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Objective: Previous studies on HIV-infected (HIV+) individuals have revealed brain
structural alterations underlying HIV-associated neurocognitive disorders. Most studies
have adopted the widely used voxel-based morphological analysis of T1-weighted
images or tracked-based analysis of diffusion tensor images. In this study, we
investigated the HIV-related morphological changes using the deformation-based
morphometry (DBM) analysis of T1-weighted images, which is another useful tool with
high regional sensitivity.

Materials and Methods: A total of 157 HIV+ (34.7 + 8.5 years old) and 110
age-matched HIV-uninfected (HIV-) (33.7 + 10.1 years old) men were recruited.
All participants underwent neurocognitive assessments and brain scans, including
high-resolution structural imaging and resting-state functional imaging. Structural
alterations in HIV4 individuals were analyzed using DBM. Functional brain networks
connected to the deformed regions were further investigated in a seed-based
connectivity analysis. The correlations between imaging and cognitive or clinical
measures were examined.

Results: The DBM analysis revealed decreased values (i.e., tissue atrophy) in the
bilateral frontal regions in the HIV4 group, including bilateral superior frontal gyrus, left
middle frontal gyrus, and their neighboring white matter tract, superior corona radiata.
The functional connectivity between the right superior frontal gyrus and the right inferior
temporal region was enhanced in the HIV+ group, the connectivity strength of which
was significantly correlated with the global deficit scores (r = 0.214, P = 0.034), and
deficits in learning (r = 0.246, P = 0.014) and recall (r = 0.218, P = 0.031). Increased
DBM indexes (i.e., tissue enlargement) of the right cerebellum were also observed in the
HIV+ group.

Conclusion: The current study revealed both gray and white matter volume changes in
frontal regions and cerebellum in HIV+ individuals using DBM, complementing previous
voxel-based morphological studies. Structural alterations were not limited to the local
regions but were accompanied by disrupted functional connectivity between them
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and other relevant regions. Disruptions in neural networks were associated with cognitive
performance, which may be related to HIV-associated neurocognitive disorders.

Keywords: HIV, MRI, deformation-based morphometry, functional connectivity, cognitive assessment

INTRODUCTION

People living with HIV, if left untreated, can progress to acquired
immunodeficiency syndrome. Combined antiretroviral therapy
can effectively control virus replication but cannot control the
intracranial virus infection due to the blood-brain barrier, leading
to central nervous system complications, especially the HIV-
associated neurocognitive disorders (HAND). The pathogenesis
of HAND is unclear, which could be attributed to the stimulation
of macrophages and glial cells; these cells release cytokines
and chemokines to damage neurons (1-3). The incidence rate
of HAND is about 10-50%, even up to 69%, according to
previous studies (4-6). The life quality and compliance with
drug treatment of the HIV-infected (HIV+) individuals could
be severely affected as HAND develops (7). Therefore, the early
detection of HAND is beneficial to clinical treatment. Yet, the
current HAND diagnostic criteria are purely based on lengthy
neuropsychological tests, without input from other methods,
such as brain imaging. As a non-invasive imaging technique with
high resolution, magnetic resonance imaging (MRI) is an optimal
method to reveal the brain structural and functional alterations in
the HIV+ individuals, which can aid the HAND diagnosis at the
preclinical or early stage.

Voxel-based morphometry (VBM) analysis of T1-weighted
images is one of the most commonly used methods for analyzing
brain morphology based on structural images (8). Previous VBM
studies on HIV+ individuals have found structural alterations
mainly in gray matter (9-12). Li et al. conducted VBM analysis on
HIV+ men with normal cognition and HIV-uninfected (HIV-)
healthy controls (9). Decreased volumes were found in the HIV+
group in the left superior temporal gyrus, cingulate gyrus, and
a large portion of frontal areas, including the triangular and
orbital part of the left inferior frontal gyrus (IFG) and right
middle frontal gyrus (MFG); increased volumes were found
around the midbrain aqueduct and lateral ventricle. Wang et al.
also found decreased gray matter volume in the frontal cortex,
including bilateral superior frontal gyrus (SFG), left MFG, and
left IFG, together with decreased volume in the bilateral anterior
cingulate cortex and left the supplementary motor area in
HIV+ individuals (10). When HIV+ individuals with cognitive
impairment were compared to HIV- controls, decreased gray
matter volume was found mostly in the temporal cortex and
anterior cingulate gyrus (13).

White matter volume changes in HIV+ individuals were
also reported in other VBM studies (14, 15). Sarma et al.
demonstrated that perinatal HIV infection could lead to
structural abnormalities in both the white and gray matter: in
addition to gray matter volume increase in left SFG, bilateral
inferior and middle temporal gyrus, parahippocampal gyrus, and
other brain regions, there was white matter atrophy in ventral
temporal areas, bilateral posterior corpus callosum, external

capsule, mid cerebral peduncles, and basal pons (14). Sanford
et al. found that volume reductions in HIV+ subjects occurred in
the white matter of the brainstem and thalamus, but not in gray
matter or cerebrospinal fluid (14). In sum, previous MRI studies
using VBM analysis have revealed both atrophy and enlargement
of different brain areas in HIV+ individuals, which mainly occur
in the gray matter of frontal, temporal, and cingulate cortexes.

Although less frequently reported than gray matter alterations
in VBM analysis of T1-weighted images, HIV-associated white
matter alterations have been widely revealed via tract-based
spatial statistics analysis in diffusion tensor imaging (DTI)
studies (10, 16-19). Wang et al. observed decreases in fractional
anisotropy (FA) in the corpus callosum and anterior corona
radiata and increases in mean diffusivity (MD), radial diffusivity
(RD), and axial diffusivity (AD) in most skeleton locations at the
early stage of HIV infection (10). Kuhn et al. also revealed that
HIV infection was significantly related to lower FA and higher
MD, AD, and RD across all regions (18).

