
Frontiers in Neurology 01 frontiersin.org

Divergent structural and 
functional brain alterations in 
HIV-infected patients: a 
multimodal meta-analysis
Zhong Li 1, Xingxing Jin 1, Meng Zhang 1, Hongxia Wang 1, 
Wangyi Liu 1, Beiran Wang 1, Baolin Wu 2* and Xuekun Li 1*
1 Department of Magnetic Resonance, The First Affiliated Hospital of Xinxiang Medical University, 
Xinxiang, China, 2 Department of Radiology, West China Hospital, Sichuan University, Chengdu, China

Neuroimaging studies have identified brain structural and functional alterations in 
HIV-infected patients; however, the results are inconsistent. This study aimed to 
characterize the effects of HIV infection on regional gray matter volume (GMV) 
and resting-state brain activity, and to further investigate the relations between 
abnormalities in these two modalities. We conducted voxel-wise meta-analysis of 
voxel-based morphometry (VBM) and functional studies, respectively, to identify 
regional GMV and brain activity alterations in HIV-infected patients. Multimodal 
analysis was performed to examine the overlap of regional GMV and brain activity 
alterations. Meta-regression analysis was conducted to evaluate the potential 
effects of clinical variables. Eleven whole-brain VBM studies and eight resting-
state functional studies were included. HIV-infected patients showed structural 
abnormalities alone in the bilateral medial prefrontal cortex/anterior cingulate 
cortex, bilateral calcarine cortex and left amygdala, and had functional abnormalities 
alone in the left middle frontal gyrus, left parahippocampal gyrus, left superior 
temporal gyrus and visual cortices. No conjoint brain structural and functional 
abnormalities were identified. This study characterized dissociated brain structural 
and functional alterations in HIV-infected patients from a perspective of multimodal 
meta-analysis, which may provide new insights into the neurobiology of HIV-
associated neurocognitive impairment.
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Introduction

Human immunodeficiency virus (HIV) and acquired immune deficiency syndrome 
(AIDS) cause substantial disease burden and mortality (1). As a neurotropic virus, HIV can 
infiltrate the central nervous system at early stage of infection, which is often associated with 
various neurological complications, such as HIV-associated neurocognitive disorders (HAND) 
(2). Although antiretroviral therapy (ART) has gradually made AIDS a manageable chronic 
disease and greatly decreased mortality due to HIV infection, HAND remains prevalent in 
antiretroviral-treated people living with HIV (3). Such neurocognitive deficits reduce quality 
of life and present a significant challenge to clinicians in the context of an ageing HIV 
population with a growing number of comorbidities (4). The key features of HAND in HIV 
infection are cognitive impairments, which include notable deficits in attention, working 
memory, motor function, and visual perception (5). Unfortunately, the neural mechanisms 
underlying these deficits has not been fully characterized. To better monitor diagnosis and 
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disease progression, and to comprehensively understand the disease, 
it is essential for us to identify the neural bases of cognitive deficits in 
HIV infection.

Magnetic resonance imaging (MRI) has provided a valuable and 
noninvasive tool to investigate brain morphometric and functional 
alterations in HIV infection. Structural MR imaging technique can 
be used to detect anatomical alterations in HIV infection. Recent 
review of structural MRI studies has summarized that HIV infection 
is associated with atrophy in the subcortical and limbic regions, such 
as caudate nucleus, putamen, and hippocampus (6). Quantitative 
meta-analysis also revealed neurostructural changes related to 
serostatus in HIV-infected participants, with total brain volume, total 
gray matter volume, and cerebrospinal fluid volume showing reliable 
serostatus effects (7). Notably, HIV-associated structural 
abnormalities, especially gray matter deficits in the subcortical and 
limbic structures are based on a region-of-interest (ROI) method. An 
important technical issue is that structural neuroimaging studies 
based on a ROI strategy are inherently biased; by contrast, voxel-based 
morphometry (VBM), a whole-brain, unbiased technique for 
analyzing structural MR images, can characterize regional cerebral 
volume and tissue concentration differences at a voxel level. 
Meanwhile, resting-state functional MRI (rs-fMRI) technique is a 
promising technique to detect local features of the spontaneous blood 
oxygenation level-dependent signal. Amplitude of low-frequency 
fluctuation (ALFF) and regional homogeneity (ReHo) are both widely 
used and complementary metrics for assessing regional brain activity 
in rs-fMRI studies. Theoretically, ALFF quantifies the intensity of 
low-frequency oscillations in spontaneous neural activity, while ReHo 
reflects the statistical similarity of spontaneous neural activity among 
spatially adjacent brain tissues.

Based on whole-brain level voxel-based analyses, abnormal GMV 
and intrinsic neural activity have been detected in persons living with 
HIV infection, even in the era of combination ART. However, the 
volumetric and resting-state brain activity alterations detected in 
HIV-infected patients have been inconsistent and are poorly replicated 
for some brain regions. For example, using whole-brain voxel-based 
morphometry (VBM) analysis, some structural MRI studies found 
regional GMV reductions in the cortical structures, including the 
anterior cingulate cortex (ACC) (8–10), orbitofrontal cortex (9, 11), 
and dorsolateral prefrontal cortex (PFC) (12) in HIV-infected patients; 
while other studies of HIV infection reported GMV deficits in the 
subcortical regions, such as hippocampus and thalamus (13, 14). 
Reduced GMV in the cerebellum (10, 15), which is involved in 
cognitive processing (16), has also been reported in HIV-infected 
patients. Additionally, rs-fMRI studies of HIV infection have reported 
abnormal brain activity in the cortical and subcortical regions. 
However, findings from these studies have been less consistent than 
expected, and some results are even the opposite. For example, brain 
activity alterations in the sensorimotor cortex (e.g., precentral/
postcentral gyrus) in HIV-infected patients relative to controls have 
been controversial. Decreased brain activity (17–19), increased brain 
activity (20), or null findings (21) in these regions have been reported. 
These inconsistent findings highlight the need to characterize the 
replicable and reliable brain structural and functional abnormalities.

