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Background: While regional brain structure and function alterations in

HIV-infected individuals have been reported, knowledge about the topological

organization in gray matter networks is limited. This research aims to

investigate the e�ects of early HIV infection and combination antiretroviral

therapy (cART) on gray matter structural covariance networks (SCNs) by

employing graph theoretical analysis.

Methods: Sixty-five adult HIV+ individuals (25–50 years old), including 34

with cART (HIV+/cART+) and 31 medication-naïve (HIV+/cART–), and 35

demographically matched healthy controls (HCs) underwent high-resolution

T1-weighted images. A sliding-window method was employed to create “age

bins,” and SCNs (based on cortical thickness) were constructed for each bin

by calculating Pearson’s correlation coe�cients. The group di�erences of

network indices, including the mean nodal path length (Nlp), betweenness

centrality (Bc), number of modules, modularity, global e�ciency, local

e�ciency, and small-worldness, were evaluated by ANOVA and post-hoc tests

employing the network-based statistics method.

Results: Relative to HCs, less e�ciency in terms of information transfer in

the parietal and occipital lobe (decreased Bc) and a compensated increase

in the frontal lobe (decreased Nlp) were exhibited in both HIV+/cART+

and HIV+/cART– individuals (P < 0.05, FDR-corrected). Compared with

HIV+/cART– and HCs, less specialized function segregation (decreased

modularity and small-worldness property) and stronger integration in the

network (increased Eglob and little changed path length) were found in

HIV+/cART+ group (P < 0.05, FDR-corrected).

Conclusion: Early HIV+ individuals exhibited a decrease in the e�ciency of

information transmission in sensory regions and a compensatory increase in

the frontal lobe. HIV+/cART+ showed a less specialized regional segregation

function, but a stronger global integration function in the network.
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Introduction

The human immunodeficiency virus (HIV) can cross the

blood–brain barrier rapidly after seroconversion and then

cause cognitive, behavioral, and motor abnormalities over

time, that is, HIV-associated neurocognitive disorders (HAND)

(1). HAND is divided into asymptomatic neurocognitive

impairment (ANI), mild neurocognitive impairment (MND),

and HIV-associated dementia (HAD). Combined antiretroviral

therapy (cART) effectively reduced the incidence of HAD,

but it does not completely prevent the development and

progression of HAND. The prevalence of HAND is still 15–

55% in HIV-infected patients with cART (HIV+/cART+) (2).

The incidence varies according to the differences in age and

duration of infection (3, 4). In the cART era, the milder

forms of HAND account for the majority, but the cognitive

impairment will still slowly aggravate (5), which may affect

the performance of complex daily tasks and the compliance of

cART (6). Although knowledge about HAND has increased in

recent years, the latent neurobiological changes andmechanisms

remain indefinite.

Different functional and structural magnetic resonance

imaging (MRI) modalities have been extensively utilized in

the studies of HAND and play a key role in early diagnosis,

stage, prognosis, and neuropathological changes. Resting-state

functional MRI (fMRI) demonstrated functional connectivity

in cortico-striatal networks attenuated in treatment-naïve HIV

individuals (HIV+/cART–), and HIV+/cART+ had functional

connectivity strength similar to healthy controls (HCs) (7).

The reduction was observed in the functional connectivity

within the visual network (8), resting cerebral blood flow in

the visual cortex and lenticular nuclei (9), and the amplitude

of low-frequency fluctuations in the occipital lobe (10).

Besides function, cerebral microstructures studies have shown

significant abnormalities. The preferential impairments were

observed in periventricular white matter (corpus callosum

and corona radiata) based on diffusion tensor imaging (DTI)

(11–13). In addition, the axonal chronic injury rather than

demyelination in early HIV infection was proposed to be

the possible pathogenesis of the neurological damage of

HAND (12, 13). For gray matter, significant volumetric

alterations were found in the subcortical region (thalamus,

putamen, and caudate), parietal lobe, and posterior cortex in

cognitively intact and milder forms of HAND assessed by

high-resolution three-dimensional T1-weighted images (3D-

T1WI) (8, 14–17). Moreover, the dynamic alterations of brain

volume among subgroups of different cognitive stages of

preclinical HAND were identified (17). In previous studies,

several regional impairments that possibly underlie HAND

have been found, which can provide a limited window

to understand the whole network level of abnormalities

in HAND.

The human brain is structurally organized into a

complicated network, which is conducive to the effective

processing and integration of information. Graph-based

network topology analysis provides a powerful and non-

invasive method to probe the topological properties of

the whole brain and can help to reveal the underlying

neuropathological mechanism. Research on the topological

organization of white matter based on graph theoretic

approaches revealed HIV+/cART− had a lower clustering

coefficient, weaker structural segregation, integration,

and connection strength relative to HCs (18). Another

study showed HIV+/cART+ had a lower global clustering

coefficient indicative of brain network segregation and a

lower nodal degree in the left thalamus compared with

HCs (19).