Deformation-based morphometry (DBM) is another useful
method to explore morphological changes in T1-weighted
structural images, which analyzes the displacement between each
voxel and the standard brain (20). Unlike VBM, DBM does not
rely on automatic segmentation of gray matter, white matter,
and cerebrospinal fluid. It matches local images based on the
similarity of contrast and intensity using a robust nonlinear
image registration algorithm and is thus capable of detecting
boundaries and deformations (21-23). DBM analyses have been
applied to many neurological diseases, including Alzheimer’s
disease, epilepsy, and schizophrenia, to reveal morphological
changes in the brain (21, 24, 25). However, a thorough search
of DBM analysis on HIV+ people yielded only a few studies
(15, 26, 27). Kuhn et al. found a significant HIV effect on
subcortical structures, including left putamen, right caudate,
right nucleus accumbens, and bilateral hippocampus (26). Becker
et al. estimated the DBM indexes in the caudate nucleus and
putamen of HIV+ subjects, and significant atrophy was found
in both regions (27). Sanford et al. used both VBM and DBM
to compare the structural images of 125 HIV+ and 62 HIV-
individuals (15). While the VBM analysis suggested white matter
volume reduction in the brainstem and thalamus in the HIV+
group, the DBM analysis found no significant group differences,
although similar brain regions to that of VBM were revealed
when a lenient statistical threshold was used.

Furthermore, MRI studies on HIV+ participants reported
HIV-associated brain functional abnormalities. In a study on
HIV+ individuals with asymptomatic HAND, the reduced
functional connectivity within the default mode network was
found compared to the HIV- group (28). Similarly, Ann et al.
investigated the resting-state default mode network in HIV+4
subjects and found that the functional connections between the
bilateral precuneus and prefrontal cortex, specifically the right
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IFG and SFG, were reduced in HAND patients compared to
HIV+ individuals without HAND (29). Other intrinsic resting-
state networks, including cortical-striatal and frontostriatal
networks, were also found disrupted in HIV+4 compared to
HIV- individuals (30, 31). However, few studies have focused
on the functional abnormalities of the morphologically altered
brain areas (32). One recent study found that HIV+ individuals
suffered from brain atrophy in brain regions within the visual
network, and the functional connection between these regions
and the default mode network was also altered (32).

To summarize, previous imaging studies on HIV+ individuals
mainly focused on VBM analysis of T1-weighted images and
tract-based analysis of diffusion-based images. HIV-associated
brain structural alterations were mostly found in the gray
matter based on T1-weighted images while white matter changes
were reported in diffusion-based imaging studies. However, the
functional abnormality in these altered brain regions remains
to be investigated. The current study aimed to explore the
HIV-associated brain structural changes in T1-weighted images
via DBM analysis, which was sensitive to local morphological
deformation. Functional connectivity between the deformed
brain regions and the rest of the brain was also explored based
on resting-state functional MRI images. Finally, associations of
altered imaging indexes with cognitive performances and clinical
indexes were also examined.

MATERIALS AND METHODS

Participants

This study has been reviewed and approved by the ethics
committee of the Shanghai Public Health Clinical Center
in Shanghai, China. All participants were screened in strict
accordance with the inclusion and exclusion criteria and gave
their informed consent. The inclusion criteria were as follows:
018-60 years old; O right-handedness; I HIV seropositive.
The exclusion criteria were as follows: [ previous non-
HIV-related acute and chronic neurological diseases, such as
multiple sclerosis, Parkinson’s disease, previous stroke, and
neurosyphilis; O history of organic central nervous system
infection or neoplasm; [J traumatic brain injury with loss of
consciousness lasting more than 30 min; [J mental diseases, such
as schizophrenia, depression, and anxiety; [ history of drug or
alcohol dependence; 1 MRI contraindications; [J color-blindness
or color-weakness. The clinical data of HIV+ individuals,
including current CD4 and CD8 cell counts, nadir CD4 and
CD8 cell counts, current viral load, historical highest viral
load, duration of HIV diagnosis, and duration of antiretroviral
treatment, were collected from clinical records.

Neuropsychological Tests

All the participants completed the systematic neurocognitive
tests according to the Frascati standard (4), which evaluated
cognitive abilities in the following seven domains: [J information
processing speed [Wechsler adult intelligence scale-IIT (WAIS-
III) digit symbol and WAIS-III symbol search]; 0, Olearning
and memory [Hopkins verbal learning test-revised (HVLT-
R) and brief visuospatial memory test-revised (BVMT-R); U

abstract/executive functions [Wisconsin card sorting test 64-
card version (WCST-64) and category test]; [J verbal fluency
[category fluency (animals and actions)]; O attention/working
memory [Wechsler memory scale-IIT (WMS-III) spatial span
and paced auditory serial addition test (PASAT)]; O motor
(grooved pegboard Test). Raw scores of tests were converted
to demographically corrected standard scores (T scores), which
were then converted to deficit scores from 0 (no impairment, T
> 40) to 5 (severe impairment, T < 20). Domain deficit scores
were calculated by averaging the deficit scores of tests within each
cognitive domain. The global deficit score (GDS) was calculated
by averaging domain deficit scores to determine the overall
cognitive impairment. GDS >0.5 indicates that the individual
meets the clinical diagnosis of cognitive impairment (33).

MRI Data Acquisition

Philips Ingenia 3T (Netherlands) and Siemens Skyra 3T
(Germany) MRI systems were used in this study. The subjects
were in the supine position in the scanner, wearing earplugs
and headphones, and were indicated to keep quiet and avoid
head movement during the scan. They were further required to
keep their eyes closed and remain awake during the resting-state
scanning. T1-weighted sequence was used for structural image
scanning (Philips: TR = 8.2ms, TE = 3.8 ms, FA = 8°, FOV =
240 x 240, voxel size = 1 x 1 x 1 mm?, slice number = 170;
Siemens: TR = 1,900 ms, TE = 3.4 ms, FA = 9°, FOV = 250 x
250, voxel size = 1 x 1 x 1 mm?, slice number = 192). Resting-
state functional imaging adopts gradient-echo single-shot echo-
planar imaging (EPI) sequence (Philips: TR = 2,000 ms, TE =
25ms, FA = 75° FOV = 224 x 224, slice number = 35, slice
thickness = 4 mm, number of volumes = 240; Siemens: TR =
2,500 ms, TE = 30 ms, FA = 75°, FOV = 225 x 225, slice number
= 41, slice thickness = 3.5 mm, number of volumes = 240). In
addition, conventional T2WI, FLAIR, and DWI imaging data
were collected to evaluate whether abnormal signals or organic
lesions were present in the brain. Two subjects were excluded due
to head motion and metal artifacts in structural image scanning.