Neuroimaging meta-analysis is a powerful method for 
summarizing and integrating findings across various studies. 
Anisotropic effect size-signed differential mapping (AES-SDM), a 
quantitative coordinate-based neuroimaging meta-analytic approach, 

has been widely used to identify consistent structural and functional 
brain abnormalities (22–25). AES-SDM has the advantages of 
providing more precise spatial localization, integrating both positive 
and negative effects within the same analysis, accounting for spatial 
heterogeneity through anisotropic kernels, and enhancing the 
sensitivity and specificity of meta-analytic findings in neuroimaging 
studies (26).

Thus, we aimed to conduct separate voxel-based meta-analyses of 
VBM and rs-fMRI studies to identify the most consistent and 
replicable regions with abnormal GMV and brain activity in HIV 
infection using AES-SDM. Furthermore, we  aimed to conduct a 
multimodal meta-analysis of VBM and rs-fMRI studies to determine 
whether HIV-infected patients exhibit brain regions with both 
structural and functional abnormalities. Finally, exploratory meta-
regression analyses were performed to evaluate the potential effects of 
demographic and clinical variables on identified brain structural and 
functional alterations.

Methods

Selection of eligible studies

We performed the meta-analysis based on the Preferred Reporting 
Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines 
(Supplementary Table S1). A comprehensive literature search strategy 
was applied to select pertinent studies up to December 2024  in 
PubMed, Web of Science and EMBASE databases. The keywords 
(“human immunodeficiency virus” or “HIV”) plus (“gray matter” or 
“grey matter” or “GM” or “voxel-based morphometry” or “VBM” or 
“voxel-wise” or “voxel-based” or “volumetric” or “morphometry”) and 
(“magnetic resonance imaging” or “MRI” or “MR imaging” or 
“neuroimaging”) were used to identify candidate VBM studies. 
rs-fMRI studies were identified using the keywords (“human 
immunodeficiency virus” or “HIV”) plus (“amplitude of low-frequency 
fluctuation” or “regional homogeneity” or “fractional amplitude of 
low-frequency fluctuation” or “ALFF” or “ReHo” or “fALFF”) and 
(“magnetic resonance imaging” or “MRI” or “MR imaging” or 
“functional MRI” or “fMRI” or “neuroimaging”). Furthermore, the 
reference lists of the retrieved eligible articles and review articles were 
also searched manually to acquire additional relevant articles 
for inclusion.

A study was included if it: (1) was published as an original article 
in a peer-reviewed English language journal; (2) used a whole-brain 
level voxel-based analysis to detect GMV, ALFF, fALFF, or ReHo 
changes between HIV-infected patients and HIV-negative controls; 
and (3) clearly reported whole-brain three-dimensional Montreal 
Neurological Institute (MNI) or Talairach coordinates (x, y, z) of the 
altered brain regions. We excluded studies that was published as a case 
report, letter, abstract, review, or meta-analysis. We also excluded 
studies that reported only specific region-of-interest (ROI) findings, 
studies that not compared with a HIV-negative control group and 
studies from which peak coordinates could not be retrieved even after 
contacting the authors by email or telephone. For studies containing 
multiple independent patient samples, the appropriate coordinates 
were included as separate studies. Additionally, we only included the 
baseline data in the longitudinal studies. For studies using overlapping 
samples, the study with the largest sample size was included. Two 

https://doi.org/10.3389/fneur.2025.1618408
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al.� 10.3389/fneur.2025.1618408

Frontiers in Neurology 03 frontiersin.org

authors (B. L. W. and Z. L.) independently performed the literature 
searches, selected the articles that meet the inclusion criteria. 
Afterwards, the results were compared, and for any articles with 
inconsistencies, the authors consulted to reach an agreement.

Data extraction

For each included study, the demographic and clinical 
characteristics (sample size, age, gender, and current CD4 cell count) 
and technique details (analytic method, magnetic field strength, 
software for data analyses, smoothing kernel, statistical threshold, and 
coordinate system) were recorded. Data extraction was independently 
performed by two authors (B. L. W. and Z. L.), and any disagreement 
was resolved by discussion.

Quality assessment

The qualities of the included studies were evaluated using a 
10-point checklist (Supplementary Table S2). This checklist was 
divided into three categories: (1) the quality of the detailed information 
of participants, including the quality of the specific diagnostic criteria, 
the demographic and clinical variables (e.g., age, gender, illness 
duration), and the sample size; (2) the quality of methods for image 
acquisition and analysis; and (3) the quality of results and conclusions. 
The quality assessment of each included study was independently 
evaluated by two authors (B. L. W. and Z. L.), and any disagreement 
was resolved by discussion.

Meta-analyses of structural and functional 
alterations

Two independent voxel-wise meta-analyses of the included 
structural and functional studies were conducted to separately identify 
the differences in GMV and resting-state brain activity between 
HIV-infected patients and HIV-negative controls using the AES-SDM 
software.1 The AES-SDM can combine the reported peak coordinates 
extracted from the included studies with statistical parametric maps 
using effect sizes, and then it recreates original maps of the effect size 
of neural activity differences between patients and controls, the details 
and instructions of this meta-analytic method has been described in 
the AES-SDM tutorial.2 Therefore, we summarized a brief description 
here. First, the reported peak coordinates and their corresponding 
effect sizes (derived, e.g., from t statistics) were extracted from each 
included study, and then created an SDM table to collect demographic 
data and clinical variables. Then, the original effect-size brain maps of 
each included study were recreated to generate voxel-level Monte 
Carlo brain maps. Finally, a mean map was obtained using a voxel-
wise calculation in a random-effects model, weighted by sample size 
and intra-study variance, and the inter-study heterogeneity was also 
taken into consideration. To obtain more stable and reliable results 

1  version 5.15, https://www.sdmproject.com/software

2  http://sdmproject.com/software/tutorial.pdf

from the meta-analysis, we set the permutation at 20 and applied a 
standard SDM threshold (voxel-wise p < 0.005 with SDM-Z > 1, and 
cluster size > 20 voxels). Multimodal analysis was performed to 
identify the overlapped regions with both structural and functional 
abnormalities in HIV-infected patients (Supplementary materials).

