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Background: Approximately half of human immunodeficiency virus (HIV) patients experience HIV-
associated neurocognitive disorders (HAND); however, the neurophysiological mechanisms underlying 
HAND remain unclear. This study aimed to evaluate changes in functional brain activity patterns during 
the early stages of HIV infection by comparing local and global indicators using resting-state functional 
magnetic resonance imaging (rs-fMRI).
Methods: A total of 165 people living with HIV (PLWH) but without neurocognitive disorders (PWND), 
173 patients with asymptomatic neurocognitive impairment (ANI), and 100 matched healthy controls 
(HCs) were included in the study. A cross-sectional study of the participants was conducted. The metrics 
of functional segregation and integration were computed, using graph theory to explore differences across 
methodologies. Brain functional changes in the PWND and ANI groups were assessed, and correlations 
between the rs-fMRI metrics, clinical data, and cognitive function were examined.
Results: As cognitive function declined, changes reflected by regional homogeneity (ReHo) were primarily 
observed in the default mode network (DMN). In the DMN and visual network (VIS), amplitude of low-
frequency fluctuation (ALFF) decreases were mainly observed in the parieto-occipital lobes, while increases 
were mainly observed in the limbic network (LIM). Reductions in fractional ALFF (fALFF) were mainly 
observed in the somatomotor network (SMN) and LIM, while increases were observed in the DMN and 
LIM. Unlike local indicators, global functional connectivity (FC) significantly decreased in both the PWND 
and ANI groups compared to the HC group. The ANI group showed partial increases in FC compared to 
the PWND group, with major changes observed in the DMN, VIS, and LIM. Notably, FC between the 
right insula and right supramarginal gyrus decreased significantly following HIV infection, while FC between 
the right caudate nucleus and the left middle frontal gyrus declined further in the ANI group. Graph theory 
further confirmed the significance of the DMN, and revealed changes in the eigenvector centrality mapping 
(ECM) values of the frontoparietal network (FPN) and dorsal attention network (DAN).
Conclusions: HIV patients exhibit complex changes in both local and global brain activity, regardless of 
cognitive impairment. Widespread abnormalities primarily involve the DMN, VIS, and LIM. Changes in FC 
along the fronto-striatal pathway may play a crucial role in the decline of cognitive function in individuals 
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Introduction

With the widespread use of combination antiretroviral 
treatment (cART), acquired immunodeficiency syndrome 
(AIDS) has transformed into a chronic disease. However, 
approximately  hal f  of  people  l iv ing with human 
immunodeficiency virus (PLWH) gradually experience 
cognitive and motor function decline, leading to the 
development of human immunodeficiency virus-associated 
neurocognitive disorders (HAND) (1,2). Asymptomatic 
neurocognitive impairment (ANI) represents both the 
early stage and most common form of HAND, making 
it a crucial reversible period for HAND prevention and 
intervention (3,4). Regular screening with HAND scales 
serves as a valuable tool for the early diagnosis, monitoring 
of neurocognitive function, and assessment of treatment 
efficacy. However, these scales have several limitations in 
clinical application, such as being time consuming, and 
having low thresholds and high subjectivity. Moreover, 
they cannot be used to evaluate the extent of brain damage 
in PLWH. Therefore, non-invasive and precise detection 
methods for early brain damage in PLWH using magnetic 
resonance imaging (MRI) need to be established to explore 
the patterns and mechanisms of HAND development and 
evolution, and to identify alternative indicators.

In 1995, it was first demonstrated that correlations exist 
between activated brain regions at rest and in task states (5),  
and that resting-state functional magnetic resonance 
imaging (rs-fMRI) can capture brain trends that task-
based functional magnetic resonance imaging (fMRI) 
cannot (6). Consequently, rs-fMRI has gained prominence 
as an alternative to task-based fMRI. Rs-fMRI measures 
spontaneous blood-oxygen-level-dependent (BOLD) signal 
activity, with fluctuations in signal amplitude typically 
occurring in the 0.01 to 0.1 Hz range (7). In rs-fMRI, 
the brain is considered a unified network, and functional 

segregation metrics focus on the localized activity of certain 
brain areas, while functional integration metrics highlight 
the interactions or connectivity between various brain 
regions (8).

Both regional homogeneity (ReHo) and amplitude of 
low-frequency fluctuation (ALFF) reflect neural activity 
at the regional level, and are commonly used to evaluate 
functional segregation. ReHo measures the consistency 
and centrality of regional activity by analyzing specific 
voxels and their relationships with adjacent voxels, testing 
their activity correlations through Kendall’s coefficient of 
concordance (KCC) (9). Conversely, ALFF focuses on the 
intensity of spontaneous brain activity within local regions, 
measuring the total power of BOLD signals in the low-
frequency range of 0.01 to 0.1 Hz (10). One limitation of 
ALFF is its sensitivity to background noise and voxels near 
large vascular structures, which led to the introduction of 
fractional ALFF (fALFF). fALFF represents the proportion 
of the ALFF signal in each voxel relative to the total power 
of signals over the full frequency spectrum, thus enhancing 
both sensitivity and specificity in detecting spontaneous 
brain activity (11).

Multiple studies have reported alterations in local 
functional metrics in the brains of human immunodeficiency 
virus (HIV) patients, including regions such as the 
striatum, frontal lobe, occipital lobe, and temporal lobe. 
These functional metrics may be related to neurocognitive 
functions, such as learning, memory, and executive function 
(12-15). Functional integration examines the interactions 
between different brain regions or networks by assessing 
functional connectivity (FC), revealing more global  
trends (16). Research on FC between multiple regions has 
also revealed significant changes in interactions among 
different brain regions in HIV patients, with studies 
reporting both increases and decreases in FC, and some 

with HAND. Our findings provide new insights that may assist in the early detection of brain damage in 
the early stages of HIV infection. The use of multiple methodologies may offer a more comprehensive and 
effective approach, enabling the early detection of brain damage in HIV patients.