MRI Data Analysis

Deformation-based morphometry analysis was performed using
the SPM toolkit CAT12 (https://dbm.neuro.uni-jena.de/cat) and
default parameters. According to the deformation field generated
by the standardization process, the Jacobian determinant
could be calculated, which corresponds to the deformation
information of each voxel. The results are superimposed on
the Mori atlas (http://www.neuro.uni-jena.de/cat12-html/cat_
methods_RBM.html#Mori), which includes both gray matter
and white matter structures. The SPM toolkit DPABI (http://
rfmri.org/dpabi, v4.2) was used to preprocess the resting-state
functional images. The standard preprocessing steps included
slice timing correction, realignment, co-registration to structural
images, spatial normalization, and spatial smoothness. The
preprocessed data were resampled into 3 mm isotropic voxels
and spatially smoothed with a 6 mm full width at half-maximum
(FWHM) isotropic Gaussian kernel. Artifact Detection Tools
(http://www.nitrc.org/projects/artifact_detect) and the default
settings were used to identify problematic volumes in each scan.
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TABLE 1 | Demographics, neuropsychological and clinical information.

HIV+ HIV- P-value
N 157 110
Machine Siemens 128 84
Philips 29 26
Age [mean + SDJ, 34.73+8.46 33.67 + 0.37

y 10.10
Education [mean 14.43 +2.40 13.85 + 2.63 0.07

+8D],y

Duration of HIV 79.34% NA

diagnosis > 1y, %

Current CD4, 47111 £ NA

copies/mL 198.87

Nadir CD4, 213.26 + NA

copies/mL 141.73

Current CD8, 839.42 + NA

copies/mL 350.05

Sexual 84.40% NA

transmission, %

Viral load (> 50 35.9% NA

copies/mL), %

GDS, N 0.34 £ 0.44, 0.29+0.37, 0.402
100 47

GDS > 0.5 21 10

Mean framewise 0.14+0.08 0.15+0.10 0.80

displacement

a. P-value from the Wilcoxon rank-sum test.

Specifically, a volume was defined as an outlier if the scan-to-
scan head-motion composite changes were >2 mm, or if the Z-
score of scan-to-scan global signal change was >9. Scans with
more than 10 outlier volumes were excluded from the subsequent
analysis. Mean framewise displacement during the scan was
calculated for each participant to represent the extent of head
motion. According to the DBM analysis, brain regions with
significant structural changes in HIV+ people were identified. To
explore the changes in the brain functional networks related to
local brain structural changes, we defined these areas as regions of
interest (ROIs) and further analyzed their functional connection
with the whole brain. We did not take the cerebellar region as one
of the ROIs because it was not fully covered in the resting-state
functional scanning for most subjects.

Statistical Analysis

The group comparisons of demographics, clinical information,
neurocognitive performance, and head motion parameters were
carried out using two-sample t-tests or Wilcoxon rank-sum
tests depending on whether or not the variables were normally
distributed (Shapiro-Wilk tests, P < 0.05). Age, years of
education, and machine model were considered as covariates to
reduce the potential effects in statistical analyses on DBM and
brain network measures. Family-wise error (FWE) correction
was applied to correct multiple comparisons with statistical
significance defined by voxel-level P < 0.001 and cluster level
P < 0.05. Correlation analyses were conducted to explore the

relationships between the altered imaging characteristics and
clinical and cognitive measures in the HIV+ group. Clinical
measures included current CD4 and CDS8 cell count, nadir CD4
and CD8 cell count, historical highest viral load, duration of
HIV diagnosis, and duration of antiretroviral treatment; the
current viral load was not included as the majority of HIV+
subjects showed undetectable viral loads. Cognitive measures
included the GDS and deficit scores in seven cognitive domains.
Shapiro-Wilk tests were used to test the normality of all
measures. As all clinical and cognitive measures were not
normally distributed, Spearman’s correlation was used in the
correlation analysis.

RESULTS

Demographics

Table 1 summarizes the demographics and neuropsychological
and clinical characteristics of the two groups of subjects. A
total of 230 HIV+ and 182 HIV- individuals were enrolled
in this study, among which 86.9% were males. To reduce the
potential effect of age, education, and sex in the MRI measures,
only male subjects with matched age and education years in
both groups were included. The final analysis included 157
HIV+ men (mean age = 34.73 £ 8.46 years old, years of
education = 14.43 £ 2.4 years) and 110 HIV- men (mean
age = 33.67 £ 10.1 years old, years of education = 13.85 &
2.63 years). Among them, 128 HIV+ and 84 HIV- participants
were scanned on the Philips scanner, and the remaining 29
HIV+ and 26 HIV- participants were scanned on the Siemens
scanner. No significant group differences were detected in age
(P = 0.37), years of education (P = 0.07) and mean framewise
displacement (P = 0.8). All the HIV+ people were treated
with standard antiretroviral drugs. Among them, 79.34% were
diagnosed more than 1 year ago, and 35.9% had the highest viral
load of more than 50 copies/ml. Among the 109 with known
transmission routes, male homosexual contact accounted for
84.4%. The current CD4 value was 471.11 £ 198.87 copies/mL,
and the lowest historical CD4 value was 213.26 + 141.73
copies/mL. In this study, 100 HIV+ and 47 HIV- individuals
completed the standard neurocognitive assessment. According
to the GDS standard, 21 HIV+ and 10 HIV- individuals
were cognitively impaired. No significant group difference was
detected in either the GDS or any of the domain deficit
scores.

