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Characteristics of cortical thickness et
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Abstract

Background HIV can alter the brain structure and function in the early stage of infection. This study investigated
the differences in cortical thickness patterns between healthy controls (HCs) and people living with HIV (PLWH)
with asymptomatic neurocognitive impairment (ANI) or cognitive integrity (CI).

Methods Twenty-one ANI, 25 Cl, and 24 HCs were recruited and underwent high-resolution T1-weighted magnetic
resonance images. Cortical thickness was analyzed using the Computational Anatomy Toolbox, and the correlation
analysis was conducted between cortical thickness and clinical and neuropsychological variables.

Results Both Cland ANI exhibited decreased cortical thickness, primarily in the left frontal cortices and bilateral
limbic system. ANI demonstrated a more pronounced and widespread pattern of cortical thinning. Lower CD4"
counts and higher peak plasma viral load were associated with decreased cortical thickness of the right pericallosal
sulcus and middle-posterior part of cingulate gyrus and sulcus in ANI. Conversely, compared to HCs, both ANl and Cl
showed cortical thickening in the left insula cortex, and ANl tended to have a thicker cortex. Moreover, the increased
thickness of left insula cortex in both Cl and ANI were positively correlated with attention and working memory.

Conclusions The cortical thickness thinning was observed in the frontal and limbic systems in both ANl and Cl.
Meanwhile, the thickening of the insular cortex may represent mild neuroinflammation or a transient compensatory
mechanism. This study provides new insights into the neural mechanisms underlying HIV-related cognitive impair-
ment and highlights the importance of cortical thickness alteration patterns when assessing cognitive function

of PLWH.
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Background

Studies have consistently shown that the human immu-
nodeficiency virus (HIV) can invade the brain during
early infection [1], leading to cognitive dysfunction [2].
Although combination antiretroviral therapy (cART) has
successfully suppressed peripheral viral load, reduced the
risk of major neurological complications, and improved
cognitive function in people living with HIV (PLWH)
over the long term, it has failed to effectively inhibit
viral replication in central nervous system reservoirs [3],
resulting in persistent cognitive impairments. Approxi-
mately 42.6% of PLWH are estimated to still suffer from
HIV-associated neurocognitive disorders (HAND),
with the mildest form of asymptomatic neurocognitive
impairment (ANI), accounting for a substantial propor-
tion of around 88% [4]. The accumulation of neurocogni-
tive dysfunction over time, combined with increasing life
expectancy, can result in adverse consequences such as
poor medication compliance and a reduced quality of life
[5]. Consequently, it is essential to focus greater attention
on PLWH with ANL

The underlying neurobiological mechanisms of HAND
remain poorly understood, but non-invasive neuro-
imaging studies have consistently linked HAND to
morphological changes in the brain [6-11]. After the
introduction of potent cART, the phenotypic pattern of
cognitive impairment in PLWH underwent a significant
shift [7]. In the pre-cART era, subcortical regions and
basal ganglia involvement were commonly implicated in
cognitive impairment [6], whereas cortical involvement
has been more frequently associated with impairment
during the cART era [7]. Voxel-based morphometry
(VBM) analysis is a valuable tool for localizing morpho-
metric differences between groups [8—11]. Notably, VBM
studies have revealed a marked decrease in cortical gray
matter volume [8, 9], including the limbic lobe, cingulate
gyrus, temporal cortex, superior/middle/inferior frontal
gyrus, sub-lobar, and insula [10, 11].

The cerebral cortex, a hierarchical structure envelop-
ing the brain, exhibits varying compositions and densities
across its layers from inner to outer [12]. The segmented
cerebral cortex can be investigated from three primary
perspectives: surface area, folding patterns, and thick-
ness [12]. In neuroanatomical research, cortical thickness
measurements derived from surface-based morphometry
(SBM) analyses are the most prevalent quantitative indi-
ces [12]. A key benefit of SBM lies in its ability to quan-
titatively assess absolute distances and shapes, thereby
providing a more accurate representation compared to
magnetic resonance imaging (MRI) intensity measure-
ments [13]. Cortical thickness is formally defined as the
distance between the gray-white border and the outer
surface of the cortex. It can provide specific information
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about neuronal loss or degeneration, as indicated by cor-
tical thinning [14]. Investigations into cortical thickness
have the potential to elucidate normal developmental
and aging processes, as well as shed light on the precise
morphological alterations associated with neurological
disorders [12]. Consequently, employing SBM to investi-
gate subtle alterations in gray matter structure may yield
a clearer understanding of neuroanatomical changes
in PLWH and offer deeper insights into the underlying
mechanisms of HAND.