Reliability analysis

To test the reliability of our findings, systematic whole-brain voxel-
based jackknife sensitivity analyses were conducted in each independent 
meta-analysis. This process was achieved by iteratively repeating the 
same statistical analysis n (n = datasets) times, discarding a different 
dataset each time (26, 27). A brain region is regarded as highly replicable 
if it remains significant in all or most of the combinations of the datasets.

Heterogeneity and publication bias 
analyses

We analyzed the between-study variations to assess the heterogeneity 
of the identified WM abnormalities using a random-effects model with 
Q statistics and tested with a permutation approach (voxel-wise threshold 
p = 0.005, SDM-Z = 1, cluster extent threshold = 20 voxels). For each 
significant cluster, we used Egger tests to assess the asymmetry of funnel 
plots to examine publication bias (p < 0.05 indicated publication bias).

Meta-regression analysis

The potential effects of relevant demographic and clinical variables 
(mean age, percentage of males and mean current CD4 cell count) on 
regional brain structural and functional alterations in HIV-infected 
patients by a random-effects general linear meta-regression. In order 
to minimize the possibility of detecting spurious associations, a 
stringent threshold of p < 0.0005 was used to determine statistical 
significance. The clusters showing significant alterations were reported 
only when they were found in both the slope and one of the extremes 
of the regressor, and the regions that were not detected in the main 
analysis were discarded (27, 28).

Results

Included studies and sample characteristics

The detailed flow chart of studies inclusion is shown in Figure 1. 
Twelve whole-brain VBM studies (8–15, 29–32) and eight rs-fMRI 
studies (17–21, 32–34) met the inclusion criteria. One VBM study was 
discarded due to sample overlap (31). Finally, 11 VBM studies 
comprising 459 HIV-infected patients (383 males and 76 females) and 
385 HIV-negative controls (302 males and 83 females), and eight 
rs-fMRI studies comprising 229 HIV-infected patients (202 males and 
27 females) and 235 HIV-negative controls (204 males and 31 females) 
were included in the current meta-analysis.

The detailed demographic data and clinical characteristics are shown 
in Table 1. None of the included VBM or rs-fMRI studies reported 
significant differences in age and gender ratio between HIV-infected 
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patients and HIV-negative controls. The technique details of included 
VBM and rs-fMRI studies are summarized in Supplementary Tables S3, S4.

Regional differences in GMV

Compared with HIV-negative controls, HIV-infected patients 
showed higher regional GMV in the left amygdala, as well as lower 
regional GMV in the bilateral medial PFC/ACC and some visual 
cortices (bilateral calcarine fissure/surrounding cortex extending to 
the lingual gyrus and cuneus cortex; Figure 2A; Table 2).

Regional differences in resting-state brain 
activity

HIV-infected patients exhibited increased regional brain activity 
in the right fusiform gyrus, left parahippocampal gyrus and left 
middle frontal gyrus and decreased regional brain activity in the 
bilateral superior occipital gyrus, left superior temporal gyrus, left 
middle occipital gyrus and right lingual gyrus (Figure 2B and Table 3).

Multimodal analysis of structural and 
functional alterations

Multimodal analysis of structural and functional MRI studies did 
not find overlapped brain regions with both structural and functional 
abnormalities in HIV-infected patients.

Reliability analysis

In the meta-analysis of VBM studies, whole-brain jackknife 
sensitivity analyses revealed that GMV reductions in the bilateral 
medial PFC/ACC and bilateral calcarine fissure/surrounding cortex 
were highly robust, as they were replicable in all study combinations. 
Increased GMV in the left amygdala was highly replicable, as it 
remained significant in 10 out of the 11 combinations 
(Supplementary Table S5). In the meta-analysis of rs-fMRI studies, 
whole-brain jackknife sensitivity analyses revealed that all clusters 
showed high replicability and reliability as they remained 
significant in at least 6 out of the 8 combinations 
(Supplementary Table S6).

Heterogeneity and publication bias 
analyses

In the meta-analysis of VBM studies, there was significant 
unexplained between-study variability in the bilateral medial PFC/
ACC (p = 0.000438690, SDM-Z = 3.120) after heterogeneity analyses 
with Q statistics. In the meta-analysis of functional studies, 
heterogeneity analyses with Q statistics showed significant 
unexplained between-study variability in the left superior temporal 
gyrus (p = 0.000149667, SDM-Z = 2.832). The Egger test was 
nonsignificant in all clusters in the meta-analysis of VBM studies 
(Supplementary Table S7), but was significant in the left superior 
temporal gyrus (p = 0.046) in the meta-analysis of functional studies 
(Supplementary Table S8).

FIGURE 1

Flow diagram of study selection, based on PRISMA guidelines. VBM, Voxel-based morphometry; ALFF, Amplitude of low-frequency fluctuation; fALFF, 
Fractional amplitude of low-frequency fluctuation; ReHo, Regional homogeneity.
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Meta-regression analysis

The meta-regression analysis revealed that mean age, percentage 
of males, and mean current CD4 cell count were not linearly associated 
with either regional GMV or regional brain activity alterations in 
HIV-infected patients.

Discussion

The current study provides a unique multimodal view of brain 
structural and functional alterations in HIV infection. To our 
knowledge, this is the first whole-brain voxel-wise meta-analysis to 
evaluate the patterns of change in regional GMV and resting-state 
brain activity in HIV-infected patients. This multimodal meta-analysis 
suggested that HIV-infected patients showed structural abnormalities 
alone in the bilateral medial prefrontal cortex/anterior cingulate 

cortex, bilateral calcarine cortex and left amygdala, and exhibited 
functional abnormalities alone in the left middle frontal gyrus, left 
parahippocampal gyrus, left superior temporal gyrus and visual 
cortices. No conjoint brain structural and functional abnormalities 
were observed in HIV-infected patients.

Structural-specific brain abnormalities in 
HIV infection

The meta-analysis of structural studies characterized regional GMV 
reductions in the medial PFC/ACC in HIV-infected patients. The 
medial PFC/ACC is a core region of the default mode network (35), and 
contributes to self-relevance, rapid error identification and social 
functions and mediates the interplay between emotional processes and 
cognitive functions (36). Similarly, reduced GMV in the ACC has been 
demonstrated in HIV + individuals compared to HIV- controls using a 

TABLE 1  Demographic and clinical characteristics of subjects of studies included in the meta-analysis.