MRI Results

Deformation-based morphometry analysis suggested that,
compared to the HIV- group, the HIV+ group showed
tissue atrophy in the bilateral frontal regions, including
bilateral SFG, left MFG, and their surrounding white matter
tract, bilateral superior corona radiata (Figure 1A). Tissue
expansion was found in the right cerebellum (Figure 1B).
Table 2 shows the MNI coordinates of the altered brain
regions (voxel-level uncorrected P < 0.001, cluster level
P < 0.05, FWE corrected). Correlations between the
deformation statistics in these brain regions are presented
in  Supplementary Table1. No significant correlation
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HIV+ < HIV-

>

+30

HIV+ > HIV-

0.05, FWE corrected). The colors indicate the t-statistics.

FIGURE 1 | Group differences in deformation-based morphometry (DBM) indexes between HIV infected (HIV+) and HIV uninfected (HIV-) group. (A) Bilateral superior
and left middle frontal regions showed decreased DBM indexes (i.e., tissue atrophy) in the HIV+ group (voxel-level uncorrected P < 0.001, cluster level P < 0.05, FWE
corrected). (B) Right cerebellum showed increased DBM indexes (i.e., tissue enlargement) in the HIV+ group (voxel-level uncorrected P < 0.001, cluster level P <

TABLE 2 | Deformation differences between HIV+ and HIV- groups.

Structure L/R Cluster size (mm?®) Coordinates t value P-value
X y z

HIV+ < HIV-

Cluster1 SFG R 3,792 24 2 42 4.06 <0.001
SCR R 3,376 29 8 32 3.78 <0.001

Cluster2 SCR L 4,088 —24 5 23 4.06 <0.001
MFG L 2,168 —42 20 26 4.04 <0.001
SFG L 1,362 -18 15 38 3.73 <0.001

HIV+ > HIV-

Cerebellum R 5,272 29 -75 —-29 4.19 <0.001

SFG, superior frontal gyrus; SCR, superior corona radiata; MFG, middle frontal gyrus; L, left; R, right.

was found between the DBM indexes and clinical or
cognitive measures.

Brain regions with significant group differences in the
DBM analysis were defined as ROIs. ROI-based functional

connectivity analysis was conducted in 154 HIV+ and 104

HIV- individuals after nine subjects were excluded due to
excessive head motion. The results showed enhanced functional
connectivity between the right superior frontal region and
the right inferior temporal gyrus (Figure 2). The connectivity
strength between the above two brain regions was positively
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FIGURE 2 | Functional alterations of the deformed brain region in the HIV+ group. Functional connection between the deformed right superior frontal region (in green
color) and the right inferior temporal gyrus (in red color) was significantly increased in the HIV+ group (voxel-level uncorrected P < 0.005, cluster level P < 0.05, FWE
corrected).

correlated with the GDS (Figure 3A, r = 0.214, P = 0.034), DISCUSSION
learning deficits (Figure 3B, r = 0.246, P = 0.014) and recall
deficits (Figure3C, r = 0.218, P = 0.031). No significant In this study, DBM was used to analyze the brain structural

correlation was found between connectivity strength and  changes of HIV+  people. Furthermore, dysfunctional

clinical measures. connections between the deformed brain areas and the rest
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FIGURE 3 | Correlations between brain alterations and cognitive performances in the HIV+ group. (A) The functional connection (FC) strength between the deformed
right superior frontal gyrus (rSFG) and the right inferior temporal gyrus (rITG) was positively correlated with global deficit scores (r = 0.214, P = 0.034). (B) The FC
strength between the deformed rSFG and rITG was positively correlated with the deficit score of learning (- = 0.246, P = 0.014). (C) The FC strength between the
deformed rSFG and rITG was positively correlated with the deficit score of recall (- = 0.218, P = 0.031).
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of the brain were explored via seed-based analyses. The
associations of brain imaging measures with clinical indexes
and cognitive impairments were also examined. The present
study demonstrated that, compared to the HIV- group, the
HIV+ group had decreased volume in the bilateral superior
frontal lobe and increased volume in the right cerebellum. More
importantly, the functional connection between the atrophic
right superior frontal region and the right inferior temporal
gyrus was enhanced, which was further related to GDS and
deficits in learning and recall. These results showed that there
were detectable brain structural and functional changes in HIV+
people which may be the underlying brain mechanism of HAND.

One of the main findings of the current study was the
tissue atrophy in the white matter tract of superior corona
radiata, which connects to the neighboring gray matter. The
deformation statistics between the white matter tract and
the neighboring gray matter regions were highly correlated
(correlation coefficients larger than 0.5, Supplementary Table 1),
leading to the assumption that deformation of the superior
corona radiata might mediate the observed group differences
in neighboring gray matter regions. Deformation in this white
matter tract was consistent with previous HIV studies based
on DTI, which is a different imaging technique from the T1-
weighted structural imaging used in the current study. One
study showed that, compared with HIV- individuals, HAND
patients had a significantly increased MD in the widespread white
matter, including the bilateral superior and posterior corona
radiata (17). Another study also showed that HIV+ patients
exhibited significantly higher MD and increased AD in the
bilateral superior corona radiata and other white matter regions
(16). However, we did not find white matter alterations in the
brainstem and thalamus, which were revealed by a previous
DBM study on HIV+ individuals, although not statistically
significant (15). Nonetheless, the current finding of atrophic
superior corona radiata in the HIV+ group supported the HIV-
associated pathophysiological changes in white matter (19, 34).

Besides bilateral superior corona radiata, deformation of
gray matter in the neighboring frontal areas, including bilateral
SEG and left MFG, was also revealed by the DBM analysis,
which was consistent with previous VBM studies (9, 13, 35,
36). Specifically, HIV+ individuals had significantly less gray
matter than the HIV- group in the medial and superior frontal
gyrus (37). A meta-analysis showed that the frontal cortex was
the brain region most frequently affected by HIV infection,
especially in HIV+ people with normal cognition, suggesting
an early HIV effect on the frontal cortex (38). In the current
study, most people did not show any obvious neurocognitive
impairment at the behavioral level, with only 21% of the HIV+
subjects having an asymptomatic impairment. The overall better
cognitive performance in the HIV+ individuals compared to
previous studies might explain why brain atrophy was only found
in the frontal regions in the current study. However, we did
not find HIV-related deformation in subcortical structures as
reported by previous studies (26, 27, 39). One reason for this
discrepancy might be that a whole-brain analysis was conducted
in the current study while previous studies focused on specific
subcortical regions.