Some cross-sectional studies on untreated and treated
cases and longitudinal studies following cART treat-
ment have detected changes in cerebral cortex thickness
[15-18]. Compared to healthy controls (HCs), PLWH
who were largely treatment-naive for cART showed sig-
nificantly reduced cortical thickness in the right superior
frontal gyrus [19]. PLWH who had largely received cART
treatment showed cortical thinning in the primary soma-
tosensory cortex, primary motor cortex, cingulate cor-
tex, orbitofrontal cortex, and other frontal and temporal
areas [17]. Additionally, PLWH who are on stable cART
showed significant reduction in cortical thickness in mul-
tiple brain regions including the bilateral inferior tempo-
ral, para hippocampal, precentral, lateral occipital, right
fusiform, insula and frontal regions, significant thicker
cortex in the left isthmus cingulate and medial orbito-
frontal regions [18]. In a one-year longitudinal follow-up
study, no significant differences in cortical thickness were
observed in PLWH with stable cART [20]. cART treat-
ment-naive PLWH exhibited poorer cognitive function
and widespread cortical thinning in the primary motor
cortex and temporal lobe than HCs. After starting cART,
both brain structure and cognitive function showed
improvement but remained lower than HCs over time
[21]. There have been relatively few studies on the cor-
tical thickness of PLWH in different cognitive states. In
comparison to HCs, both HIV-infected individuals with
cognitive integrity (CI) and HAND exhibited reduced
cortical thickness, primarily in the bilateral primary sen-
sorimotor cortex, extending to the prefrontal and parietal
cortex. When directly compared to CI, HAND showed
cortical alterations in certain areas, and a notable cor-
relation was found between the thinning of the left retro
splenial cortex and cognitive functioning [22].

Despite existing reports on the effects of HIV infection
and cART on cortical thickness, there remains a knowl-
edge gap in understanding the alteration of cortical thick-
ness in PLWH with different cognitive statuses, especially
those with mildest cognitive dysfunction. The present
study aimed to expand upon existing research by evalu-
ating cortical thickness differences in ANI, CI and HCs,
using the SBM analysis approach. Meanwhile, the cor-
relations between cortical thickness differences and both
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clinical variables and cognitive performance metrics were
investigated further.

Materials and methods
Participants
In this clinical case—control study, a total of 51 PLWH
were recruited from the infectious disease outpatient
clinic of Beijing Youan Hospital, Capital Medical Uni-
versity. Meanwhile, 27 HCs were also recruited from the
local community, and matched for age and gender with
PLWH. The inclusion criteria for PLWH were as follows:
right-handed, aged between 18 and 50 years, and diag-
nosed with HIV* at the HAND preclinical stage. Simi-
larly, the inclusion criteria for HCs were right-handed
individuals between 18 and 50 years of age. The exclusion
criteria for all participants were as follows: (1) alcohol or
drug abuse; (2) a history of neurological or psychiatric
diseases; (3) central nervous system infections (except
HIV™) and tumors; (4) brain trauma; (5) cerebrovascular
disease; (6) contraindication to MRI. The study was con-
ducted in accordance with the Declaration of Helsinki,
and was approved by the Institutional Review Boards of
Beijing Youan Hospital, Capital Medical University, with
Approval No.: [2023] 084, and Approval Date: August 24,
2023. Informed consent was obtained from all partici-
pants involved in the study.

The demographic information, including age, educa-
tional level, time since HIV* diagnosis, nadir and cur-
rent plasma CD4* cell counts, CD4*/CD8" ratio, and
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peak plasma HIV RNA copies, were obtained from the
patient’s self-reports and electronic medical records. The
current laboratory examinations were conducted within
2—4 weeks of the MRI examination. Except for three par-
ticipants who had taken cART for 1-3 months, all PLWH
received stable cART for at least 6 months. The summary
of demographic information and clinical laboratory test
results is listed in Table 1.