Studies HIV-infected patients Controls Measure Quality 
score (out 

of 10)N %Male Age, 
year

Current 
CD4+

cell count,
cells/ml

Medication, % N Age, 
year

Voxel-based morphometry studies

Küper et al. (8) 28 85.7 51.2 555 ART, 94 48 48.2 GMV 9.5

Li et al. (9) 36 100 34.5 206 ART, 30.6 33 31.4 GMV 9.5

Wilson et al. 

(29)
17 76.5 56.8 748 ART, 100 17 57.8 GMV 9

Wang et al. 

(11)
26 88.5 38.0 255 ART, 34.6 26 34.0 GMV 9

Zhou et al. (12) 22 95.5 38.2 151 Unmedicated 22 34.7 GMV 9.5

Sanford et al. 

(30)
125 64.0 47.2 533 ART, 90 62 45.4 GMV 10

Li et al. (10) 24 58.3 15.0 598 ART, 100 33 14.8 GMV 9.5

Yu et al. (15) 16 50 13.6 559 ART, 100 25 13.3 GMV 9

Liu et al. (13) 91 98.9 31.5 483 NA 46 34.4 GMV 9.5

Kato et al. (14) 31 100 42.6 574 ART, 100 33 41.1 GMV 9

Ma et al. (32) 43 100 28.2 480 ART, NA 40 27.8 GMV 9.5

Functional studies

Wang et al. 

(20)
13 61.5 15.1 642 ART, 100 22 15.4 ReHo 9

Yadav et al. 

(17)
26 53.8 9.9 490 ART, 100 20 8.8 ALFF 9

Bak et al. (18) 12 100 52.5 704 ART, 100 11 53.0 ALFF 9

Egbert et al. 

(33)
54 100 41.4 574 ART, 100 54 42.8 ReHo 9.5

Li et al. (19) 26 92.3 33.1 524.8 ART, 100 25 33.2 ALFF 9.5

Sarma et al. 

(21)
11 27.3 22.5 507 ART, 100 16 22.5 ALFF 9

Ma et al. (32) 43 100 28.2 480 ART, NA 40 27.8 ALFF 10

Han et al. (34) 44 100 30.2 516 NA 47 31.0 ReHo 10

ART, Antiretroviral therapy; GMV, Gray matter volume; ALFF, Amplitude of low-frequency fluctuation; ReHo, Regional homogeneity; NA, not available.
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FIGURE 2

Regions of increased (red) and decreased (blue) gray matter volume or brain activity in HIV-infected patients compared to controls in the meta-
analyses of voxel-based morphometry (VBM) studies (A) and functional studies (B).

TABLE 2  Meta-analysis results of regional gray matter volume changes in HIV-infected patients compared with controls.

Brain regions MNI coordinates SDM z-score p-value Cluster

x y z No. of 
voxels

Cluster 
breakdown (no. 
of voxels)

HIV+ > HIV-

Left amygdala −20 0 −20 1.038 0.000681221 230 Left parahippocampal 

gyrus (73); left amygdala 

(52); left striatum (13); left 

temporal pole, superior 

temporal gyrus (14); left 

olfactory cortex (16); left 

hippocampus (6)

HIV+ < HIV-

Bilateral medial PFC/

ACC

−2 38 20 −2.587 0.000051618 2,111 Left anterior cingulate/

paracingulate gyri (647); 

right anterior cingulate/

paracingulate gyri (469); 

left superior frontal gyrus, 

medial (372); right 

superior frontal gyrus, 

medial (31); left median 

cingulate/paracingulate 

gyri (157); right median 

cingulate/paracingulate 

gyri (206); left 

supplementary motor area 

(18)

Bilateral calcarine 

fissure/surrounding 

cortex

10 −78 8 −2.394 0.000113547 506 Left calcarine fissure/

surrounding cortex (166); 

right calcarine fissure/

surrounding cortex (118); 

left lingual gyrus (47); 

right lingual gyrus (36); 

left cuneus cortex (7); 

right cuneus cortex (5)

PFC, Prefrontal cortex; ACC, Anterior cingulate cortex; MNI, Montreal Neurological Institute; SDM, Seed-based d Mapping.
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ROI analytical method, and volumetric abnormality of the ACC was 
found to be  associated with fear recognition impairments in the 
HIV + group (37). Significant reduced cortical thickness reductions in 
the prefrontal regions have also been observed in HIV-infected patients 
compared to HIV-uninfected controls (30). Thus, our findings are 
consistent with these. Structural abnormalities in the medial PFC/ACC 
may play important roles in the neurobiology of HIV-related 
cognitive deficits.

Additionally, our study revealed decreased regional GMV in the 
calcarine cortex in HIV-infected patients. The calcarine cortex is an 
important component of the visual network, responsible for visual 
memory and vision processing (38). Deficits in visual memory and 
visuospatial ability have been demonstrated in HIV-infected subjects (39, 
40). Therefore, structural abnormalities in the calcarine cortex might 
underline visual-related cognitive dysfunctions in HIV-infected patients.

We also found increased regional GMV in the left amygdala in 
HIV-infected patients. The etiology of gray matter hypertrophy 
observed in HIV-infected patients remains unclear since such findings 
have been rarely reported in individuals with HIV. An increase in GMV 
could be due to an increase in cell size, neural or glial cell genesis, or 
spine volume (41, 42). The amygdala has long been associated with 
emotion and motivation, playing an essential part in processing both 
fearful and rewarding environmental stimuli (43). Regional GMV 
alterations in the amygdala are often observed in psychiatric disorders, 
such as major depressive disorder (44) and anxiety disorder (45). Prior 
neuroimaging study suggested that HIV infection and high levels of 
early life stress interacted to increase amygdala volume, which was 
associated with neurocognitive impairment in HIV-infected patients 
(46). Another ROI-based structural neuroimaging study also 
demonstrated increased amygdala volume in HIV + patients compared 

TABLE 3  Meta-analysis results of regional brain activity changes in HIV-infected patients compared with controls.