The HIV-related brain changes were not limited to the
deformed frontal regions. Based on the seed-based analysis
of resting-state fMRI data, we found that the functional
connection of the deformed superior frontal region with the
right inferior temporal gyrus was enhanced in the HIV+ group.
The connectivity enhancement between these two regions might
indicate compensatory activity outside the deformed regions
in HIV+ individuals. This is in accordance with previous
studies showing the impact of HIV infection on the temporal
lobe (13, 40). Previous studies have shown that brain injury
reduces neural efficiency and requires more neural resources to
maintain cognitive function, which is called cognitive reserve
(41, 42). Some fMRI studies revealed that HIV+ patients showed
greater brain activation in the frontal lobes when performing
tasks, indicating that injury to the frontal lobes caused by HIV
needs greater modulation than the use of the brain reserve
(43-47). Further studies are needed to explore the network
connectivity and compensatory activities between the frontal and
temporal lobes.

Furthermore, we found that the dysconnectivity between the
deformed right frontal region and inferior temporal gryus was
associated with GDS, learning deficits, and recall deficits. A
recent review summarized that it is partially induced by subtle
synaptodendritic damage and disruption of neuronal networks
in brain areas that mediate learning and memory (48). Similar
findings in HIV+ individuals have been reported by Ann and
her colleagues (29). They found that the connectivity strength
between right frontal areas, which included right SFG and IFG
and are highly overlapped with our DBM finding, and bilateral
precuneus was positively correlated with the deficit score of
delayed recall memory. It is possible that the white matter within
the deformed frontal areas (i.e., the superior corona radiata)
plays an important role in delayed recall memory (16, 49). Li
et al. employed the same memory test as in the current study to
investigate the learning and recall ability of HIV+ people (16).
They found that memory scores were negatively correlated with
the MD in the right superior corona radiata. Similarly, Hoare
et al. showed that HIV+ participants with poor prospective
memory had significantly decreased anisotropic fraction in
superior corona radiata (49). Altogether, these correlations
between abnormal imaging measures and neuropsychological
declines in HIV+ individuals supported the potential value of
imaging markers in HAND diagnosis.

In addition to the structural changes in the superior and
middle frontal lobes, DBM also found increased volume in
the right cerebellum in the HIV4 group. Previous VBM
studies on HIV+ individuals reported both atrophy (50-52) and
enlargement (53) in the cerebellum, depending on the severity
of central nervous system damage. Increased cerebellar volume
may reflect the proliferation of macrophages and glial cells
caused by persistent HIV-related neuro-inflammation, resulting
in the swelling of brain cells and tissues. In that case, the
enlarged cerebellum is a sign of neurological progression from
asymptomatic to symptomatic HAND (1). Another explanation
was that the increase in cerebellar volume may be a compensatory
change after brain parenchymal lesions are induced by HIV
infection (53).
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There are several limitations in the present study. First, two
scanners were used to collect the data. Although the scanner
was treated as a covariate in statistical analysis, the impact of
different equipment cannot be fully excluded. Second, this was
a cross-sectional study. Further longitudinal analysis is needed
to verify the relationship between brain functional changes and
cognitive performance. Third, it was not clear whether different
analytical methods might lead to substantially different findings.
We did not conduct other morphological analyses, such as VBM
and surface-based morphometry, in the current study, as our
objective was to complement previous HIV imaging studies
by focusing on DBM. According to a previous study using
both VBM and DBM analyses, VBM detected significant brain
alterations in HIV+ subjects while DBM did not, although
the findings from both methods were similar when a lenient
statistical threshold was applied (15). Future HIV imaging
studies with larger sample sizes were needed to investigate the
methodological advantages and disadvantages.

CONCLUSION

The current study employed DBM analysis on HIV+ individuals
and revealed tissue atrophy in the frontal cortex, including
bilateral SFG, left MFG, and their neighboring white matter
tract of superior corona radiata, and also revealed tissue
enlargement in the right cerebellum. Structural alterations
were not limited to local changes but were accompanied by
disrupted functional connectivity between deformed regions
and other relevant regions. Disruptions in brain anatomy or
neural networks were associated with deficits in overall cognitive
performance, especially in learning and recall. These results
indicate the potential value of DBM analysis in assessing HIV-
associated brain alterations in T1-weighted images in addition
to VBM.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

1. Kaul M, Garden GA, Lipton SA. Pathways to neuronal injury and apoptosis in
HIV-associated dementia. Nature. (2001) 410:988-94. doi: 10.1038/35073667

2. Pereira CE Middel ], Jansen G, Verhoef ], Nottet HS. Enhanced expression of
fractalkine in HIV-1 associated dementia. ] Neuroimmunol. (2001) 115:168—
75. doi: 10.1016/S0165-5728(01)00262-4

3. Mocchetti I, Campbell LA, Harry GJ, Avdoshina V. When
human immunodeficiency virus chemokines and microglia:
neuroprotection or neurodegeneration? ] Neuroimmune Pharmacol. (2013)
8:118-31. doi: 10.1007/s11481-012-9353-4

4. Antinori A, Arendt G, Becker JT, Brew BJ, Byrd DA, Cherner M, et al. Updated
research nosology for HIV-associated neurocognitive disorders. Neurology.
(2007) 69:1789-99. doi: 10.1212/01.WNL.0000287431.88658.8b

5. Letendre SL, Ellis R], Ances BM, McCutchan JA. Neurologic complications of
HIV disease and their treatment. Top HIV Med. (2010) 18:45-55.