Neuropsychological tests

Each participant is required to complete a comprehen-
sive battery of neuropsychological tests 1-3 h before
undergoing MR scan. These tests were designed to assess
cognitive difficulties in daily life [23] and six cognitive
domains [24]: verbal fluency, attention/working memory,
executive function, learning and delayed recall, speed of
information processing, and fine motor skills, as shown
in Table 2. To minimize potential methodological differ-
ences or cultural bias in these cognitive assessments, a
T-score for each test and participant was generated and
adjusted for age, gender, and years of education. When
a cognitive domain comprised multiple test scales, an
averaged T-score was computed. The diagnosis of ANI
was based on the following criteria: (1) performance in at
least two domains was 1 standard deviation (SD) or more
below the normative scores; (2) the cognitive impairment
did not interfere with everyday functioning [25]. In this
research, among the 51 HIV-infected subjects, 24 were

Table 1 Demographic, clinical variables, and neuropsychological data

ANI (n=21) Cl (n=25) HCs (n=24) P values
Gender (M/F) 21/0 25/0 24/0 N/A
Age (years) 379474 376+83 369+79 0910°
Education level (years) 140(12-16) 150 (13 -16) 155 (14-16) 0.539°
Time since HIV* diagnosis (months) 50.4 (33.6 —66.0) 46.8 (204 —85.2) N/A 0.791¢
Nadir CD4* (cells/pl) 335.0(241.1 —467.0) 2708 (1720 —445.2) N/A 0.574¢
Current CD4™ (cells/l) 480.0 (373.6 —626.4) 572.0 (448.0 —766.9) N/A 0.408¢
Nadir CD4*/CD8" ratio 0.26 (0.17 —0.39) 0.33(0.21-049) N/A 0.774¢
Current CD4*/CD8* ratio 0.68 (043 —0.88) 0.65 (042 —0.79) N/A 0.708°
Peak plasma viral load (copies/ml) 31,872 (6827 — 77,841) 31,546 (15917 — 123,548) N/A 0.256°
Current plasma viral load (copies/ml) TND TND N/A N/A
Scores of cognitive performances
Verbal fluency 4590 +10.70 5546 +7.39 55.90 +4.67 <0001
Attention/working memory 3536+7.34 47.06 +7.40 4750+6.72 <0001%"
Executive function 4599 +10.14 5332+705 53.71+7.06 0.003%"
Learning and delayed recall 39.64 +5.62 49,03 +6.46 4940 (48.23 —52.48) <0001
Speed of information processing 37.95+12.09 47.76 +8.20 4792 +£10.12 0.002%"
Fine motor 48.19+9.76 45.80 +9.02 49.31 £10.50 0.442°

Normally distributed variables are listed with mean + SD, while non-normally distributed variables are listed with median (IQR). AN/ PLWH with asymptomatic
neurocognitive impairment, C/ PLWH with cognitive integrity, HCs healthy controls, M male, F, female, TND target not detected, N/A not available, ?ANOVA; bKruskal-
Wallis test; ‘Mann-Whitney U test; P< 0.05; “P< 0.01; “"P< 0.001. All tests were two-tailed
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Table 2 Neuropsychological tests
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Cognitive domains

Neurocognitive scales

1. Cognitive difficulties in daily life

2. Cognitive domains
(1) Verbal fluency
(2) Attention/working memory

(3) Executive function

(4) Learning and delayed recall

(5) Speed of information processing
(6) Fine motor skills

A self-report by using a simple Activities of Daily Living
scale questionnaire

Corresponding neurocognitive scales

Animal verbal fluency test (AFT)

(1) Continuous performance test-identical pair (CPT-IP)
(2) Wechsler memory scale (WMS-II)

(3) Paced auditory serial addition test (PASAT)
Wisconsin card sorting tests (WCST-64)

(1) Hopking verbal learning test (HVLT-R)

(2) Brief visuospatial memory test (BVMT-R)

Trail marking test A (TMT-A)

Grooved pegboard

diagnosed with ANI, and 27 were CI. All the cognitive
tests of the HCs were normal.