Keywords: Human immunodeficiency virus-associated neurocognitive disorders (HAND); resting-state functional 

magnetic resonance imaging (rs-fMRI); regional homogeneity (ReHo); amplitude of low-frequency fluctuation 

(ALFF); functional connectivity (FC)

Submitted Jul 02, 2024. Accepted for publication Nov 06, 2024. Published online Dec 11, 2024.

doi: 10.21037/qims-24-1342

View this article at: https://dx.doi.org/10.21037/qims-24-1342



Quantitative Imaging in Medicine and Surgery, Vol 15, No 1 January 2025 565

© AME Publishing Company.   Quant Imaging Med Surg 2025;15(1):563-580 | https://dx.doi.org/10.21037/qims-24-1342

even presenting inconsistent results (17,18). Additionally, 
some studies have reported that HIV selectively disrupts 
brain regions, such as the default mode network (DMN) and 
frontoparietal network (FPN), alters FC between regions, 
may be associated with declines in executive function, and 
may accelerate brain aging (19,20).

ReHO, ALFF, and fALFF are potential methods for 
investigating global FC. However, the most common and 
reliable approach for quantifying local connectivity involves 
graph theory metrics, such as eigenvector centrality (EC), 
global efficiency, and local efficiency (21). Node efficiency 
(NE) quantifies a network’s capacity for parallel information 
transmission, with higher NE values indicating stronger 
multithreaded processing capabilities. Local node efficiency 
(NLE) measures a network’s resilience to small-scale 
failures (fault tolerance) and its compensatory ability, with 
higher NLE values signifying greater stability. Eigenvector 
centrality mapping (ECM) spatially characterizes FC 
in functional brain imaging by attributing network 
characteristics to individual voxels. The ECM method is 
based on the concept of EC, which represents functionally 
active networks over time, and assigns centrality values 
to each region of interest (ROI) based on the centrality 
properties of directly neighboring ROIs in the functional 
network (22). Although previous studies have explored 
graph theory in the context of HIV, none have conducted 
comparative analyses of these methods (23). Therefore, it 
was thought that combining local and global metrics might 
provide comprehensive imaging biomarkers for early brain 
functional changes in HAND.

To avoid the impact of aging on brain function, this 
study focused on young Chinese men who have sex with 
other men. The following three groups were included 
in the study: the ANI group; the PLWH but without 
neurocognitive disorders (PWND) group; and the healthy 
control (HC) group. We extracted and analyzed ReHo, 
ALFF, fALFF, and FC metrics from rs-fMRI. Further, we 
employed graph theory methods to assess the NE, NLE, 
and ECM metrics. We sought to identify neuroimaging 
characteristics of brain function in ANI patients and 
to explore correlations between neuroimaging metrics, 
cognitive function, and clinical information. Our findings 
provide critical scientific evidence for the early diagnosis, 
identification of intervention targets, and adjunctive 
treatment of ANI patients, and offer valuable insights into 
the neuropathophysiological mechanisms of the ANI stage. 
We present this article in accordance with the STROBE 
reporting checklist (available at https://qims.amegroups.

com/article/view/10.21037/qims-24-1342/rc).

Methods

Participants

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013) and was 
approved by the Medical Ethics Committee of Beijing 
Youan Hospital (No. LL-2020-047-K). All the participants 
were recruited from the Beijing Youan Hospital and 
provided written informed consent. Given that over 
90% of the HIV-positive participants in this study were 
right-handed males, and previous research has reported 
significant correlations between hand dominance, gender, 
brain structure, and function (24), the study population 
comprised right-handed Chinese HIV-infected males 
aged 20–50 years. HIV infection was confirmed via 
immunoblotting or polymerase chain reaction. Patients 
were excluded from the study if they met any of the 
following exclusion criteria: (I) had neurological diseases 
causing cognitive impairment such as brain tumors, 
infections, stroke, or epilepsy; (II) had psychiatric disorders, 
including depression and anxiety; (III) had a history of 
substance abuse, alcohol abuse, or drug addiction; (IV) 
had claustrophobia or MRI contraindications such as 
pacemakers, mechanical heart valves, or defibrillators; and/
or (V) had severe visual, hearing, or reading difficulties (25). 
A total of 397 HIV-infected participants were recruited 
from the Sexually Transmitted Disease and AIDS Clinic of 
Youan Hospital, and 123 HIV-negative HCs were recruited 
from the community.

Neuropsychological assessment

The Activity of Daily Living scale and Hamilton 
Depression Rating Scale (HAMD) (26) were used to assess 
daily functioning, and exclude participants with significant 
depression (as indicated by a HAMD score <7). A detailed 
neuropsychological assessment was conducted using 
validated Chinese versions of cognitive assessments adjusted 
for age, education, and place of residence (27), covering 
the six cognitive domains listed in Table 1. Raw scores 
from the nine subtests were transformed into normative t 
scores for the six cognitive domains. The ANI diagnosis 
was based on the Frascati criteria: (I) a performance below 
1 standard deviation in ≥2 cognitive domains adjusted for 
demographics; (II) no decline in daily functioning; (III) 
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impairments that do not meet the delirium or dementia 

criteria; (IV) no alternative cause for ANI (3). Of the  

397 participants, 193 were diagnosed with PWND and 204 

with ANI, with cognitive differences detailed in Table 2.

Imaging acquisition and processing

All images were acquired using a 3.0 T MRI scanner with 
a 32-channel head coil (Siemens Trio Tim, Erlangen, 
Germany). During the rs-fMRI data acquisition, the 

Table 1 Cognitive domains and corresponding neurocognitive scales

Cognitive domains Neurocognitive scales

Verbal and language Animal verbal fluency test (AFT)

Attention/working memory (I) Continuous performance test-identical pair (CPT-IP)

(II) Wechsler memory scale (WMS-III)

(III) Paced auditory serial addition test (PASAT)

Memory (learning and recall) (I) Hopkins verbal learning test (HVLT-R)

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

Abstraction/executive Wisconsin card sorting tests (WCST-64)

Speed of information processing Trail marking test A (TMT-A)

