the GMV in the left cuneus and
left cerebellum (ACC: r=0.552, p=0.018; left cuneus: r = 0.594, *p =0.009; left cerebellum: r=0.737, *p =0.001;
right cerebellum: r=0.567, p=0.014; Fig. 7A); the CD4 cell counts were also positively correlated with the GMV
in the ACC and the sensorimotor area (ACC: r =0.480, *p = 0.018; sensorimotor: r =0.551, *p = 0.005; Fig. 7B).

Discussion

We investigated the differences in the GMV covariance networks between HIV vertically transmitted adolescents
and an HIV-exposed-uninfected group to confirm the effects of HIV on the developing brain. Specifically, we
determined that HIV vertically transmitted adolescents exhibit: (1) GMV decreases across several cortical and
subcortical regions that integrate cognitive, sensorimotor, and integrative roles; (2) disrupted node properties in
the structural network and a shift in the hub distribution; and (3) significant correlations between the decreased
GMYV and the MMSE scores and CD4 cell counts. These findings indicate that abnormal gray matter integrity and
nodal properties of structural wirings are associated with HIV infection in the developing brain.

Consistent with a previous volumetric MRI study'?, a main finding of our VBM comparison was the decreased
GMV in the ACC in the adolescents with vertically transmitted HIV. But the findings did not agree with an earlier
paper'® where GMV in several areas were enlarged. It may not be a difference in methods of analysis but rather
that so many of patients had HIV encephalopathy or school difficulties in the study by Sarma et al.'*. In further
correlation analyses, lower current CD4 cell counts were associated with gray matter atrophy within the ACC. Itis
believed that cingulate is part of the limbic system and injury in this brain site may yield the characteristic state of
deficits in memory storage. The involvement of the ACC has been highlighted in relation to HIV-related pathol-
ogy. Evidence from neuroimaging studies® have linked HIV infection and ACC changes that may affect structure,
cerebral flow, diffusion, and metabolism. For example, a PET study? demonstrated reduced glucose uptake in
the ACC and the mesial frontal gyrus in HIV+ individuals with undetectable plasma viral loads. In a task fMRI
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study?, alterations in ACC activation also partially accounted for verbal and memory deficits in women with HIV
who had also used cocaine. Overall, these findings suggest that altered ACC gray matter integrity may represent
a promising biomarker of cognitive dysfunction following HIV infection.

In the global network measures comparison, there was no significant difference in the small-worldness
between the HIV-infected and HIV-exposed-uninfected subjects. This may be due to insignificant differences
in the global subcortical volume between pediatric HIV patients and healthy controls. In addition, HIV-infected
and HIV-exposed-uninfected adolescents share a similar living environment and may not develop distinct wiring
patterns in anatomical networks that are sufficiently different from those of healthy controls to induce changes in
structural covariance plasticity despite tremendous differences in HIV infection. Therefore, we could not eluci-
date the predispositions for or consequences of HIV infection regarding the large-scale brain anatomical network
between the HIV-positive and HIV-negative subjects. Thus, it may be concluded that HIV+ adolescents and
HIV— controls do not differ in global parameters of brain anatomical covariance. Both the HIV-infected and
HIV-exposed-uninfected networks exhibited a small-world organization across a wide range of densities (Fig. 3)
and AUC analyses. Previous studies have consistently demonstrated “small-world” architecture in structural brain
networks during typical development in healthy subjects*’~?°. This network organization is thought to enable
efficient information processing by providing an optimal balance between segregation and integration®. In the
current study, we did not identify significant inter-group differences across the main small-worldness indexes, i.e.,
normalized clustering, normalized path length and small-worldness. Despite the lack of significant inter-group
differences, these measures were lower than the reported literature?.

In regional network measures we identified between-group differences across several brain systems, which
were consistent with previous findings. Several regions in the prefrontal cortex exhibited increased centrality (clus-
tering, betweenness, and degree centrality) in the HIV+ network compared with the HIV-exposed-uninfected
network. As an element of brain networks, individual nodes have unique centralities that are thought to be cru-
cial for defining functional specialization?*!. Numerous neuropsychological studies have demonstrated subtle
long-term neurocognitive deficits, specifically in cognitive functions subserved by the prefrontal and temporal
cortices, in HIV-infected subjects®. Our recent work® also identified reduced white matter integrity in the frontal
and temporal regions in HIV-infected subjects. These studies may explain the enhanced centrality in the frontal
regions and the reduced centrality in the temporal regions in the HIV+ network, which suggest disrupted ana-
tomical interactions between the frontal and temporal regions and the rest of the brain.