Structural MRI acquisition

MRI examinations were performed using a Siemens 3
Tesla scanner (Tim-Trio, Siemens, Erlangen, Germany)
with a 32-channel phased-array head coil. Two sequences
were acquired: (1) axial T2-weighted fluid-attenuated
inversion recovery (T2-FLAIR) with combined fat satura-
tion to exclude visible intracranial lesion, with repetition
time (TR) =8000 ms, echo time (TE) =97 ms, and inver-
sion time (TI) =2370.9 ms; (2) sagittal high-resolution
3D T1-weighted images (T1 WI) were acquired using
magnetization-prepared rapid gradient echo (MPRAGE)
with TR/TE/TI =1900/2.52/900 ms, flip angle =9°,
acquisition matrix =256 X 246, field of view =250 X 250
mm?, slice thickness =1 mm, number of slices =176, and
1% 0.977 x0.977 mm? voxel size.

Image processing

A total of seven participants’ scans (three ANI, two CI,
and two HCs) were excluded from the final analyses
due to poor image quality resulting from motion arti-
facts. The high-resolution T1 WI was processed using
the Computational Anatomy Toolbox (CAT12) (http://
dbm.neuro.uni-jena.de/cat/), which offers a fully auto-
mated approach to estimating cortical thickness based
on the projection-based thickness method [14]. Briefly,
the processing pipeline involved correcting bias fields,
skull stripping, automating segmentation into gray mat-
ter, white matter, and cerebrospinal fluid, aligning images
to the Montreal Neurological Institute (MNI) template
space, and applying nonlinear deformations. For corti-
cal thickness measurement, the workflow involves tissue
segmentation to estimate the white matter distance. The
local maxima, equivalent to the cortical thickness, were

then projected to other grey matter voxels using a neigh-
bor relationship defined by the white matter distance.
Finally, cortical thickness maps were smoothed using a 15
mm full width at half maximum of the Gaussian heat ker-
nel. For quality control, all images were visually checked
after the automated analyses, and all data passed.

Statistical analysis

Demographic and clinical variables

Statistical analyses were performed utilizing IBM
SPSS Statistics for Windows, version 22.0 (IBM Corp.,
Armonk, N.Y.,, USA) for demographic, clinical charac-
teristics, and neuropsychological variables. First, the
Shapiro-Wilks test was used to check the normality of all
continuous variables. The ages, education level and neu-
ropsychologic test scores were evaluated using a one-way
analysis of variance test (ANOVA) (for normally distrib-
uted variables), or the Kruskal-Wallis test (for non-nor-
mally distributed variables). The Mann—Whitney U test
was used to assess the differences between the two HIV*
groups in terms of the time since HIV* diagnosis, nadir
and current plasma CD4* cell counts, CD4*/CD8? ratio,
peak plasma viral load (non-normally distributed). Two-
tailed statistical significance level was set at P< 0.05 for
all tests.

Comparisons of cortical thickness

Subjects in the ANI, CI, and HCs groups were age and
gender matched. ANOVA and post-hoc tests were con-
ducted using vertex-wise analyses in each hemisphere
to assess group differences in cortical thickness, with
education level included as a covariate. Statistically
significant voxels were obtained using SPM12, with a
cluster-defining P value threshold of 0.001 for ANI vs
HCs and CI vs HCs, and a P value threshold of 0.05 for
ANI vs CI. Subsequently, the corrections for multiple
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comparisons were conducted using the family-wise
error (FWE) method with a corrected cluster signifi-
cance of P< 0.05.

Correlation analysis

Correlations between cortical thickness and clinical
variables, as well as neuropsychological test scores,
were examined using Spearman correlation analysis,
and the correlation coefficients (r) were calculated.
The significance level was set at P< 0.05, two-tailed.
After correlation analysis, Bonferroni correction was
applied for multiple comparisons.

Results

Participant characterization

The demographic characteristics are presented in
Table 2. There were no significant differences in gen-
der, age or years of education among the ANI, CI, and
HCs groups. For HIV* groups (ANI and CI), no sig-
nificant differences were found in the time since HIV*
diagnosis, nadir and current plasma CD4" cell counts,
CD4*/CD8" ratio, and peak plasma viral load. In com-
parison to CI, ANI tended to have a longer disease
course, lower current CD4* cell counts, lower nadir
CD4"/CD8" ratio, and higher peak plasma viral load.
As a result of cART, current plasma viral load was sup-
pressed and undetectable in all PLWH. Notably, most
cognitive scale scores in ANI group were lower than
those in CI group, indicating that cognitive impair-
ment persists despite plasma virus suppression in
cART. Approximately 46% of the HIV-infected indi-
viduals were diagnosed with ANI. As shown in Table 1.
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Alterations of brain cortical thickness based on vertex-wise
analyses