Fine motor skills Grooved pegboard

Table 2 Demographic, clinical variables, and neuropsychological data

Variables PWND (n=165) ANI (n=173) HCs (n=100) P value

Age (years) 34.0 (29.0–38.0) 33.0 (30.0–38.0) 32.0 (28.0–36.5) 0.077a

Education level (years) 16.0 (15.0–16.0) 15.0 (15.0–16.0) 16.0 (12.0–18) 0.110a

Disease course (months) 57.5 (31.0–86.0) 52.5 (29.0–74.0) – 0.131b

Plasma VL (HIV RNA load) TND TND – –

CD4+ (cells/μL) 600.0 (425.5–796.0) 549.0 (392.0–740.0) – 0.145b

CD4+/CD8+ ratio 0.7 (0.5–0.9) 0.6 (0.4–0.9) – 0.456b

Scores of cognitive performance

Verbal and language 51.8±9.3 48.2±9.3 – <0.001c

Attention/working memory 44.0 (40.2–49.5) 37.2 (32.5–42.2) – <0.001b

Memory (learning and recall) 47.0 (42.0–53.0) 41.0 (34.0–48.0) – <0.001b

Abstraction/executive 47.0 (42.5–51.5) 37.0 (32.0–42.0) – <0.001b

Speed of information processing 46.0±8.2 41.3±9.7 – <0.001c

Fine motor stills 47.0 (42.0–51.0) 44.0 (39.0–51.0) – <0.001b

Data are presented as median (IQR) or mean ± SD. a, the Kruskal-Wallis test; b, the Wilcoxon rank-sum test; and c, the T-test. Infection 
duration (months), current CD4 count, CD4/CD8 ratio, attention and working memory, memory (learning and recall), abstraction and 
executive function, and fine motor skills are described using medians and IQRs, and were compared using the Wilcoxon rank-sum test. 
Age and education level are described using medians and IQRs, and were compared using the Kruskal-Wallis test. Verbal and language 
skills and information processing speed are described using means and standard deviations, and were compared between groups 
using the T-test. PWND, people living with human immunodeficiency virus but without neurocognitive disorders; ANI, asymptomatic 
neurocognitive impairment; HCs, healthy controls; VL, viral load; HIV, human immunodeficiency virus; TND, target not detected; IQR, 
interquartile range; SD, standard deviation.
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participants were instructed to keep their eyes closed, 
remain awake, and relax. T1-weighted structural images 
were acquired using the following magnetization-prepared 
rapid gradient-echo sequence: repetition time (TR)  
=1,900 ms, echo time (TE) =2.52 ms, inversion time 
(TI) =900 ms, acquisition matrix =256×246, field of view  
=250 mm × 250 mm, flip angle =9°, and voxel resolution  
=1 mm × 1 mm × 1 mm. Functional imaging was conducted 
using the following gradient-echo single-shot echo planar 
imaging (EPI) sequence: TR =2,000 ms, TE =30 ms, 
acquisition matrix =64×64, voxel size =3.5 mm × 3.5 mm, 
and flip angle =90°. A total of 240 time points (35 slices) 
were acquired over an 8-minute period. Data preprocessing 
was performed using the Statistical Parametric Mapping 
12 (SPM12) software package (http://www.fil.ion.ucl.
ac.uk/spm/software/spm12/) and the GRETNA toolbox 
(https://www.nitrc.org/projects/gretna/). Functional images 
were first converted to the neuroimaging informatics 
technology initiative (NIFTI) format. The first 10 images 
were discarded to account for magnet stabilization, after 
which, slice timing correction and realignment for head 
motion correction were performed, and participants 
with translations >3.5 mm or rotations >3.5° were 
excluded. Spatial normalization was performed using 
T1 segmentation, and linear trends were removed. The 
Friston-24 head motion parameters, along with white 
matter and cerebrospinal fluid signals, were included as 
covariates and regressed out, and temporal band-pass 
filtering was then performed (0.01–0.1 Hz).

ReHo brain maps were constructed using DPARSF 
software (http://www.restfmri.net/) by computing the KCC 
of the time series of each voxel with its 26 neighboring 
voxels (28). Each voxel’s ReHo value was then normalized 
and smoothed with an 8 mm Gaussian kernel to reduce 
noise and enhance statistical efficiency.

ALFF was calculated using DPARSF software. For a given 
voxel, the filtered time series was transformed to the frequency 
domain via fast Fourier transform to obtain the power spectrum, 
and the square root of the power spectrum was then taken and 
averaged in the 0.01–0.1 Hz range (11). Z-standardized ALFF 
maps were generated for each participant.

FC networks were constructed using GRETNA. 
The whole brain was parcellated into 90 ROIs from the 
automated anatomical labeling template. Network edges 
were defined by extracting mean time series for each ROI 
and computing Pearson correlations between each pair of 
ROIs (29). Fisher’s Z transformation was applied to the 
correlation matrices.

Due to motion and registration issues, the imaging 
results of 28 PWND, 31 ANI, and 23 HC participants were 
excluded.

Graph theoretical analysis

GRETNA 2.0 software was employed to compute the area 
under the curve (AUC) for the topological characteristics of 
nodes throughout the entire brain network across various 
threshold ranges. These AUC values were then used for the 
statistical analyses. The NE was defined as the inverse of 
the average total of the shortest path lengths from a specific 
node to all other nodes, while the NLE was defined as the 
efficiency of information communication among a node’s 
neighbors when that node was excluded.

In our study, we employed the fast fECM toolbox to 
estimate voxel-wise EC from the time-series data defined 
by the Harvard-Oxford ROIs for each participant (30). 
The ECM was estimated based on an adjacency matrix 
that contained pairwise correlations between the ROIs. To 
derive real-valued EC values, we incremented each entry 
in the adjacency matrix by +1 (31). A specific node could 
have multiple EC values; however, only the eigenvector 
corresponding to the highest eigenvalue (EV) was selected 
for further analysis. At the group level, the highest EVs 
were averaged across all participants, and only those ROIs 
with EC coefficients exceeding the 95th percentile (top 5%) 
were deemed the most central for subsequent analyses. In 
addition, we evaluated potential variations in influential 
centers between groups by performing label permutations 
over 10,000 iterations. ROIs with P values ≤0.05 were 
considered statistically significant, and the influential 
centers were classified accordingly. A family-wise error 
(FWE) correction was implemented for the group-level 
comparisons but not for the overall count of the ROIs 
assessed, with only the FWE-corrected P values being 
reported (32).