6. Shin AH, Thayer SA. Human immunodeficiency virus-1 protein Tat
induces of presynaptic in hippocampal

meets

excitotoxic loss terminals

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of the Shanghai Public Health
Clinical Center in Shanghai, China. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

GC and D-CC: study design, participant recruitment, data
collection, data analysis, and manuscript writing. FS: participant
recruitment and data collection. YZ and CS: participant
recruitment. LW: data analysis. HW: study conceptualization.
YS: study design, study conceptualization, and project
administration. All authors were involved in interpreting
the results and modifying the manuscript.

FUNDING

This work was supported by the Shanghai Municipal
Commission of Health and Family Planning (201840146),
the Shanghai Municipal Health Commission (20204Y0334), the
Science and Technology Commission of Shanghai Municipality
(19411965800), and the National Institutes of Health grant
from the National Institute of Neurological Disorders and
Stroke (ROINS108809).

ACKNOWLEDGMENTS

We would like to thank the staff of the Shanghai Public Health
Clinical Center. We appreciate the efforts of all the people who
participated in the study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2022.909437/full#supplementary-material

cultures. Mol Cell Neurosci. (2013) 54:22-9. doi: 10.1016/j.mcn.2012.
12.005

7. Doyle K, Weber E, Atkinson JH, Grant I, Woods SP. Aging, prospective
memory, and health-related quality of life in HIV infection. AIDS Behav.
(2012) 16:2309-18. doi: 10.1007/s10461-011-0121-x

8. Ashburner ], Friston KJ. Voxel-based
methods.  Neuroimage. (2000) 11:805-21.  doi:
0.0582

9. LiY,LiH, Gao Q, Yuan D, Zhao J. Structural gray matter change early in male
patients with HIV. Int J Clin Exp Med. (2014) 7:3362-9.

10. Wang B, Liu Z, Liu J, Tang Z, Li H, Tian J. Gray and white matter alterations
in early HIV-infected patients: combined voxel-based morphometry and
tract-based spatial statistics. ] Magn Reson Imaging. (2016) 43:1474-
83. doi: 10.1002/jmri.25100

11. Kato T, Yoshihara Y, Watanabe D, Fukumoto
Nakakura T, et al. Neurocognitive impairment
volume reduction in HIV-infected patients. ] Neurovirol.
26:590-601. doi: 10.1007/s13365-020-00865-w

morphometry-the
10.1006/nimg.200

M, Wada K,
and gray matter
(2020)

Frontiers in Neurology | www.frontiersin.org

June 2022 | Volume 13 | Article 909437


https://www.frontiersin.org/articles/10.3389/fneur.2022.909437/full#supplementary-material
https://doi.org/10.1038/35073667
https://doi.org/10.1016/S0165-5728(01)00262-4
https://doi.org/10.1007/s11481-012-9353-4
https://doi.org/10.1212/01.WNL.0000287431.88658.8b
https://doi.org/10.1016/j.mcn.2012.12.005
https://doi.org/10.1007/s10461-011-0121-x
https://doi.org/10.1006/nimg.2000.0582
https://doi.org/10.1002/jmri.25100
https://doi.org/10.1007/s13365-020-00865-w
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Chen et al.

DBM Analysis on HIV+ Male

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Becker JT, Maruca V, Kingsley LA, Sanders JM, Alger JR, Barker PB, et al.
Factors affecting brain structure in men with HIV disease in the post-HAART
era. Neuroradiology. (2012) 54:113-21. doi: 10.1007/s00234-011-0854-2
Kuper M, Rabe K, Esser S, Gizewski ER, Husstedt IW, Maschke M, et al.
Structural gray and white matter changes in patients with HIV. J Neurol.
(2011) 258:1066-75. doi: 10.1007/s00415-010-5883-y

Sarma MK, Nagarajan R, Keller MA, Kumar R, Nielsen-Saines K,
Michalik DE, et al. Regional brain gray and white matter changes
in perinatally HIV-infected adolescents. Neuroimage Clin. (2014) 4:29-
34. doi: 10.1016/j.nicl.2013.10.012

Sanford R, Fernandez CA, Scott SC, Mayo NE, Fellows LK, Ances BM, et al.
Regionally specific brain volumetric and cortical thickness changes in HIV-
infected patients in the HAART era. ] Acquir Immune Defic Syndr. (2017)
74:563-70. doi: 10.1097/QAI.0000000000001294

Li RL, Sun ], Tang ZC, Zhang JJ, Li HJ. Axonal chronic injury in treatment-
naive HIV+ adults with asymptomatic neurocognitive impairment and its
relationship with clinical variables and cognitive status. BMC Neurol. (2018)
18:66. doi: 10.1186/512883-018-1069-5

Oh SW, Shin NY, Choi JY, Lee SK, Bang MR. Altered white matter integrity
in human immunodeficiency virus-associated neurocognitive disorder:
a tract-based spatial statistics study. Korean ] Radiol. (2018) 19:431-
42. doi: 10.3348/kjr.2018.19.3.431

Kuhn T, Jin Y, Huang C, Kim Y, Nir TM, Gullett JM, et al. The joint effect
of aging and HIV infection on microstructure of white matter bundles. Hum
Brain Mapp. (2019) 40:4370-80. doi: 10.1002/hbm.24708

Zhu T, Zhong J, Hu R, Tivarus M, Ekholm S, Harezlak J, et al. Patterns of
white matter injury in HIV infection after partial immune reconstitution:
a DTI tract-based spatial statistics study. J Neurovirol. (2013) 19:10-
23. doi: 10.1007/s13365-012-0135-9

Chung MK, Worsley KJ, Paus T, Cherif C, Collins DL, Giedd JN, et al. A
unified statistical approach to deformation-based morphometry. Neuroimage.
(2001) 14:595-606. doi: 10.1006/nimg.2001.0862

Tosun D, Dabbs K, Caplan R, Siddarth P, Toga A, Seidenberg
M, et al morphometry  of  prospective
neurodevelopmental changes in new onset paediatric epilepsy. Brain.
(2011) 134:1003-14. doi: 10.1093/brain/awr027