The one-way ANOVA results showed significant differ-
ences in cortical thickness among the three groups, pri-
marily involving the bilateral pericallosal sulcus (PeriCS)
& middle-posterior part of the cingulate gyrus and sulcus
(pMCC), the left superior frontal gyrus (SFG), orbital gyri
(OG) & straight gyrus (SG), and the right paracentral lob-
ule and sulcus (ParaCLS). In post-hoc analysis, compared
to HCs, ANI exhibited reduced cortical thickness mainly
in the bilateral PeriCS & pMCC, left SEG, OG & SG,
and the right ParaCLS. Similarly, compared to HCs, CI
showed reduced cortical thickness in the bilateral PeriCS
& pMCC, left SFG, OG & SG (P< 0.05, FWE corrected).
It is noteworthy that ANI presented a lower and broader
trend of cortical thickness thinning. Furthermore, at a
cluster-defining P values threshold of 0.001, there was no
significant difference between ANI and CI. Finally, at a
cluster defining P values threshold of 0.05, in direct com-
parison with CI, ANT had a greater cortical thickness in
the left superior, inferior, and anterior segment of the cir-
cular sulcus of the insula (CSI) (P< 0.05, FWE corrected),
whereas no regions exhibited thinner cortical thickness
in ANI As shown in Table 3, Figs. 1 and 2.

Correlation analysis

The association between cortical thickness and clinical
variables revealed that cortical thickness values in the
right PeriCS & pMCC in individuals with ANI were posi-
tively correlated with current CD4* counts (r=0.517, P=
0.016) and negatively correlated with peak plasma viral
load (r= —0.502, P= 0.02). Additionally, cortical thick-
ness values in the right ParaCLS in individuals with ANI
were positively associated with nadir CD4" counts (r=

Table 3 The comparisons of cortical thickness among AN, Cl, and HCs

Comparison groups Hemisphere Overlap of atlas region Cluster size Peak MNI coordinate t values P values
(vertices) (FWE)
X Y z

HCs vs ANI Left PeriCS & pMCC 229 -5 -8 31 120 <0.001
SFG 118 -6 52 39 8.0 0.013

0G &SG 101 -7 54 —24 8.2 0.028

Right PeriCS & pMCC 183 5 -7 33 6.8 0.001

ParaCLS 100 2 =30 70 6.6 0.030

HCs vs Cl Left PeriCS & pMCC 215 -5 -8 31 11.0 < 0.001
SFG 94 -6 52 39 6.6 0.039

0G & SG 94 -7 54 —24 75 0.037

Right PeriCS & pMCC 159 3 -4 30 59 0.002

ANIvs Cl Left csl 904 —-36 - 14 13 238 <0.001

ANI PLWH with asymptomatic neurocognitive impairment, C/ PLWH with cognitive integrity, HCs healthy controls, MN/ Montreal Neurological Institute, FWE family-
wise error, PeriCS pericallosal sulcus, pMCC middle-posterior part of the cingulate gyrus and sulcus, SFG superior frontal gyrus, OG orbital gyri, SG straight gyrus,

ParaCLS paracentral lobule and sulcus, CS/ circular sulcus of insula
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Fig. 1 Brain maps for cortical thickness differences of vertex-wise analyses from medial, lateral, and cranial views. A F-test revealed clusters

of significant differences mainly located in the bilateral PeriCS & pMCC, the left SFG, OG & SG, and the right ParaCLS; B In comparison with HCs,
cortical thickness was reduced mainly in the bilateral PeriCS & pMCC, left SFG, OG & SG, and the right ParaCLS of ANI patients; C Cl group
showed significantly smaller cortical thickness in the bilateral PeriCS & pMCC, left SFG, OG & SG; D Compared with CI, ANI showed significantly
larger cortical thickness in the left CSI (P< 0.05, FWE corrected). The color bar represented t values. LH left hemisphere, RH right hemisphere, AN/
PLWH with asymptomatic neurocognitive impairment, C/ PLWH with cognitive integrity, HCs healthy controls, PeriCS pericallosal sulcus, pMCC
middle-posterior part of the cingulate gyrus and sulcus, SFG superior frontal gyrus, OG orbital gyri, SG straight gyrus, ParaCLS paracentral lobule
and sulcus, CS/ circular sulcus of insula
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Fig. 2 Differences in cortical thickness of seven brain regions among HCs, Cl, and ANI groups. Bar graphs presented the cortical thickness values.
Compared with HCs, ANI and Cl showed significant thinning in the cortical thickness of bilateral PeriCS & pMCC, left SFG, OG & SG, and right ParaCLS
(with cluster-defining P< 0.001, FWE corrected P < 0.05). Although ANI'and Cl did not differ significantly in the above brain regions, ANI showed