Statistical analysis

A statistical analysis of demographic, clinical, and 
neuropsychological data was performed using IBM 
SPSS Statistics 29.0 (http://www.fil.ion.ucl.ac.uk/spm/). 
Continuous variables following a normal distribution 
are described as the mean ± standard deviation, and were 
compared using analysis of variance or the t-test; non-
normally distributed variables are described as the median 
and interquartile range, and were compared using the 
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Kruskal-Wallis or Wilcoxon rank-sum test.
Network-based statistics (NBS) were employed to 

analyze FC. Two-sample t-tests were conducted for 
each group comparison as follows: (I) HCs vs. PWND; 
(II) HCs vs. ANI; (III) PWND vs. ANI, with age and 
education as covariates. A primary threshold (P<0.001) 
was set to detect component size, followed by non-
parametric permutation testing (10,000 permutations) 
to determine statistical significance (corrected P<0.05). 
GRETNA was used for the network analysis, and the 
results were visualized using BrainNet Viewer (http://
www.nitrc.org/projects/bnv/).

ReHo, ALFF, fALFF, and FC values related to abnormal 
clusters were obtained and analyzed using DPABI software 
(http://rfmri.org/DPABI). Relationships between these 
imaging changes and clinical factors (e.g., neurocognitive test 
scores and duration of the disease) in patients with ANI were 
examined by Pearson correlation analyses. Since this study 
was exploratory in nature, Bonferroni correction was not 
applied to the correlation results.

Results

Demographic, clinical, and neuropsychological data

A total of 165 patients with PWND, 173 patients with ANI, 
and 100 HCs were enrolled in this study. The demographic 
data, clinical characteristics, and neurocognitive test results 
of all patients and HCs are presented in Table 2. There were 
no significant demographic differences among the three 
groups. However, the ANI group exhibited significantly 
lower T scores across all six cognitive domains than the 
PWND group. This indicates that cognitive dysfunction 
persists despite viral suppression and immune recovery.

ReHo analysis

Two-sample t-tests indicated significant differences in 
ReHo values across three regions when comparing the 
PWND and HC groups. Specifically, the left cuneus 
and right posterior cingulate cortex showed increased 
ReHo values, while the right orbital middle frontal gyrus 
exhibited decreased ReHo values in the PWND group 
compared to the HC group [Gaussian random field (GRF) 
corrected: P<0.05, with age and years of education as 
covariates] (Figure 1 and Table 3). Due to GRF correction 
constraints, P<0.001 was chosen for the HC, ANI, and 
PWND groups. The results showed increased ReHo 

values in the bilateral posterior cingulate cortex in the 
ANI group relative to the HC group, and decreased ReHo 
values in the left parahippocampal gyrus in the ANI group 
compared to the PWND group; the results are detailed in 
the Table S1.

ALFF analysis

Two-sample t-tests indicated that compared to the HC 
group, the PWND group had increased ALFF values in 
the right orbital superior frontal gyrus, and decreased 
ALFF values in the left angular gyrus. The ANI group had 
higher ALFF values in the left supplementary motor area 
and the left triangular portion of the inferior frontal gyrus, 
but had lower ALFF values in the left middle occipital 
gyrus. Compared to the PWND group, the ANI group 
had increased ALFF values in the right insula and right 
superior temporal gyrus, and decreased ALFF values in 
the left middle occipital gyrus (GRF corrected: P<0.05, 
with age and years of education as covariates) (Figure 1  
and Table 3).

fALFF analysis

Two-sample t-tests revealed that compared to the HC 
group, the PWND group had increased fALFF values in 
the right precuneus and decreased fALFF values in the right 
lentiform nucleus. The ANI group had increased fALFF 
values in the right thalamus, right paracentral lobule, and 
right superior temporal gyrus. Compared to the PWND 
group, the ANI group had increased fALFF values in the 
left middle temporal gyrus and right insula, and decreased 
fALFF values in the left rectus gyrus and right paracentral 
lobule (GRF corrected: P<0.05, with age and years of 
education as covariates) (Figure 1 and Table 3). 

FC

Two-sample t-tests showed 233 significant differential 
connections in the PWND group compared to the HC 
group, all of which were weakened. The most notable 
reductions were between the right insula and right 
supramarginal gyrus (NBS corrected, P<0.05, with age and 
years of education as covariates). The ANI group exhibited 
55 significant differential connections compared to the 
HC group, all of which were weakened, with the most 
pronounced decreases between the right caudate nucleus 
and left middle frontal gyrus (NBS corrected, P<0.05, with 

http://www.nitrc.org/projects/bnv/
http://www.nitrc.org/projects/bnv/
http://rfmri.org/DPABI
https://cdn.amegroups.cn/static/public/QIMS-24-1342-Supplementary.pdf
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Figure 1 Brain regions with significant differences in rs-fMRI local measures between groups. (Top) Regions with significant differences in 
ReHo between the two groups. (Middle) Regions showing significantly different ALFF between the two groups. (Bottom) Regions showing 
significantly different fALFF between the two groups. The color bar represents the range of T values. L, left; R, right; PWND, persons 
living with human immunodeficiency virus but without neurocognitive disorders; ANI, asymptomatic neurocognitive impairment; HCs, 
healthy controls; rs-fMRI, resting-state functional magnetic resonance imaging; ReHo, regional homogeneity; ALFF, amplitude of low-
frequency fluctuation; fALFF, fractional amplitude of low-frequency fluctuation.

age and years of education as covariates). Compared to 
the PWND group, the ANI group showed 211 significant 
differential connections, with the most significant 
reductions between the left opercular part of the inferior 
frontal gyrus and left superior temporal gyrus, and the most 
significant increases between the left superior occipital 
gyrus and right paracentral lobule (P<0.05, with age and 
years of education as covariates) (Figure 2).