Manera AL, Dadar M, Collins DL, Ducharme §S. Deformation
based morphometry study of longitudinal MRI changes in
behavioral variant frontotemporal dementia. Neuroimage Clin. (2019)
24:102079. doi: 10.1016/j.1nic.2019.102079

Costafreda SG, Dinov ID, Tu Z, Shi Y, Liu CY, Kloszewska I,
et al. Automated hippocampal shape analysis predicts the onset
of dementia in mild cognitive impairment. Neuroimage. (2011)
56:212-9. doi: 10.1016/j.neuroimage.2011.01.050

Sankar T, Chakravarty MM, Bescos A, Lara M, Obuchi T, Laxton AW, et al.
Deep brain stimulation influences brain structure in Alzheimer’s disease.
Brain Stimul. (2015) 8:645-54. doi: 10.1016/j.brs.2014.11.020

Tang X, Lyu G, Chen M, Huang W, Lin Y. Amygdalar and
hippocampal morphometry abnormalities in first-episode schizophrenia
using deformation-based shape analysis. Psychiatry.  (2020)
11:677. doi: 10.3389/fpsyt.2020.00677

Kuhn T, Schonfeld D, Sayegh P, Arentoft A, Jones JD, Hinkin CH, et al. The
effects of HIV and aging on subcortical shape alterations: A 3D morphometric
study. Hum Brain Mapp. (2017) 38:1025-37. doi: 10.1002/hbm.23436

Becker JT, Sanders J, Madsen SK, Ragin A, Kingsley L, Maruca V,
et al. Subcortical brain atrophy persists even in HAART-regulated HIV
disease. Brain Imaging Behav. (2011) 5:77-85. doi: 10.1007/s11682-011-
9113-8

Samboju V, Philippi CL, Chan P, Cobigo Y, Fletcher J, Robb M, et al. Structural
and functional brain imaging in acute HIV. Neuroimage Clin. (2018) 20:327-
35. doi: 10.1016/j.nicl.2018.07.024

Ann HW, Jun S, Shin NY, Han S, Ahn JY, Ahn MY, et al. Characteristics
of resting-state functional connectivity in HIV-associated neurocognitive
disorder. PLoS One. (2016) 11:e153493. doi: 10.1371/journal.pone.0153493
Ortega M, Brier MR, Ances BM. Effects of HIV and combination antiretroviral
therapy on cortico-striatal functional connectivity. AIDS. (2015) 29:703-
12. doi: 10.1097/QAD.0000000000000611

Deformation-based

Front

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Ipser JC, Brown GG, Bischoff-Grethe A, Connolly CG, Ellis R], Heaton
RK, et al. HIV infection is associated with attenuated frontostriatal intrinsic
connectivity: a preliminary study. J Int Neuropsychol Soc. (2015) 21:203-
13. doi: 10.1017/S1355617715000156

Liu D, Zhao C, Wang W, Wang Y, Li R, Sun J, et al. Altered gray matter volume
and functional connectivity in human immunodeficiency virus-infected
adults. Front Neurosci. (2020) 14:601063. doi: 10.3389/fnins.2020.601063
Carey CL, Woods SP, Gonzalez R, Conover E, Marcotte TD, Grant I, et al.
Predictive validity of global deficit scores in detecting neuropsychological
impairment in HIV infection. J Clin Exp Neuropsychol. (2004) 26:307-
19. doi: 10.1080/13803390490510031

Stebbins GT, Smith CA, Bartt RE, Kessler HA, Adeyemi OM, Martin E,
et al. HIV-associated alterations in normal-appearing white matter: a voxel-
wise diffusion tensor imaging study. | Acquir Immune Defic Syndr. (2007)
46:564-73. doi: 10.1097/QAI1.0b013e318159d807

Heaton RK, Grant I, Butters N, White DA, Kirson D, Atkinson JH, et al.
The HNRC 500-neuropsychology of HIV infection at different disease stages.
HIV neurobehavioral research Center. ] Int Neuropsychol Soc. (1995) 1:231-
51. doi: 10.1017/S1355617700000230

Zhou Y, Li R, Wang X, Miao H, Wei Y, Ali R, et al. Motor-related
brain abnormalities in HIV-infected patients: a multimodal MRI study.
Neuroradiology. (2017) 59:1133-42. doi: 10.1007/s00234-017-1912-1
Towgood KJ, Pitkanen M, Kulasegaram R, Fradera A, Kumar A, Soni S,
et al. Mapping the brain in younger and older asymptomatic HIV-1 men:
frontal volume changes in the absence of other cortical or diffusion tensor
abnormalities. Cortex. (2012) 48:230-41. doi: 10.1016/j.cortex.2011.03.006
Israel SM, Hassanzadeh-Behbahani S, Turkeltaub PE, Moore DJ, Ellis
RJ, Jiang X. Different roles of frontal versus striatal atrophy in HIV-
associated neurocognitive disorders. Hum Brain Mapp. (2019) 40:3010-
26. doi: 10.1002/hbm.24577

Castelo JM, Courtney MG, Melrose R], CE.
hypertrophy in nondemented patients with human immunodeficiency
virus infection and cognitive compromise. Arch Neurol. (2007)
64:1275-80. doi: 10.1001/archneur.64.9.1275

Ernst T, Yakupov R, Nakama H, Crocket G, Cole M, Watters M, et al.
Declined neural efficiency in cognitively stable human immunodeficiency
virus patients. Ann Neurol. (2009) 65:316-25. doi: 10.1002/ana.21594

Barulli D, Stern Y. Efficiency, capacity, compensation, maintenance, plasticity:
emerging concepts in cognitive reserve. Trends Cogn Sci. (2013) 17:502-
9. doi: 10.1016/j.tics.2013.08.012

Stern Y. Cognitive reserve. Neuropsychologia.
28. doi: 10.1016/j.neuropsychologia.2009.03.004

Ances BM, Vaida F, Yeh M]J, Liang CL, Buxton RB, Letendre S, et al.
HIV infection and aging independently affect brain function as measured
by functional magnetic resonance imaging. | Infect Dis. (2010) 201:336-
40. doi: 10.1086/649899