The regions identified with hubs in HIV— versus HIV+ network appear to be involved in multi-scale sen-
sory processing, memory, attention, and social cognition. In contrast, areas where HIV+ network centrality are
increased seem to be involved in self-awareness and sensorimotor functions. For example, the anterior insula
contains an interoceptive representation that provides the basis for all subjective sensations of the body***. The
anterior insula is usually activated in conjunction with the ACC, and these two structures act as limbic sensory
and motor cortices that producing salient sensations and motivations, respectively34’36. In addition, we deter-
mined that the shared hubs between the two groups were limited to the left cuneus cortex and the right rolandic
operculum. We identified an increased hub number with a shift to non-hub regions identified in typical develop-
ment in the HIV+ group. This finding may be correlated with the variable across individuals.

SCIENTIFICREPORTS | (2018) 8:1182 | DOI:10.1038/s41598-018-19290-5 9



www.nature.com/scientificreports/

Substantial evidence suggests that global gray matter atrophy is associated with focal and global white matter
damage, in part, due to axonal transection and subsequent retrograde neuronal loss*”*%. HAART can effectively
inhibit the burden of the HIV system; however, poor penetration into the CNS provides imperfect protection. In
addition, HIV treatment is provided to patients with <350 CD4+ T cells/mm? or plasma HIV ribonucleic acid
levels of >55,000 copies/mL?, so early and long-term HIV treatment may be due to more virulent strains, result-
ing in direct viral effects on the GM by the very heterogeneous virus population. In our study, the average age at
which antiretroviral therapy was initiated in our subjects was 8.5 years, and there was probably considerable brain
damage. In general, we infer that the cerebral maturation process of HIV-infected adolescents might be affected
by the direct viral effects to a greater extent. Thus, changes in the identified network-level in structural correlation
network of HIV+ patients may be caused by neurotoxic effects on cortico-cortical connections. Previous diffu-
sion tensor imaging studies reported a diffuse pattern of microstructure damage to white matter also supported
the idea’.

For random failure and targeted attack analysis, the AUC of the random failure curve in the HIV infection
network was not significantly different from that of the HIV-exposed-uninfected network, which suggests a
similar resilience of both networks in response to random failure. However, the resilience of the HIV infection
network was lower in response to targeted attack, and there was a significant difference between the groups
in specific nodes. The more regularized networks are less resilient to random failure and exhibit reduced resil-
ience to pathologies®. This observation is consistent with the nodal network measures results that suggest the
HIV-exposed-uninfected network has less central hubs than the HIV-infected network because hubs in the struc-
tural connectome are thought to be energy-demanding and vulnerable to major diseases. A more recent study*!
that compared cortical surface profiles and their structural connectivity changes between pediatric HIV patients
and healthy controls also reported similar findings, but the main difference between this study and our research
is the choice of appropriate healthy controls.

Limitations. There are several limitations in the current study. First, because of the lack of healthy subjects
with typical development, we could not draw conclusions regarding the role of HIV infection and antiviral treat-
ment on the typical developing brain. Second, we lack more detailed clinical and cognitive measures to relate the
alterations in gray matter integrity and structural covariance with functions in cognitive and motor domains.
Third, we cannot distinguish our current results as a consequence of HIV infection or antiretroviral treatment.

Conclusion

In summary, this investigation is the first study to use the graph analysis to investigate alterations in the GMV
correlation networks between HIV vertically infected adolescents and matched HIV-exposed-uninfected subjects
(the father, mother, or both parents were infected with HIV). We suggest a focal loss of gray matter, disrupted
nodal profiles of structural wirings, and a shift in hub distribution may represent neuroanatomical biomarkers of
HIV infection on the developing brain.