NE

The two-sample t-test revealed significant intergroup 
differences in NE values between the PWND and HC 

groups in three specific regions: compared to the HC 
group, patients in the PWND group exhibited increased 
NE values in the left posterior cingulate gyrus and right 
angular gyrus, while the NE value in the right precentral 
gyrus was significantly decreased (P<0.05). Similarly, there 
were significant intergroup differences in the NE values 
between the ANI and HC groups across three regions: 
patients in the ANI group had increased NE values in both 
hippocampi compared to the HC group, while the NE 
value in the right fusiform gyrus was significantly decreased 
(P<0.05) (Figure 3 and Table 4). No significant differences 
in NE values were observed between the ANI and PWND 
groups in any brain regions.
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Table 3 Regions showing significant differences in rs-fMRI values between the groups

Variables Contrast Region Network
MNI coordinates

T value Cluster size
X Y Z

ReHo PWND > HCs Cuneus_L VIS –3 –84 24 3.25988 585

Cingulum_Post_R DMN 6 –36 15 4.40742 490

PWND < HCs Frontal_Mid_Orb_R FPN 27 45 –15 –4.22899 404

ALFF PWND > HCs Frontal_Sup_R LIM 18 12 54 4.05571 1,660

PWND < HCs Angular_L DMN –45 –63 33 –3.67434 543

ANI > HCs Supp_Motor_Area_L DAN –9 24 57 3.67247 833

Frontal_Inf_Tri_L FPN –36 –3 33 3.62824 543

ANI < HCs Occipital_Mid_L VIS –36 –84 15 –3.68603 1,278

ANI > PWND Insula_R VAN 36 21 15 3.8244 429

Temporal_Pole_Sup_R LIM 63 6 –12 3.45091 397

ANI < PWND Occipital_Mid_L VIS –15 –105 –6 –3.75324 439

fALFF PWND > HCs Precuneus_R DMN 9 –63 57 3.58098 233

PWND < HCs Putamen_R VAN 27 –21 9 –4.2381 270

ANI > HCs Thalamus_R LIM 6 –42 –27 3.97027 406

Paracentral_Lobule_R SMN 9 –39 60 3.55937 393

Temporal_Pole_Sup_R LIM 39 12 –21 3.47419 338

ANI > PWND Temporal_Mid_L DMN –60 –24 –6 3.89777 447

Insula_R VAN 36 –12 6 3.866 262

ANI < PWND Rectus_L LIM 0 54 –27 –3.95991 545

Paracentral_Lobule_R SMN 9 –27 78 –3.76714 273

Coordinates (X, Y, Z) refer to the peak MNI coordinates of brain regions with peak intensity. A positive t value indicates increased rs-
fMRI values, while a negative t value indicates decreased rs-fMRI values. The significance threshold was set at P<0.05. rs-fMRI, resting-
state functional magnetic resonance imaging; MNI, Montreal Neurological Institute; ReHo, regional homogeneity; ALFF, amplitude of low-
frequency fluctuation; fALFF, fractional amplitude of low-frequency fluctuation; PWND, persons living with human immunodeficiency virus 
but without neurocognitive disorders; ANI, asymptomatic neurocognitive impairment; HCs, healthy controls; L, left; R, right; VIS, visual 
network; DMN, default mode network; FPN, frontoparietal network; LIM, limbic network; DAN, dorsal attention network; VAN, ventral 
attention network; SMN, somatomotor network.

NLE

The two-sample t-test revealed significant intergroup 
differences in NLE values between the PWND and HC 
groups across five specific regions: compared to the HC 
group, patients in the PWND group exhibited increased 
NLE values in the left orbitofrontal gyrus and right 
parahippocampal gyrus, but exhibited significant decreases 
in the right medial and paracingulate gyrus, and the 
bilateral superior temporal gyrus (P<0.05). In comparisons 
of the ANI and HC groups, significant differences in NLE 

values were found in three regions: ANI group patients 
showed increased NLE values in the left hippocampus 
compared to the HC group, while bilateral insula NLE 
values were significantly decreased (P<0.05). Further, 
the ANI and PWND groups displayed significant 
differences in NLE values across four regions: ANI group 
patients had increased NLE values in the right medial 
and paracingulate gyrus, as well as in the left precuneus, 
compared to the PWND group. Conversely, significant 
reductions in NLE values were observed in the right 
dorsolateral superior frontal gyrus and left straight gyrus 
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Figure 2 Brain regions with significant differences in FC measures between groups. The left, middle, and right panels respectively show 
schematic diagrams of brain regions with significant FC differences among the three groups. The lines depict significant FC differences 
between each pair of specified ROIs, with the color and thickness reflecting the absolute T-score value. L, left; R, right; PWND, persons 
living with human immunodeficiency virus but without neurocognitive disorders; ANI, asymptomatic neurocognitive impairment; HCs, 
healthy controls; FC, functional connectivity; ROIs, regions of interest.

Table 4 Regions showing significant differences in NE and NLE between the groups

Variables Contrast Region Network P value T value

NE PWND > HCs Cingulum_Post_L DMN 0.027 2.220

Angular_R DMN 0.018 2.380

PWND < HCs Precentral_R DMN 0.023 –2.285

ANI > HCs Hippocampus_L DMN 0.033 2.143

Hippocampus_R DMN 0.023 2.285

ANI < HCs Temporal_Inf_R DAN 0.033 –2.137

NLE PWND > HCs Frontal_Inf_Orb_L DMN 0.016 2.419

ParaHippocampal_R DMN 0.036 2.112

PWND < HCs Cingulum_Mid_R VAN 0.021 –2.324

Temporal_Sup_L SMN 0.018 –2.378

Temporal_Sup_R SMN 0.009 –2.628

ANI > HCs Hippocampus_L DMN 0.023 2.286

ANI < HCs Insula_L VAN 0.017 –2.398

Insula_R VAN 0.033 –2.142

ANI > PWND Cingulum_Post_R VAN 0.040 2.057

Precuneus_L DMN 0.010 2.604

ANI < PWND Frontal_Sup_R DMN 0.046 –2.005

Rectus_L LIM 0.041 –2.056

Coordinates (X, Y, Z) refer to the peak MNI coordinates of brain regions with peak intensity. A positive t value indicates increased rs-
fMRI values, while a negative t value indicates decreased rs-fMRI values. The significance threshold was set at P<0.05. NE, node 
efficiency; NLE, local node efficiency; PWND, persons living with human immunodeficiency virus but without neurocognitive disorders; 
ANI, asymptomatic neurocognitive impairment; HCs, healthy controls; L, left; R, right; DMN, default mode network; DAN, dorsal attention 
network; VAN, ventral attention network; SMN, somatomotor network; LIM, limbic network; MNI, Montreal Neurological Institute.