Brain regions MNI coordinates SDM z-score p-value Cluster

x y z No. of 
voxels

Cluster 
breakdown (no. 
of voxels)

HIV+ > HIV-

Right fusiform gyrus 28 −28 −24 1.207 0.002348185 257 Right fusiform gyrus 

(104); right cerebellum, 

hemispheric lobule IV/V 

(96); right 

parahippocampal gyrus 

(42); right cerebellum, 

hemispheric lobule III (2)

Left parahippocampal 

gyrus

−18 −28 −22 1.206 0.002373993 186 Left parahippocampal 

gyrus (72); left fusiform 

gyrus (32); left 

cerebellum, hemispheric 

lobule IV/V (5); left 

hippocampus (1)

Left middle frontal gyrus −32 44 10 1.496 0.000418007 98 Left middle frontal gyrus 

(30); left inferior frontal 

gyrus (23)

HIV+ < HIV-

Left superior occipital 

gyrus

−22 −86 26 −1.730 0.000366390 384 Left superior occipital 

gyrus (153); left cuneus 

cortex (53); left middle 

occipital gyrus (33)

Left superior temporal 

gyrus

−56 −10 0 −1.422 0.003039718 106 Left superior temporal 

gyrus (58); left rolandic 

operculum (39); left 

insula (4); left middle 

temporal gyrus (3)

Right superior occipital 

gyrus

22 −82 26 −1.571 0.001279891 94 Right superior occipital 

gyrus (48)

Left middle occipital 

gyrus

−26 −96 8 −1.582 0.001181841 88 Left middle occipital 

gyrus (82)

Right lingual gyrus 16 −82 −10 −1.430 0.002972603 38 Right lingual gyrus (19)

MNI, Montreal Neurological Institute; SDM, Seed-based d Mapping.
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to controls (37). Thus, our findings are compatible with these 
previous studies.

Functional-specific brain abnormalities in 
HIV infection

Our meta-analysis also demonstrated functional-specific 
abnormalities in HIV-infected patients. Altered regional brain activity 
were found in the left middle frontal gyrus, left parahippocampal gyrus, 
left superior temporal gyrus and visual cortices, without overlapped 
structural abnormalities.

Specifically, HIV-infected patients showed hyperactivity in the right 
fusiform gyrus, left parahippocampal gyrus and left middle frontal 
gyrus. The parahippocampal gyrus is involved in many cognitive 
functions, including visuospatial processing and episodic memory (47). 
Converging evidence suggests that the fusiform gyrus plays a pivotal 
role in high-level visual/cognitive functions, such as facial recognition 
(48) and recognition of various object features (49). The middle frontal 
and midcingulate cortices are associated high-order cognitive abilities, 
such as executive functions and cognitive control (50, 51). The exact 
mechanism of the hyperactivation of these brain regions in HIV-infected 
patients remains unclear since little evidence has been reported. One 
possibility is that HIV-induced neuroinflammation impairs neural 
efficiency with resultant compensatory increases in neuronal activation. 
Another possibility is that increased brain activity in these regions 
perhaps represent physiological responses to HIV infection that protect 
against the development of cognitive impairment.

Additionally, this meta-analysis revealed hypoactivity in the left 
superior temporal gyrus in HIV-infected patients. The superior 
temporal gyrus has been associated with auditory functions and 
language processing. Evidence from previous studies support our 
findings. For example, prior study suggested a pattern of hypoperfusion 
in HIV-infected individuals that involves temporal regions (52). 
Significant reduced cortical thickness in the lateral temporal regions 
were also found in HIV-infected individuals (30). Functional deficits in 
the left superior temporal gyrus might be  the neural substrates of 
impaired language and auditory functions observed in HIV-infected 
patients. HIV-infected patients also showed decreased brain activity in 
the occipital regions, including the bilateral superior occipital gyrus, left 
middle occipital gyrus and right lingual gyrus, compared to 
HIV-negative controls. The occipital regions are primarily involved in 
visual processing and low-order cognitive processing. Functional 
abnormalities of the visual cortices might contribute to impaired visual 
function in HIV-infected patients. Overall, given the high rates of 
cognitive disorders in antiretroviral-treated people living with HIV, 
functional deficits in the temporal and occipital regions may play 
important roles in the neurobiology of HIV-associated cognitive 
impairment (2, 53, 54).

Notably, this meta-analysis did not identify overlapped regions 
with both structural and functional abnormalities in HIV-infected 
patients. The absence of overlapping regions of structural and 
functional abnormalities in HIV-infected patients may suggest 
that these two types of neural changes may occur independently 
or at different stages of the disease. Neurobiologically, structural 
damage, such as gray matter loss, often results from long-term 
neurotoxic effects of HIV-related neuroinflammation and viral 
proteins, leading to permanent tissue loss. In contrast, functional 

abnormalities, observed through altered brain activity or 
connectivity, may reflect early or compensatory responses to 
neural injury, potentially before structural changes become 
evident (55). This dissociation emphasizes the complex nature of 
HIV’s impact on the brain. Clinically, these findings underscore 
the importance of employing multimodal imaging to capture the 
full spectrum of neural alterations. Understanding how and when 
these abnormalities develop can inform targeted interventions, 
aiming to prevent or mitigate cognitive decline. Future 
longitudinal studies are necessary to elucidate the progression and 
relationship between structural and functional changes in 
HIV-infected patients.

We acknowledge several limitations in this meta-analysis. First, 
the number of included studies was relatively small, which may affect 
the power of the statistical analysis. Second, we did not conduct a 
subgroup meta-analysis to evaluate the effect of antiretroviral therapy 
on brain structure and function in HIV-infected patients due to a 
small dataset of untreated patients. Comparative meta-analysis should 
be  conducted to address this issue with more original studies are 
available in the future; Finally, given the exploratory nature of our 
analysis, we prioritized detecting potential effects without correction 
for multiple comparisons, but we acknowledge that this may increase 
the risk of false positives. Future studies are needed to address 
this issue.

Conclusion

This multimodal meta-analysis identified dissociated brain 
structural and functional alterations in HIV-infected patients. These 
findings may provide new insights into the neurobiology of 
HIV-associated neurocognitive impairment. With more and more 
relevant studies published, future quantitative meta-analysis should 
explore the potential effects of antiretroviral therapy on brain structure 
and function in HIV-infected individuals.