a tendency to lower cortical thickness. On the contrary, the cortical thickness of left CSI showed a gradual enlargement in the following order: HCs,
Cl, and AN, (with cluster-defining P< 0.05, FWE corrected P < 0.05). HCs healthy controls, ANl PLWH with asymptomatic neurocognitive impairment,

CI PLWH with cognitive integrity, L left, R right, PeriCS pericallosal sulcus, pMCC middle-posterior part of the cingulate gyrus and sulcus, SFG superior
frontal gyrus, OG orbital gyri, SG straight gyrus, ParaCLS paracentral lobule and sulcus, CS/ circular sulcus of insula. "P< 0.05; “P< 0.01; P < 0.001
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0.449, P= 0.041). Furthermore, the study explored the
relationship between cortical thickness and cognitive
ability to understand the potential influence of changes
in cortical thickness on cognitive function. A significant
positive correlation was found between cortical thickness
in the left CSI and attention/working memory in both CI
and ANI (r= 0.436, P= 0.029; r=0.736, P< 0.001). More-
over, significant positive correlations were also observed
between cortical thickness in the left CSI, the right Para-
CLS, and verbal fluency in ANI (r= 0.448, P= 0.042; r=
0.469, P= 0.032). However, the difference was no longer
significant after Bonferroni correction for multiple com-
parisons. As shown in Fig. 3.

Discussion

The impact of HIV infection on cortical thickness micro-
alterations remains unclear in the post-cART era. In this
study, both ANI and CI groups exhibited similar corti-
cal morphology features, characterized by reduced cor-
tical thickness primarily in the prefrontal cortex (SFG,
OG, SG, ParaCLS), and limbic system (PeriCS, pMCC),
compared to HCs. Compared to CI, ANI tended to show
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thinner and more extensive alterations in cortical thick-
ness. In individuals with ANI, the cortical thickness in
the right PeriCS & pMCC showed a positive correlation
with current CD4" counts and a negative correlation
with peak plasma viral load. Additionally, the cortical
thickness of the right ParaCLS was positively correlated
with nadir CD4" counts and verbal fluency. In contrast to
CI, ANI showed increased cortical thickness in the insu-
lar cortex, which was correlated with attention/working
memory in both ANI and CI groups. Furthermore, the
cortical thickness in the left CSI was positively associated
with verbal fluency in individuals with ANIL These find-
ings suggest that cognitive impairment in PLWH may be
associated with the prefrontal cortex and limbic system.
This research revealed a significant reduction in corti-
cal thickness in the left SFG, OG, SG, the right ParaCLS,
the bilateral PeriCS and pMCC in ANI group. The OG
and SG are anatomical components of the inferior frontal
gyrus, which is located within the orbitofrontal region.
The inward part of extending precentral and postcentral
gyrus is referred to as ParaCLS [26], involved in a vari-
ety of complex functions [27, 28]. The results of this study
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Fig. 3 Spearman correlations between cortical thickness and clinical variables, cognitive ability. Different colors in the heatmap represented
the values of Spearman correlation coefficient (r). HCs healthy controls, AN/ PLWH with asymptomatic neurocognitive impairment, C/ PLWH
with cognitive integrity, L left, R right, PeriCS pericallosal sulcus, pMCC middle-posterior part of the cingulate gyrus and sulcus, SFG superior frontal

gyrus, OG orbital gyri, SG straight gyrus, ParaCLS paracentral lobule and sulcus, CS/ circular sulcus of insula. ‘P < 0.05;