PWND vs. HCs

L L LR R R

ANI vs. HCs ANI vs. PWND

−3.7258 −2.5960−4.0892 −2.5948 −2.4354 2.8740
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PWND vs. HCs

NE

NLE

ANI vs. HCs ANI vs. PWND

Figure 3 Brain regions with significant differences in NE and NLE metrics between groups. (Top) Regions showing significant differences in 
NE between the two groups. Red indicates that the NE value in the PWND group is greater than that in the HC group, while blue indicates 
that the NE value in the PWND group is less than that in the HC group. (Bottom) Regions showing significant differences in NLE between 
the two groups. Red indicates that the NLE value in the ANI group is greater than that in the PWND group, while blue indicates that the 
NLE value in the ANI group is less than that in the PWND group. NE, node efficiency; NLE, local node efficiency; PCG.L, left posterior 
cingulate gyrus; ANG.R, right angular gyrus; PreCG.R, right precentral gyrus; HIP.L, left hippocampus; HIP.R, right hippocampus; ITG.
R, right inferior temporal gyrus; DCG.R, right medial and paracingulate gyrus; STG.R, right superior temporal gyrus; STG.L, left superior 
temporal gyrus; PHG. R, right parahippocampal gyrus; ORBinf.L, left orbitofrontal gyrus; INS.L, left insula; INS.R, right insula; PCUN.
L, left precuneus; SFGdor.R, right dorsolateral superior frontal gyrus; REC.L, left straight gyrus; PWND, persons living with human 
immunodeficiency virus but without neurocognitive disorders; ANI, asymptomatic neurocognitive impairment; HCs, healthy controls. 

(P<0.05) (Figure 3 and Table 4).

ECM

The two-sample t-test revealed significant intergroup 
differences in the ECM values between the PWND and HC 
groups in two specific regions: compared to the HC group, 
patients in the PWND group exhibited increased ECM 
values in the left medial and paracingulate gyrus, while 
the ECM value in the right precentral gyrus decreased. In 
comparisons between the ANI and HC groups, significant 
differences in the ECM values were found in four regions: 
ANI group patients showed increased ECM values in the 
left medial and paracingulate gyrus compared to the HC 
group, while the ECM values in the right superior parietal 
gyrus, left inferior parietal gyrus, and right middle frontal 
gyrus were significantly reduced. Additionally, when 

comparing the ANI and PWND groups, ANI patients 
exhibited decreased ECM values in the right inferior 
temporal gyrus, right insula, and right inferior frontal gyrus 
(GRF correction, voxel P=0.05, cluster P=0.05) (Table 5).

Correlation analysis results

The partial correlation analysis revealed significant 
associations between certain regional metrics and 
cognitive functions, as well as clinical information. In 
PWND patients, there was a negative correlation between 
ReHo in the right orbital middle frontal gyrus and 
information processing speed (r=−0.172, P=0.0272), and 
a negative correlation between ALFF in the right orbital 
superior frontal gyrus and abstract and executive function, 
cluster of differentiation (CD)4+ T cell count, and CD4+/
CD8+ ratio (r=−0.1768, P=0.0231; r=−0.2338, P=0.0074; 
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Figure 4 Correlation analysis results between rs-fMRI values, neuropsychological test results, and clinical laboratory indices in three groups. 
(A-E) Represent the PWND group, while (F-I) represent the ANI group. (A) ReHo in the right middle frontal gyrus showed a negative 
correlation with processing speed. (B) ALFF in the right orbital superior frontal gyrus showed a negative correlation with abstract and 
executive function. (C) ALFF in the right orbital superior frontal gyrus showed a negative correlation with CD4+ count. (D) ALFF in the 
right orbital superior frontal gyrus showed a negative correlation with CD4/CD8 ratio. (E) fALFF in the right precuneus showed a negative 
correlation with verbal and language function. (F) ALFF in the left middle occipital gyrus showed a positive correlation with attention and 
working memory. (G) fALFF in the left straight gyrus showed a positive correlation with attention and working memory. (H) fALFF in 
the left straight gyrus showed a positive correlation with speed of information processing. (I) fALFF in the right paracentral lobule showed 
a positive correlation with abstract and executive function. ReHo, regional homogeneity; ALFF, amplitude of low-frequency fluctuation; 
fALFF, fractional amplitude of low-frequency fluctuation; ORBmid.R, right orbital frontal gyrus; ORBsup.R, right orbital superior frontal 
gyrus; PCUM.R, right anterior cuneiform lobe; MOG.L, left occipital gyrus; REC.L, left rectus gyri muscle; PCL.R, right paracentral 
lobule; rs-fMRI, resting-state functional magnetic resonance imaging; PWND, persons living with human immunodeficiency virus but 
without neurocognitive disorders; ANI, asymptomatic neurocognitive impairment.

r=−0.2650, P=0.0026). Further, a negative correlation 
was observed between fALFF in the right precuneus and 
verbal and language function (r=−0.2109, P=0.0065). In 
ANI patients, a positive correlation was found between 
ALFF in the left middle occipital gyrus and attention and 

working memory (r=0.1611, P=0.0348); between fALFF 
in the left straight gyrus and attention, working memory, 
and information processing speed (r=0.1773, P=0.0200; 
r=0.2150, P=0.0045); and between fALFF in the right 
paracentral lobule and abstract and executive function 
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Table 5 Regions showing significant differences in ECM between the groups