Author contributions

ZL: Software, Writing  – original draft, Formal analysis, 
Methodology, Conceptualization. XJ: Methodology, Writing – original 
draft, Formal analysis, Software. MZ: Methodology, Writing – original 
draft, Formal analysis. HW: Formal analysis, Writing – original draft, 
Methodology. WL: Formal analysis, Methodology, Writing – original 
draft. BeW: Writing – original draft, Formal analysis, Methodology. 
BaW: Funding acquisition, Writing  – review & editing, Formal 
analysis, Writing  – original draft, Software, Conceptualization, 
Visualization, Methodology. XL: Writing  – review & editing, 
Conceptualization, Methodology, Supervision, Funding acquisition, 
Software, Formal analysis, Writing – original draft.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. This study was supported 
by the Henan Province Medical Science and Technology Research 
Project (no. LHGJ20230510).

https://doi.org/10.3389/fneur.2025.1618408
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Li et al.� 10.3389/fneur.2025.1618408

Frontiers in Neurology 09 frontiersin.org

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.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fneur.2025.1618408/
full#supplementary-material

References
	1.	Kavanagh MM, Katz IT, Holmes CB. Reckoning with mortality: Global Health, HIV, 

and the politics of data. Lancet (London, England). (2020) 396:288–90. doi: 
10.1016/s0140-6736(20)31046-1

	2.	Winston A, Spudich S. Cognitive disorders in people living with HIV. Lancet HIV. 
(2020) 7:e504–13. doi: 10.1016/s2352-3018(20)30107-7

	3.	Wang Y, Liu M, Lu Q, Farrell M, Lappin JM, Shi J, et al. Global prevalence and 
burden of HIV-associated neurocognitive disorder: a meta-analysis. Neurology. (2020) 
95:e2610–21. doi: 10.1212/wnl.0000000000010752

	4.	Alford K, Vera JH. Cognitive impairment in people living with HIV in the art era: 
a review. Br Med Bull. (2018) 127:55–68. doi: 10.1093/bmb/ldy019

	5.	Woods SP, Moore DJ, Weber E, Grant I. Cognitive neuropsychology of HIV-
associated neurocognitive disorders. Neuropsychol Rev. (2009) 19:152–68. doi: 
10.1007/s11065-009-9102-5

	6.	Cilliers K, Muller CJF. Effect of human immunodeficiency virus on the brain: a 
review. Anat Rec (Hoboken). (2021) 304:1389–99. doi: 10.1002/ar.24573

	7.	O’Connor EE, Zeffiro TA, Zeffiro TA. Brain structural changes following HIV 
infection: Meta-analysis. AJNR Am  J Neuroradiol. (2018) 39:54–62. doi: 
10.3174/ajnr.A5432

	8.	Küper 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

	9.	Li Y, Li H, 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.	Li J, Gao L, Wen Z, Zhang J, Wang P, Tu N, et al. Structural covariance of gray 
matter volume in HIV vertically infected adolescents. Sci Rep. (2018) 8:1182. doi: 
10.1038/s41598-018-19290-5

	11.	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. J Magn Reson Imaging. (2016) 43:1474–83. doi: 10.1002/jmri.25100

	12.	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

	13.	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

	14.	Kato T, Yoshihara Y, Watanabe D, Fukumoto M, Wada K, Nakakura T, et al. 
Neurocognitive impairment and gray matter volume reduction in HIV-infected patients. 
J Neurovirol. (2020) 26:590–601. doi: 10.1007/s13365-020-00865-w

	15.	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

	16.	Ashida R, Cerminara NL, Edwards RJ, Apps R, Brooks JCW. Sensorimotor, 
language, and working memory representation within the human cerebellum. Hum 
Brain Mapp. (2019) 40:4732–47. doi: 10.1002/hbm.24733

	17.	Yadav SK, Gupta RK, Hashem S, Bhat AA, Garg RK, Venkatesh V, et al. Changes 
in resting-state functional brain activity are associated with waning cognitive functions 
in HIV-infected children. Neuroimage Clin. (2018) 20:1204–10. doi: 
10.1016/j.nicl.2018.10.028

	18.	Bak Y, Jun S, Choi JY, Lee Y, Lee SK, Han S, et al. Altered intrinsic local activity 
and cognitive dysfunction in HIV patients: a resting-state Fmri study. PLoS One. (2018) 
13:e0207146. doi: 10.1371/journal.pone.0207146

	19.	Li R, Wang W, Wang Y, Peters S, Zhang X, Li H. Effects of early HIV infection and 
combination antiretroviral therapy on intrinsic brain activity: a cross-sectional resting-
state Fmri study. Neuropsychiatr Dis Treat. (2019) 15:883–94. doi: 10.2147/ndt.S195562

	20.	Wang P, Li J, Wang X, Thapa D, Wu GY. Asymptomatic human immunodeficiency 
virus vertical transmitted adolescents' brain functional changes: based on resting-state 
functional magnetic resonance imaging. AIDS Res Hum Retrovir. (2018) 34:699–704. 
doi: 10.1089/aid.2017.0267

	21.	Sarma MK, Pal A, Keller MA, Welikson T, Ventura J, Michalik DE, et al. White 
matter of perinatally HIV infected older youths shows low frequency fluctuations 
that May reflect glial cycling. Sci Rep. (2021) 11:3086. doi: 
10.1038/s41598-021-82587-5

	22.	Wu B, Zhang X, Xie H, Zhang B, Ling Y, Gan R, et al. Research review: shared and 
distinct structural and functional brain alterations in adolescents with major depressive 
disorder - a multimodal Meta-analysis. J Child Psychol Psychiatry. (2025) 66:1084–97. 
doi: 10.1111/jcpp.14104

	23.	Li L, Jiang J, Wu B, Lin J, Roberts N, Sweeney JA, et al. Distinct gray matter 
abnormalities in children/adolescents and adults with history of childhood 
maltreatment. Neurosci Biobehav Rev. (2023) 153:105376. doi: 
10.1016/j.neubiorev.2023.105376

	24.	Song W, Zhao L, Li X, Wu B. Altered brain activity in patients with end-stage renal 
disease: a Meta-analysis of resting-state functional imaging. Brain Behav. (2023) 
13:e3057. doi: 10.1002/brb3.3057