"P< 0,001
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confirmed previous observations [22, 29-33]. Thinning of
the bilateral primary sensorimotor areas, prefrontal and
parietal cortices were found in HAND [22]. Deforma-
tion-based morphometry analysis revealed deformation
of gray matter in the bilateral SFG and the left middle
frontal gyrus in PLWH [29]. Alterations in cortical thick-
ness were basically synchronized with changes in whole
brain volume. PLWH had significantly less gray matter in
the medial frontal gyrus and SFG than HCs [30]. Autopsy
pathology revealed a neuronal loss in the superior frontal
gyrus [31] and calcarine cortex (primary visual area) [32]
in PLWH. Synaptodendritic injury has been previously
reported in the prefrontal cortex in PLWH [33]. Our
results are also consistent with previous functional MRI
studies [34, 35]. Local disruptions to the lateral magnetic
field potential of the lateral prefrontal cortex were iden-
tified in PLWH using magnetoencephalography[34]. In a
previous study, a decrease in resting-state functional MRI
values was observed in the frontal/insular area of HAND
[35]. The prefrontal cortex is functionally and anatomi-
cally connected by arcuate fibers and serves as a critical
node integrating a variety of cognitive functions [36]. A
significant positive correlation emerged between cortical
thickness in the right ParaCLS and verbal fluency in ANL

The PeriCS is a component of the limbic system, situ-
ated at the gray-white matter junction that separates the
cingulate cortex from the limbic lobe [37]. Similarly, the
pMCC is another component of the limbic system. Pre-
vious studies have documented volumetric alterations
in the cingulate cortex when comparing PLWH to HCs
[38]. The decreased NAA/Cr ratio in the pMCC observed
in early-stage PLWH implies a direct neurotropism of
the virus, leading to neuronal loss in this region [39, 40].
The pMCC serves as a critical hub for cognitive process-
ing pathways, playing a pivotal role in memory, executive
functioning [41], attention [41], and visual processing
[42]. Damage to the cingulate cortex and its connections
is associated with cognitive decline and reduced quality
of life in PLWH [43, 44]. In our research, decreased cur-
rent CD4" counts and elevated peak plasma viral load
were associated with a reduction in the cortical thickness
of the right PeriCS & pMCC in individuals with ANL
These findings suggest that the PeriCS & pMCC may be
especially susceptible to HIV-mediated neurotoxicity and
that decreased current CD4" counts could exacerbate the
reduction of cortical thickness in these regions.

The relationship and interaction between the limbic
system and prefrontal lobe is noteworthy. The limbic
system primarily processes emotional experiences and
forms memories, whereas the prefrontal cortex serves
as the central hub for executive control and attentional
modulation. Furthermore, the prefrontal cortex exerts
a crucial regulatory influence over the limbic system.

Page 8 of 11

They are not isolated from each other and have subtle
connections that enable their functions to integrate.
Functional MRI studies have found decreased func-
tional connectivity between the frontal region and the
precuneus, a region adjacent to the pMCC, in individu-
als with HAND compared to those with CI [45]. Addi-
tionally, altered intrinsic activity was observed in the
frontal cortex but not in the pMCC [35]. These findings
suggest that the frontal region may play a more critical
role in disrupting functional connectivity between the
limbic system and the prefrontal cortex.

In this study, PLWH with or without cognitive
impairment exhibited significantly reduced cortical
thickness in the frontal area and limbic systems com-
pared to HCs. However, the cortical thickness in these
regions failed to distinguish between ANI and CI,
possibly due to the limited sample size. Despite the
lack of differences in cortical thickness between the
frontal area and limbic systems, individuals with ANI
tended towards more widespread and thinner cortical
involvement in these regions compared to those with
CI, implying a potential contribution of these areas in
the development of HAND in PLWH. The frontal lobe
and limbic system may be susceptible to viral invasion,
leading to gradual involvement and subsequent cogni-
tive decline following HIV infection in the post-cART
era. Neuroimaging techniques can detect these sub-
tle, dynamic alterations. Further research is necessary
to elucidate the underlying mechanisms driving these
observations.