Variables Contrast Region Network
MNI coordinates

T value Cluster size
X Y Z

ECM PWND > HCs Cingulum_Mid_L VAN –12 –51 33 2.05258 619

PWND < HCs Precentral_R SMN 66 6 18 –2.42305 2,140

ANI > HCs Cingulum_Mid_L VAN –12 –51 33 2.16719 444

ANI < HCs Parietal_Sup_R DAN 24 –81 48 –2.00034 430

Parietal_Inf_L FPN –48 –48 36 –2.25938 412

Frontal_Mid_R FPN 42 21 33 –2.45869 196

ANI < PWND Temporal_Inf_R DAN 45 –9 –45 –2.80807 395

Frontal_Inf_Oper_R FPN 48 12 0 –2.34902 374

Temporal_Inf_R DAN 45 –51 –24 –2.80807 194

Coordinates (X, Y, Z) refer to the peak MNI coordinates of brain regions with peak intensity. A positive t value represents increased rs-fMRI 
values, while a negative t value represents decreased rs-fMRI values. The significance threshold was set at P<0.05. ECM, eigenvector 
centrality mapping; MNI, Montreal Neurological Institute; PWND, persons living with human immunodeficiency virus but without 
neurocognitive disorders; ANI, asymptomatic neurocognitive impairment; HCs, healthy controls; L, left; R, right; VAN, ventral attention 
network; SMN, somatomotor network; DAN, dorsal attention network; FPN, frontoparietal network.

(r=0.1920, P=0.0114) (Figure 4).

Discussion

Our study integrated regional and global metrics from 
rs-fMRI to undertake a comprehensive examination of 
local activity changes and global FC in PWND and ANI 
patients. We found that despite undetectable or very low 
levels of plasma HIV RNA, the HIV patients showed 
alterations in spontaneous brain activity irrespective of 
cognitive impairment, and these abnormalities were related 
to their clinical information and neurocognitive abilities. 
Specifically, we found that as their cognitive function 
declined, ReHo changes were mainly observed in the 
DMN, while ALFF decreases were observed in the parietal-
occipital DMN and VIS, and increases were predominantly 
observed in the frontal and prefrontal regions, particularly 
in the limbic network (LIM). Both increases and decreases 
in fALFF were observed in the temporoparietal and 
subcortical regions, mainly involving decreases in the 
somatomotor network (SMN) and LIM, and increases in 
the DMN and LIM.

In contrast to the regional metrics, global FC was 
significantly reduced in both the PWND and ANI 
patients compared to the HCs. In the ANI group 
compared to the PWND group,  some functional 
connections showed increases. The main brain networks 

affected by HIV infection included the DMN, SMN, 
and LIM. In comparison to the HCs, the DMN was the 
primary network affected in the ANI patients, while in 
comparison to the PWND patients, the ANI patients 
showed significant changes in the VIS, DMN, and LIM. 
These findings provide new theoretical insights that may 
lead to the identification of precise and comprehensive 
fMRI neuroimaging biomarkers for early brain cognitive 
assessment in PLWH.

Overall, we found that both global and local metrics 
tended to show consistent alterations across a wide range 
of changes, with the DMN, VIS, and LIM being the most 
extensively affected. The DMN, which plays a role in self-
referential thinking, cognition, and emotional processing, 
is more active during rest than when an individual is 
performing tasks (33). Alterations in the DMN have been 
observed in many other neurological and psychiatric 
disorders (34). Previous studies have reported that HAND 
can lead to changes in FC within the DMN, and between 
the DMN and other networks (35,36). Further, DMN 
connectivity may serve as a potential biomarker for the 
early detection of simian immunodeficiency virus infection 
and for assessing the efficacy of related antiretroviral 
treatments (37). Visual network (VIS) abnormalities have 
also been noted in previous studies. Han et al. discovered 
that the VIS may be the brain region most affected by 
HIV infection in young individuals with ANI (38). Ances 
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et al. observed significantly reduced regional cerebral 
blood flow in the visual cortex of individuals with HIV 
infection using perfusion imaging (19). We hypothesize 
that these changes may be closely related to neuronal loss 
in the calcarine area of the primary visual cortex (39). 
Our findings support and extend previous functional 
neuroimaging studies in HIV populations, including 
those that have reported extensive functional alterations 
in the LIM. This is consistent with the findings of Zhou 
et al., who reported widespread cortical atrophy and FC 
abnormalities involving regions such as the thalamus and 
hippocampus (40). These changes are likely associated 
with the regulation of emotions, sleep, circadian rhythms, 
temperature, and body weight.

Additionally, some of the brain regions showing 
significant changes in local metrics in this study also overlap 
with those identified in previous research. Bak et al. (41) 
found alterations in local intrinsic activity in the frontal lobe 
of HIV patients, irrespective of their cognitive status. These 
functional changes were highly correlated with reduced 
verbal memory and executive function in HIV patients. 
Using positron emission tomography, Vera et al. (42)  
observed increased translocator protein expression in the 
parieto-occipital region, indicating neuroinflammation. 
Additionally, Babiloni et al. (43) discovered significantly 
reduced resting-state electroencephalogram rhythms in the 
temporo-parieto-occipital regions of HIV patients. In terms 
of global metrics, the most notable reduction in FC in the 
PWND group compared to the HC group was observed 
between the right insula and the right supramarginal 
gyrus (between the VAN). This diminished FC might lead 
to deficits in “bottom-up” attention (effective attention 
shifting) (44), potentially due to reduced tonic activity 
of the locus coeruleus-norepinephrine system (45). We 
hypothesize that this could be associated with dopaminergic 
dysfunction following HIV infection (46).

Compared to the HC group, the most significant 
reduction in FC was between the right caudate nucleus 
(part of the salience network) and the left middle frontal 
gyrus (part of the FPN) in the ANI group. Multiple studies 
have found that HIV infection is associated with damage to 
the fronto-striatal pathway (47-49). This system comprises 
neural circuits connecting the cortex and basal ganglia. 
When HIV-1 enters the central nervous system, the HIV-1 
viral proteins Tat and gp120 target regions rich in dopamine 
within the cortico-striatal circuits, leading to dopaminergic 
system dysfunction (50).