	25.	Long X, Li L, Wang X, Cao Y, Wu B, Roberts N, et al. Gray matter alterations in 
adolescent major depressive disorder and adolescent bipolar disorder. J Affect Disord. 
(2023) 325:550–63. doi: 10.1016/j.jad.2023.01.049

	26.	Radua J, Rubia K, Canales-Rodríguez EJ, Pomarol-Clotet E, Fusar-Poli P, Mataix-
Cols D. Anisotropic kernels for coordinate-based Meta-analyses of neuroimaging 
studies. Front Psych. (2014) 5:13. doi: 10.3389/fpsyt.2014.00013

	27.	Radua J, Mataix-Cols D. Voxel-wise Meta-analysis of Grey matter changes in 
obsessive-compulsive disorder. Br J Psychiatry. (2009) 195:393–402. doi: 
10.1192/bjp.bp.108.055046

	28.	Radua J, Mataix-Cols D, Phillips ML, El-Hage W, Kronhaus DM, Cardoner N, et al. 
A new Meta-analytic method for neuroimaging studies that combines reported peak 
coordinates and statistical parametric maps. Eur Psychiatry. (2012) 27:605–11. doi: 
10.1016/j.eurpsy.2011.04.001

	29.	Wilson TW, Heinrichs-Graham E, Becker KM, Aloi J, Robertson KR, Sandkovsky 
U, et al. Multimodal neuroimaging evidence of alterations in cortical structure and 
function in HIV-infected older adults. Hum Brain Mapp. (2015) 36:897–910. doi: 
10.1002/hbm.22674

	30.	Sanford R, Fernandez Cruz AL, 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. J Acquir Immune Defic Syndr. (2017) 74:563–70. doi: 
10.1097/qai.0000000000001294

	31.	Li J, Gao L, Ye Z. Study of brain structure in HIV vertically infected adolescents. 
AIDS Res Hum Retrovir. (2021) 37:647–56. doi: 10.1089/aid.2020.0030

	32.	Ma Q, Shi X, Chen G, Song F, Liu F, Zheng H, et al. HIV-associated structural and 
functional brain alterations in homosexual males. Front Neurol. (2021) 12:757374. doi: 
10.3389/fneur.2021.757374

	33.	Egbert AR, Biswal B, Karunakaran K, Gohel S, Pluta A, Wolak T, et al. Age and 
HIV effects on resting state of the brain in relationship to neurocognitive functioning. 
Behav Brain Res. (2018) 344:20–7. doi: 10.1016/j.bbr.2018.02.007

	34.	Han S, Aili X, Ma J, Liu J, Wang W, Yang X, et al. Altered regional homogeneity 
and functional connectivity of brain activity in young HIV-infected patients with 
asymptomatic neurocognitive impairment. Front Neurol. (2022) 13:982520. doi: 
10.3389/fneur.2022.982520

	35.	Buckner RL, Andrews-Hanna JR, Schacter DL. The brain's default network: 
anatomy, function, and relevance to disease. Ann N Y Acad Sci. (2008) 1124:1–38. doi: 
10.1196/annals.1440.011

https://doi.org/10.3389/fneur.2025.1618408
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fneur.2025.1618408/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fneur.2025.1618408/full#supplementary-material
https://doi.org/10.1016/s0140-6736(20)31046-1
https://doi.org/10.1016/s2352-3018(20)30107-7
https://doi.org/10.1212/wnl.0000000000010752
https://doi.org/10.1093/bmb/ldy019
https://doi.org/10.1007/s11065-009-9102-5
https://doi.org/10.1002/ar.24573
https://doi.org/10.3174/ajnr.A5432
https://doi.org/10.1007/s00415-010-5883-y
https://doi.org/10.1038/s41598-018-19290-5
https://doi.org/10.1002/jmri.25100
https://doi.org/10.1007/s00234-017-1912-1
https://doi.org/10.3389/fnins.2020.601063
https://doi.org/10.1007/s13365-020-00865-w
https://doi.org/10.3389/fimmu.2019.00814
https://doi.org/10.1002/hbm.24733
https://doi.org/10.1016/j.nicl.2018.10.028
https://doi.org/10.1371/journal.pone.0207146
https://doi.org/10.2147/ndt.S195562
https://doi.org/10.1089/aid.2017.0267
https://doi.org/10.1038/s41598-021-82587-5
https://doi.org/10.1111/jcpp.14104
https://doi.org/10.1016/j.neubiorev.2023.105376
https://doi.org/10.1002/brb3.3057
https://doi.org/10.1016/j.jad.2023.01.049
https://doi.org/10.3389/fpsyt.2014.00013
https://doi.org/10.1192/bjp.bp.108.055046
https://doi.org/10.1016/j.eurpsy.2011.04.001
https://doi.org/10.1002/hbm.22674
https://doi.org/10.1097/qai.0000000000001294
https://doi.org/10.1089/aid.2020.0030
https://doi.org/10.3389/fneur.2021.757374
https://doi.org/10.1016/j.bbr.2018.02.007
https://doi.org/10.3389/fneur.2022.982520
https://doi.org/10.1196/annals.1440.011


Li et al.� 10.3389/fneur.2025.1618408

Frontiers in Neurology 10 frontiersin.org

	36.	Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL. A 
default mode of brain function. Proc Natl Acad Sci U S A. (2001) 98:676–82. doi: 
10.1073/pnas.98.2.676

	37.	Clark US, Walker KA, Cohen RA, Devlin KN, Folkers AM, Pina MJ, et al. Facial 
emotion recognition impairments are associated with brain volume abnormalities in 
individuals with HIV. Neuropsychologia. (2015) 70:263–71. doi: 
10.1016/j.neuropsychologia.2015.03.003

	38.	Froudarakis E, Fahey PG, Reimer J, Smirnakis SM, Tehovnik EJ, Tolias AS. The 
visual cortex in context. Ann Rev Vis Sci. (2019) 5:317–39. doi: 
10.1146/annurev-vision-091517-034407

	39.	Prakash A, Hou J, Liu L, Gao Y, Kettering C, Ragin AB. Cognitive function in early 
HIV infection. J Neurovirol. (2017) 23:273–82. doi: 10.1007/s13365-016-0498-4