Moreover, individuals with ANI in our study showed
significant impairments in verbal fluency, attention/
working memory, executive function, learning, and
delayed recall, as well as reduced speed of information
processing compared to those with CI. Meanwhile, only
fine motor skills were preserved in the ANI group. These
findings are partially consistent with prior research [35].
The differences between our results and previous find-
ings may be due to variations in the route of HIV trans-
mission, severity of infection, cART treatment regimens,
viral suppression, and CD4* cell counts among different
studies. Various confounding variables may have varying
effects on cognitive function. The alterations in cortical
thickness observed in the frontal lobe and limbic system
may lead to clinically significant cognitive decline, which
can be detected by neuropsychological assessments.
Unexpectedly, in this study, the CI group also exhibited
similar patterns of cortical thickness alterations as the
ANI group. This suggests that subtle, clinically unrecog-
nized alterations in cognitive processes may precede the
diagnosis of HAND in PLWH, which can be detected
using neuroimaging techniques. Future research is neces-
sary to develop more cognitively demanding assessments
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that can detect early alterations in cognitive function and
elucidate their clinical implications for PLWH.

Interestingly, in contrast to the decrease in cortex thick-
ness in the frontal cortex and other limbic systems, the
insular cortex increases in thickness in both ANT and CI.
Emerging evidence suggests that both the structure and
function of the insula are altered among PLWH [46-49].
Children with HIV showed a thicker cortex compared
to HIV-negative children in the left temporoinasular
region. Children who experienced interrupted cART had
a thicker cortex compared to HIV-negative controls in
the right insular region. However, children receiving con-
tinuous cART did not show significant cortical thickness
differences relative to controls [49]. The insula, a com-
ponent of the limbic system, is known to play a crucial
role in interoceptive processing, and emerging evidence
suggests its involvement in emotional and cognitive pro-
cesses [50]. Furthermore, the insula is characterized by
bidirectional connections with critical cognitive regions,
including the orbital prefrontal cortex and anterior cin-
gulate cortex, and insular damage has been linked to cog-
nitive impairments across various neuropsychological
domains [50]. The clinical implications of these insular
changes remain uncertain and warrant cautious interpre-
tation. In our prior research, we observed that untreated
PLWH with lower CD4* exhibited diminished gray mat-
ter volume in the insula and heightened activation of both
the insular and sensorimotor cortices when performing a
hand movement task [48]. In this current investigation,
all PLWH received treatment and were in the preclini-
cal stage of HAND, during which the metabolic activity
within the insula might intensify. Intense metabolic activ-
ity alongside persistent, mild neuroinflammation insti-
gated by HIV viral proteins could potentially result in a
transient thickening of the insular cortex. On the other
hand, cognitive function might be transiently sustained
by the brain’s compensatory redistribution of other avail-
able reserve functions [51-53]. Recruitment of the addi-
tional insula region might be a compensatory mechanism
for frontal damage and reduced efficiency, resembling a
seesaw effect, which supports the compensation hypoth-
esis. The orbitofrontal cortex is directly connected to the
somatosensory cortex and integrates sensory information
that supports higher-level cognition [54]. Consequently,
the thinning of the prefrontal cortex may have disrupted
the integration process, resulting in temporary excessive
hyperplasia of the insular cortex. It is also worth noting
that the degree of increase in insular cortex thickness
with improved performance of attention/working mem-
ory was observed in both ANI and CI groups. These find-
ings suggest that the degree of thickening in the insular
cortex may serve as a valuable biomarker for cognitive
impairment in PLWH.
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This study has some limitations. First, the relatively
limited sample size may compromise the generalizabil-
ity of our findings. Second, this study is cross-sectionally
designed, and all findings only show associations between
cortical thickness and cognitive function, rather than
causal relationships. Third, the lack of gender diversity
in research samples, which consist solely of male partici-
pants, limits the generalizability of our findings to female
populations. Nonetheless, our study offers valuable
insights into the neural mechanisms underlying cognitive
impairment in PLWH from a neuroimaging perspective.
To further clarify these relationships, prospective longi-
tudinal studies with larger, more diverse samples are nec-
essary to validate and extend our findings.

Conclusions

In conclusion, this research provides novel neuroimag-
ing evidence of cortical thickness alterations in PLWH.
The altered cortical thickness in the frontal and limbic
systems was consistently found in PLWH populations,
regardless of their cognitive impairment status. Moreo-
ver, subjects in the ANI group tended to exhibit more
pronounced cortical thickness alterations in these regions
compared to those with CI. Additionally, an increase in
the thickness of the insular cortex was observed, and it
was positively correlated with attentional/working mem-
ory abilities. The increase in the insular cortex thickness
may represent mild neuroinflammation or a transient
compensation. As such, these regions may underlie the
occurrence of cognitive impairment in PLWH during the
cART era.
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