Ernst T, Chang L, Jovicich J, Ames N, Arnold S. Abnormal brain
activation on functional MRI in cognitively asymptomatic HIV patients.
Neurology.  (2002)  59:1343-9. doi:  10.1212/01.WNL.0000031811.45
569.B0

Schweinsburg BC, Scott JC, Schweinsburg AD, Jacobus J, Theilmann RJ,
Frank LR, et al. Altered prefronto-striato-parietal network response to mental
rotation in HIV. J Neurovirol. (2012) 18:74-9. doi: 10.1007/s13365-011-
0072-z

Melrose R], Tinaz S, Castelo JM, Courtney MG, Stern CE. Compromised
fronto-striatal functioning in HIV: an fMRI investigation of semantic event
sequencing. Behav Brain Res. (2008) 188:337-47. doi: 10.1016/j.bbr.2007.
11.021

Chang L, Speck O, Miller EN, Braun J, Jovicich J, Koch C, et al

Stern Putamen

(2009)  47:2015-

Neural correlates of attention and working memory deficits in
HIV patients. Neurology. (2001) 57:1001-7. doi: 10.1212/WNL.57.
6.1001

Irollo E, Luchetta J, Ho C, Nash B, Meucci O. Mechanisms of neuronal
dysfunction in HIV-associated neurocognitive disorders. Cell Mol Life Sci.
(2021) 78:4283-303. doi: 10.1007/s00018-021-03785-y

Hoare J, Westgarth-Taylor J, Fouche JP, Spottiswoode B, Paul R, Thomas K,
et al. A diffusion tensor imaging and neuropsychological study of prospective

Frontiers in Neurology | www.frontiersin.org

June 2022 | Volume 13 | Article 909437


https://doi.org/10.1007/s00234-011-0854-2
https://doi.org/10.1007/s00415-010-5883-y
https://doi.org/10.1016/j.nicl.2013.10.012
https://doi.org/10.1097/QAI.0000000000001294
https://doi.org/10.1186/s12883-018-1069-5
https://doi.org/10.3348/kjr.2018.19.3.431
https://doi.org/10.1002/hbm.24708
https://doi.org/10.1007/s13365-012-0135-9
https://doi.org/10.1006/nimg.2001.0862
https://doi.org/10.1093/brain/awr027
https://doi.org/10.1016/j.nicl.2019.102079
https://doi.org/10.1016/j.neuroimage.2011.01.050
https://doi.org/10.1016/j.brs.2014.11.020
https://doi.org/10.3389/fpsyt.2020.00677
https://doi.org/10.1002/hbm.23436
https://doi.org/10.1007/s11682-011-9113-8
https://doi.org/10.1016/j.nicl.2018.07.024
https://doi.org/10.1371/journal.pone.0153493
https://doi.org/10.1097/QAD.0000000000000611
https://doi.org/10.1017/S1355617715000156
https://doi.org/10.3389/fnins.2020.601063
https://doi.org/10.1080/13803390490510031
https://doi.org/10.1097/QAI.0b013e318159d807
https://doi.org/10.1017/S1355617700000230
https://doi.org/10.1007/s00234-017-1912-1
https://doi.org/10.1016/j.cortex.2011.03.006
https://doi.org/10.1002/hbm.24577
https://doi.org/10.1001/archneur.64.9.1275
https://doi.org/10.1002/ana.21594
https://doi.org/10.1016/j.tics.2013.08.012
https://doi.org/10.1016/j.neuropsychologia.2009.03.004
https://doi.org/10.1086/649899
https://doi.org/10.1212/01.WNL.0000031811.45569.B0
https://doi.org/10.1007/s13365-011-0072-z
https://doi.org/10.1016/j.bbr.2007.11.021
https://doi.org/10.1212/WNL.57.6.1001
https://doi.org/10.1007/s00018-021-03785-y
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Chen et al.

DBM Analysis on HIV+ Male

50.

51.

52.

53.

memory impairment in South African HIV positive individuals. Metab Brain
Dis. (2012) 27:289-97. doi: 10.1007/s11011-012-9311-0

Klunder AD, Chiang MC, Dutton RA, Lee SE, Toga AW, Lopez OL, et al.
Mapping cerebellar degeneration in HIV/AIDS. Neuroreport. (2008) 19:1655-
9. doi: 10.1097/WNR.0b013e328311d374

Sanford R, Ances BM, Meyerhoff DJ, Price RW, Fuchs D, Zetterberg
H, et al. Longitudinal trajectories of brain volume and cortical
thickness in treated and untreated primary human immunodeficiency
virus infection. Clin Infect Dis. (2018) 67:1697-704. doi: 10.1093/cid/

ciy362
Yu X, Gao L, Wang H, Yin Z, Fang J, Chen J, et al
Neuroanatomical changes underlying vertical HIV infection in
adolescents. Front Immunol. (2019) 10:814. doi: 10.3389/fimmu.2019.
00814

Correa DG, Zimmermann N, Ventura N, Tukamoto G, Doring T, Leite SC,
et al. Longitudinal evaluation of resting-state connectivity, white matter
integrity and cortical thickness in stable HIV infection: preliminary
results. Neuroradiol ]. (2017) 30:535-45. doi: 10.1177/19714009177
39273

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chen, Cai, Song, Zhan, Wei, Shi, Wang and Shi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Neurology | www.frontiersin.org

11

June 2022 | Volume 13 | Article 909437


https://doi.org/10.1007/s11011-012-9311-0
https://doi.org/10.1097/WNR.0b013e328311d374
https://doi.org/10.1093/cid/ciy362
https://doi.org/10.3389/fimmu.2019.00814
https://doi.org/10.1177/1971400917739273
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Morphological Changes of Frontal Areas in Male Individuals With HIV: A Deformation-Based Morphometry Analysis
	Introduction
	Materials and Methods
	Participants
	Neuropsychological Tests
	MRI Data Acquisition
	MRI Data Analysis
	Statistical Analysis

	Results
	Demographics
	MRI Results

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