	40.	Phillips N, Amos T, Kuo C, Hoare J, Ipser J, Thomas KG, et al. HIV-associated 
cognitive impairment in perinatally infected children: a Meta-analysis. Pediatrics. (2016) 
138:893. doi: 10.1542/peds.2016-0893

	41.	Driemeyer J, Boyke J, Gaser C, Büchel C, May A. Changes in gray matter 
induced by learning--revisited. PLoS One. (2008) 3:e2669. doi: 
10.1371/journal.pone.0002669

	42.	May A, Hajak G, Gänssbauer S, Steffens T, Langguth B, Kleinjung T, et al. 
Structural brain alterations following 5 days of intervention: dynamic aspects of 
neuroplasticity. Cereb Cortex. (2007) 17:205–10. doi: 10.1093/cercor/bhj138

	43.	Janak PH, Tye KM. From circuits to behaviour in the amygdala. Nature. (2015) 
517:284–92. Epub 2015/01/17. doi: 10.1038/nature14188

	44.	Zhang FF, Peng W, Sweeney JA, Jia ZY, Gong QY. Brain structure alterations in 
depression: Psychoradiological evidence. CNS Neurosci Ther. (2018) 24:994–1003. doi: 
10.1111/cns.12835

	45.	Liang J, Yu Q, Liu Y, Qiu Y, Tang R, Yan L, et al. Gray matter abnormalities in 
patients with major depressive disorder and social anxiety disorder: a voxel-based Meta-
analysis. Brain Imaging Behav. (2023) 17:749–63. doi: 10.1007/s11682-023-00797-z

	46.	Clark US, Cohen RA, Sweet LH, Gongvatana A, Devlin KN, Hana GN, et al. Effects 
of HIV and early life stress on amygdala morphometry and neurocognitive function. J 
Int Neuropsychol Soc. (2012) 18:657–68. doi: 10.1017/s1355617712000434

	47.	Aminoff EM, Kveraga K, Bar M. The role of the Parahippocampal cortex in 
cognition. Trends Cogn Sci. (2013) 17:379–90. doi: 10.1016/j.tics.2013.06.009

	48.	Kanwisher N, McDermott J, Chun MM. The fusiform face area: a module in 
human Extrastriate cortex specialized for face perception. J Neurosci. (1997) 17:4302–11. 
doi: 10.1523/jneurosci.17-11-04302.1997

	49.	Wang X, Han Z, He Y, Caramazza A, Song L, Bi Y. Where color rests: spontaneous 
brain activity of bilateral fusiform and lingual regions predicts object color knowledge 
performance. Neuroimage. (2013) 76:252–63. doi: 10.1016/j.neuroimage.2013.03.010

	50.	Huster RJ, Enriquez-Geppert S, Pantev C, Bruchmann M. Variations in 
midcingulate morphology are related to Erp indices of cognitive control. Brain Struct 
Funct. (2014) 219:49–60. doi: 10.1007/s00429-012-0483-5

	51.	Tanji J, Hoshi E. Role of the lateral prefrontal cortex in executive behavioral 
control. Physiol Rev. (2008) 88:37–57. doi: 10.1152/physrev.00014.2007

	52.	Narvid J, McCoy D, Dupont SM, Callen A, Tosun D, Hellmuth J, et al. Abnormal 
cerebral perfusion profile in older adults with HIV-associated neurocognitive disorder: 
discriminative power of arterial spin-labeling. AJNR Am  J Neuroradiol. (2018) 
39:2211–7. doi: 10.3174/ajnr.A5902

	53.	Clifford DB, Ances BM. HIV-associated neurocognitive disorder. Lancet Infect Dis. 
(2013) 13:976–86. doi: 10.1016/s1473-3099(13)70269-x

	54.	Underwood J, Cole JH, Caan M, De Francesco D, Leech R, van Zoest RA, et al. 
Gray and White matter abnormalities in treated human immunodeficiency virus 
disease and their relationship to cognitive function. Clin Infect Dis. (2017) 
65:422–32. doi: 10.1093/cid/cix301

	55.	Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Pletnikov M, et al. HIV-
associated neurocognitive disorder--pathogenesis and prospects for treatment. Nat Rev 
Neurol. (2016) 12:234–48. doi: 10.1038/nrneurol.2016.27

https://doi.org/10.3389/fneur.2025.1618408
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1016/j.neuropsychologia.2015.03.003
https://doi.org/10.1146/annurev-vision-091517-034407
https://doi.org/10.1007/s13365-016-0498-4
https://doi.org/10.1542/peds.2016-0893
https://doi.org/10.1371/journal.pone.0002669
https://doi.org/10.1093/cercor/bhj138
https://doi.org/10.1038/nature14188
https://doi.org/10.1111/cns.12835
https://doi.org/10.1007/s11682-023-00797-z
https://doi.org/10.1017/s1355617712000434
https://doi.org/10.1016/j.tics.2013.06.009
https://doi.org/10.1523/jneurosci.17-11-04302.1997
https://doi.org/10.1016/j.neuroimage.2013.03.010
https://doi.org/10.1007/s00429-012-0483-5
https://doi.org/10.1152/physrev.00014.2007
https://doi.org/10.3174/ajnr.A5902
https://doi.org/10.1016/s1473-3099(13)70269-x
https://doi.org/10.1093/cid/cix301
https://doi.org/10.1038/nrneurol.2016.27

	Divergent structural and functional brain alterations in HIV-infected patients: a multimodal meta-analysis
	Introduction
	Methods
	Selection of eligible studies
	Data extraction
	Quality assessment
	Meta-analyses of structural and functional alterations
	Reliability analysis
	Heterogeneity and publication bias analyses
	Meta-regression analysis

	Results
	Included studies and sample characteristics
	Regional differences in GMV
	Regional differences in resting-state brain activity
	Multimodal analysis of structural and functional alterations
	Reliability analysis
	Heterogeneity and publication bias analyses
	Meta-regression analysis

	Discussion
	Structural-specific brain abnormalities in HIV infection
	Functional-specific brain abnormalities in HIV infection

	Conclusion

	References