References
1. Buonora, S. et al. Growth parameters in HIV-vertically-infected adolescents on antiretroviral therapy in Rio de Janeiro, Brazil. Ann
Trop Paediatr. 28, 59-64 (2008).
2. de Martino, M. et al. Reduction in mortality with availability of antiretroviral therapy for children with perinatal HIV-1 infection.
Italian Register for HIV Infection in Children and the Italian National AIDS Registry. JAMA. 284, 190-197 (2000).
3. Boivin, M. J. et al. A preliminary evaluation of the cognitive and motor effects of pediatric HIV infection in Zairian children. Health
Psychol. 14, 13-21 (1995).
4. Nozyce, M. L. et al. A behavioral and cognitive profile of clinically stable HIV-infected children. Pediatrics. 117, 763-770 (2006).
5. Gonzélez-Scarano, F & Martin-Garcia, J. The neuropathogenesis of AIDS. Nat Rev Immunol. 5, 69-81 (2005).
6. Wood, S. M., Shah, S. S., Steenhoff, A. P. & Rutstein, R. M. The impact of AIDS diagnoses on long-term neurocognitive and
psychiatric outcomes of surviving adolescents with perinatally acquired HIV. AIDS. 23, 1859-1865 (2009).
7. Aylward, E. H. et al. Reduced basal ganglia volume in HIV-1-associated dementia: results from quantitative neuroimaging.
Neurology. 43,2099-2104 (1993).
8. Jahanshad, N. et al. Brain Imaging and Neurodevelopment in HIV-uninfected Thai Children Born to HIV-infected Mothers. Pediatr
Infect Dis J. 34, €211-216 (2015).
9. Kallianpur, K. J. et al. Peripheral blood HIV DNA is associated with atrophy of cerebellar and subcortical gray matter. Neurology. 80,
1792-1799 (2013).
10. Kiiper, M. et al. Structural gray and white matter changes in patients with HIV. ] Neurol. 258, 1066-1075 (2011).
11. Li, Y., Li, H., Gao, Q.,, Yuan, D. & Zhao, J. Structural gray matter change early in male patients with HIV. Int ] Clin Exp Med. 7,
3362-3369 (2014).
12. Wilson, T. W. et al. Multimodal neuroimaging evidence of alterations in cortical structure and function in HIV-infected older adults.
Hum Brain Mapp. 36, 897-910 (2015).
13. Sarma, M. K. et al. Regional brain gray and white matter changes in perinatally HIV-infected adolescents. Neuroimage Clin. 4, 29-34
(2013).
14. Cohen, S. et al. Cerebral injury in perinatally HIV-infected children compared to matched healthy controls. Neurology. 86, 19-27
(2016).
15. Wang, B. et al. Gray and white matter alterations in early HIV-infected patients: Combined voxel-based morphometry and tract-
based spatial statistics. ] Magn Reson Imaging. 43, 1474-1483 (2016).
16. Raznahan, A. et al. Patterns of coordinated anatomical change in human cortical development: a longitudinal neuroimaging study
of maturational coupling. Neuron. 72, 873-884 (2011).
17. Zielinski, B. A., Gennatas, E. D., Zhou, J. & Seeley, W. W. Network-level structural covariance in the developing brain. Proc Natl Acad
Sci USA 107, 18191-18196 (2010).
18. Seeley, W. W,, Crawford, R. K., Zhou, ], Miller, B. L. & Greicius, M. D. Neurodegenerative diseases target large-scale human brain
networks. Neuron. 62, 42-52 (2009).
19. Alexander-Bloch, A., Giedd, J. N. & Bullmore, E. Imaging structural co-variance between human brain regions. Nat Rev Neurosci.
14, 322-336 (2013).

SCIENTIFICREPORTS| (2018) 8:1182 | DOI:10.1038/s41598-018-19290-5 10



www.nature.com/scientificreports/

20. Alexander-Bloch, A., Raznahan, A., Bullmore, E. & Giedd, J. The convergence of maturational change and structural covariance in
human cortical networks. ] Neurosci. 33, 2889-2899 (2013).

21. Bullmore, E. & Sporns, O. Complex brain networks: graph theoretical analysis of structural and functional systems. Nat Rev
Neurosci. 10, 186-198 (2009).

22. Hosseini, S. H., Hoeft, F. & Kesler, S. R. GAT: a graph-theoretical analysis toolbox for analyzing between-group differences in large-
scale structural and functional brain networks. PLoS One. 7, 40709 (2012).

23. Watts, D. J. & Strogatz, S. H. Collective dynamics of ‘small-world’ networks. Nature. 393, 440-442 (1998).

24. Saylor, D. et al. HIV-associated neurocognitive disorder - pathogenesis and prospects for treatment. Nat Rev Neurol. 12, 234-248
(2016).

25. Andersen, A. B. et al. Cerebral FDG-PET scanning abnormalities in optimally treated HIV patients. ] Neuroinflammation. 7, 13
(2010).

26. Hester, R. & Garavan, H. Executive dysfunction in cocaine addiction: evidence for discordant frontal, cingulate, and cerebellar
activity. J Neurosci. 24, 11017-11022 (2004).

27. Bassett, D. S. et al. Hierarchical organization of human cortical networks in health and schizophrenia. ] Neurosci. 28, 9239-9248
(2008).