In our study, the PWND group exhibited patterns of 

intrinsic brain activation and connectivity changes similar to 
those observed in the ANI group. This suggests that even 
in the absence of clinical symptoms or neuropsychological 
abnormalities, the brain function of HIV patients is 
affected by the release of viral proteins (Tat and gp120), 
glutamate accumulation, dopaminergic dysregulation, pro-
inflammatory factors [e.g., tumor necrosis factor-alpha 
(TNFα), interleukin-6 (IL-6), and interleukin-1 alpha  
(IL-1α)], and oxidative stress [e.g., nitric oxide (NO)], 
leading to neuronal damage and apoptosis (46). fMRI is 
highly sensitive in detecting the early neurobiological 
effects of the virus, and can measure such changes to a 
certain extent, and thus could potentially identify early 
changes in HIV-infected individuals without overt 
cognitive impairment. Therefore, more extensive cognitive 
testing needs to be performed in future research to reveal 
earlier changes in cognitive function. Additionally, the 
more extensive changes observed in the ANI versus 
HC comparison compared to the PWND versus HC 
comparison indicate that brain function continues to alter as 
the disease progresses. The seemingly paradoxical results of 
increased and decreased activity in the same network across 
different measures, as well as simultaneous increases and 
decreases in the functionality of different networks, may 
reflect compensatory regulation in abnormal brain regions. 
Reduced efficiency in certain brain areas may be offset by 
activation in other regions, a compensatory mechanism 
previously reported in studies of HIV patients (51).

The graph theory results corroborated the local metrics 
findings from different methodological perspectives. 
First, changes reflected in NE and NLE were notably 
concentrated in the DMN, indicating the stability of 
regional changes and further underscoring the significance 
of the DMN. Second, similar to local metrics, graph theory 
metrics showed corresponding increases and decreases; 
however, the primary alterations in ECM were observed 
in the FPN and dorsal attention network (DAN), which 
differs from our findings. It is worth noting that similar 
network changes have been mentioned previously (52,53). 
Additionally, previous studies have identified discrepancies 
in ECM results compared to other metrics; however, 
these discrepancies are likely due to methodological  
differences (54), as ECM is estimated based on an adjacency 
matrix that contains pairwise correlations between ROIs. A 
multifaceted methodological approach should be employed 
for the comprehensive monitoring of HAND.

Further,  the correlat ion analysis  revealed that 
increased ALFF in the right orbitofrontal superior gyrus 
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was negatively correlated with abstract and executive 
function performance, CD4+ count, and the CD4+/CD8+ 
ratio. Similarly, increased fALFF in the right precuneus 
showed an inverse relationship with verbal and language 
performance. This implies that the degree of compensatory 
activation may increase as patients’ neurocognitive and 
immune functions decline, which is consistent with findings 
from primate studies (55). Although changes in several local 
and global metrics were associated with neurocognitive 
scores, the neuroimaging results did not entirely align with 
the cognitive functions of the specific brain regions. Instead, 
they exhibited a complexity that spanned across brain 
networks. We propose several reasons for this phenomenon. 
First, cognitive functions are complex and high-level 
processes that typically involve the participation of multiple 
networks. The execution of a single cognitive function may 
engage multiple circuits and be regulated by various brain 
regions (56). Second, when cognitive impairment occurs 
due to disease-induced disruptions in brain homeostasis, 
brain regions exhibit high plasticity and can undergo 
reorganization to achieve functional compensation. Finally, 
the cognitive domains assessed in our study did not fully 
cover the entire spectrum of complex brain functions, 
which introduced a certain bias. However, we also observed 
that the correlations between imaging metrics and clinical 
information were negative in the PWND group, but were 
entirely positive in the ANI group. This discrepancy may 
reflect the lagging nature of clinical indicators, suggesting 
that neuroimaging can provide us with more sensitive 
biological markers.

Limitations

This study had some limitations. First, it focused 
exclusively on young and middle-aged male patients, which 
might limit the applicability of the findings to the general 
population or to female patients. Second, the study was 
conducted at a single-center with a relatively small sample 
size, and the diagnosis of ANI might have been influenced 
by individual short-term variations, which might have led 
to selection bias. Additionally, the neuroimaging results 
lack validation from pathological findings and basic 
experiments, and thus need to be confirmed in larger-
scale studies. Third, as a cross-sectional study, it is subject 
to inherent biases and does not allow for the tracking 
of changes in brain function over the course of disease 
progression. A longitudinal study could more powerfully 
and objectively reveal these changes.

Data sharing policies and future directions

To promote transparency and foster collaboration in the 
study of brain function changes in HIV patients, we are 
committed to sharing the resources generated in this study. 
The de-identified rs-fMRI data of 438 HIV patients, along 
with the relevant metadata, will be made available on a 
publicly accessible platform such as OpenNeuro, pending 
approval from the relevant ethics committees. Researchers 
will be able to request access to the dataset for academic 
purposes through a formal application process, ensuring 
compliance with institutional guidelines and patient privacy 
protections. Access to the coding data will also be available 
upon reasonable request to the corresponding author.

Looking ahead, we aim to expand this work by 
collaborating with international cohorts, enabling cross-
cultural comparisons and a deeper understanding of the 
global impact of HIV on brain function. We plan to explore 
the integration of larger, multi-site datasets, leveraging 
advanced analytical techniques to further elucidate region-
specific and universal patterns of brain function alterations 
in HIV patients. These future endeavors will not only 
strengthen the current findings but also provide valuable 
insights into the broader neurological effects of HIV across 
diverse populations.

Conclusions

Through the analysis of local metrics (ReHo, ALFF, and 
fALFF), global metrics (FC), and graph theory metrics, 
we confirmed that HIV patients exhibit complex changes 
in both local brain activity and FC between brain regions, 
regardless of cognitive impairment. Some of these changes 
are linked to clinical information and neurocognitive 
abilities. Our findings indicate that the DMN, VIS, and 
LIM may be the areas in which early brain functional 
changes are most pronounced in HIV patients. The 
weakened connectivity within the VAN in PWND warrants 
further investigation, and damage to the fronto-striatal 
pathway may also play a significant role in the decline of 
cognitive function in individuals with HAND. Moreover, a 
multifaceted methodological approach should be employed 
for the comprehensive monitoring of HAND. Given that 
PLWH face lifelong brain damage due to HIV, which 
continuously affects cognitive function, there is an urgent 
need for accurate HAND biomarkers to aid in precise 
diagnosis, innovative treatment strategies, and long-term 
disease monitoring. This study provides new neuroimaging 
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evidence for early cognitive impairment in PLWH.
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