28. Fan, Y. et al. Brain anatomical networks in early human brain development. Neuroimage. 54, 1862-1871 (2011).

29. He, Y. & Evans, A. Graph theoretical modeling of brain connectivity. Curr Opin Neurol. 23, 341-350 (2010).

30. He, Y., Chen, Z. & Evans, A. Structural insights into aberrant topological patterns of large-scale cortical networks in Alzheimer’s
disease. ] Neurosci. 28, 4756-4766 (2008).

31. Petersen, S. E. & Sporns, O. Brain networks and cognitive architectures. Neuron. 88, 207-219 (2015).

32. Hoare, J. et al. A diffusion tensor imaging and neurocognitive study of HIV-positive children who are HAART-naive “slow
progressors’”. ] Neurovirol. 18, 205-212 (2012).

33. Li, J. et al. White matter development is potentially influenced in adolescents with vertically transmitted HIV infections: a Tract-
Based Spatial Statistics study. AJTNR Am ] Neuroradiol. 36, 2163-2169 (2015).

34. Uddin, L. Q. Salience processing and insular cortical function and dysfunction. Nat Rev Neurosci. 16, 55-61 (2015).

35. Craig, A. D. How do you feel-now? The anterior insula and human awareness. Nat Rev Neurosci. 10, 59-70 (2009).

36. Seeley, W. W. et al. Dissociable intrinsic connectivity networks for salience processing and executive control. The Journal of
neuroscience. 27, 2349-2356 (2007).

37. Sailer, M. et al. Focal thinning of the cerebral cortex in multiple sclerosis. Brain. 126, 1734-1744 (2003).

38. Sepulcre, J. et al. Contribution of white matter lesions to gray matter atrophy in multiple sclerosis: evidence from voxel-based
analysis of T1 lesions in the visual pathway. Arch Neurol. 66, 173-179 (2009).

39. Dybul, M. et al. Panel on Clinical Practices for Treatment of HIV. Guidelines for using antiretroviral agents among HIV-infected
adults and adolescents. Ann Intern Med. 137, 381-433 (2002).

40. Bernhardt, B. C., Chen, Z., He, Y., Evans, A. C. & Bernasconi, N. Graphtheoretical analysis reveals disrupted small-world
organization of cortical thickness correlation networks in temporal lobe epilepsy. Cereb Cortex. 21, 2147-2157 (2011).

41. Yadav, S. K. et al. Altered structural brain changes and neurocognitive performance in pediatric HIV. NeuroImage: Clinical. 14,
316-322 (2017).

Acknowledgements
Sincerely the authors thank all the subjects who participated in this study. This work was partially supported by
National Natural Science Foundation of China (NSFC) (Grant Nos 81171315, 81227902).

Author Contributions

G.Y.W, X.E.G,, H.L, EC.L. and J.L.L. were involved in the conception of the project. G.Y.W., ].L.L. and Z.W. were
involved in the design of the study. J.L.L., J.Z., PY.W. and N.T. collected the data. L.G., G.Y.W. and J.L.L. analyzed
the data. L.G., G.Y.W,, ].L.L,, ].Z., PY.W,, Z.W. and N.T. interpreted the data. L.G., G.Y.W. and ].L.L. prepared the
paper. G.Y.W. and J.L.L. supervised the project.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:1182 | DOI:10.1038/s41598-018-19290-5 11


http://creativecommons.org/licenses/by/4.0/

	Structural Covariance of Gray Matter Volume in HIV Vertically Infected Adolescents

	Materials and Methods

	Participants. 
	Assessments. 
	MRI acquisition. 
	Voxel-based morphometry (VBM) analysis. 
	Network construction. 
	Global network properties. 
	Regional network properties and hub identification. 
	Statistical analysis. 

	Results

	Demographic and clinical data. 
	Differences in GMV and global GMV. 
	Within-group global network measures. 
	Between-group differences in global network measures. 
	Differences across network densities. 

	AUC analysis of global network measures. 
	Between-group differences in regional network measures. 
	Network hubs. 
	Random failure and targeted attack analysis. 
	Correlation results. 

	Discussion

	Limitations. 

	Conclusion

	Acknowledgements

	Figure 1 Differences in GMV.
	Figure 2 Correlation matrix and binary graph.
	Figure 3 Changes in global network measurements and intergroup differences as a function of network density.
	Figure 4 (A) Regions about the p_auc_MDeg compared the HIV+ group to the HIV− group.
	Figure 5 Network hubs.
	Figure 6 Random failure and targeted attack analysis.
	Figure 7 Correlation results (after Bonferroni-corrected for multiple comparisons).
	Table 1 Demographic information for subjects in each group.
	Table 2 Regions of GMV changes in HIV positive adolescents compared with age- and gender-matched controls.