Structural MRI is relatively insensitive to head motion

and mental activity when compared with fMRI and DTI

(20). In addition, although the structural networks based on

DTI tractography represent the direct anatomical connection

mode among brain regions, its effectiveness in mapping

cortical networks is limited due to the highly isotropic water

diffusion near cortical regions. An important hypothesis of

structural covariance networks (SCNs) is that the morphological

features of interregional gray matter are covariant because

they have common effects on development, maturation, and

disease transmission (20, 21). The SCN analysis based on

morphological indices such as the gray matter volume and

cortical thickness is considered to correspond with anatomical

connectivity and can reflect the accurate coordination of cortical

morphology (22, 23). Thus, using brain gray matter anatomy

to investigate structural networks in cognitive disorders may

be more stable and convincing to some degree (24) and has

been widely applied in a variety of neuropsychiatric diseases

nowadays (23, 25–28).

Cortical thickness can provide information on

developmental maturity and genetics (29, 30), and relative

to cortical volume, cortical thickness is more promising to

reveal the underlying genetic architecture of brain structures

(31). Another study explored the large-scale structural

connection mode of the cerebral cortex by employing cortical

thickness and found that the brain anatomical network had

a strong small-worldness (32). These findings indicate that

using cortical thickness to construct SCNs is an appropriate and

more sensitive tool to investigate neuropsychiatric disorders.

There has been one study on gray matter volume SCNs in

HIV+ adolescents and found node properties disrupted and

the hub distribution shifted (25). To date, the topological

organization characteristics of SCNs in adult HIV+ individuals

with or without cART are not clear. In this study, we explored

the organization differences in cortical thickness SCNs in

early HIV+ adults and investigated the effect of cART on

network topology.
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TABLE 1 Cognitive domains and corresponding neurocognitive

scales.

Cognitive domains Neurocognitive scales

Verbal fluency Animal verbal fluency test (AFT)

Executive function Wisconsin card sorting tests (WCST-64)

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

Fine motor skills Grooved pegboard

Attention/working memory ①Continuous performance test-identical

pair (CPT-IP)

②Wechsler memory scale (WMS-III)

③Paced auditory serial addition test (PASAT)

Learning and delayed recall ①Hopking verbal learning test (HVLT-R)

②Brief visuospatial memory test (BVMT-R)

Materials and methods

Participants

A total of 65 right-handed HIV+ individuals (34 cases

receiving stable cART for at least 6 months, HIV+/cART+;

31 drug-naïve cases, HIV+/cART–) and 35 matched HCs were

collected from the infectious disease outpatient clinic of Beijing

Youan Hospital. Demographic and clinical laboratory tests (age,

gender, education, time since HIV diagnosis, time of infection

without cART, time on cART, current plasma CD4+ cell count

and CD4+/CD8+ ratio, and plasma viral load) were obtained

from the patient’s self-report and electronic medical records. All

of the HIV+/cART+ were treated with tenofovir + lamivudine

+ efavirenz in this study. This study protocol was approved by

the ethics committee of Beijing Youan Hospital, Capital Medical

University, and was performed according to the criteria set

by the Declaration of Helsinki. All participants signed written

informed consent.

The inclusion criteria for HIV+ individuals were as follows:

(1) Considering the maturation of brain anatomy (33), the age

range of subjects was 25 to 50 years; (2) HIV+/cART+ had

received stable cART for at least 6 months with undetectable

plasma viral load; (3) HIV+/cART– did not experience any sort

of cART. Inclusion criteria for HCs were healthy individuals

between 25 and 50 years of age. The following exclusion

criteria were applied to HIV and HCs groups: (1) a history of

neurological or psychiatric diseases; (2) central nervous system

infections and tumors; (3) brain trauma; (4) alcohol or drug

abuse; (5) contraindications to MR.

Neuropsychological tests

Within 1–3 h before MRI scan, to comprehensively assess

the cognitive abilities, each HIV+ individual received a series

of neuropsychological tests including a self-report of cognitive

difficulties in daily life using a simple Activities of Daily

Living scale questionnaire (34) and six cognitive domains. The

cognitive domains and corresponding neurocognitive scales are

listed in Table 1. The initial score for each test was converted

to T-score and adjusted for gender, age, and education level.

Averaged T-score was computed for the cognitive domain

evaluated by various cognitive tests. If the performance is more

than one standard deviation and <2 standard deviations below

the mean for a particular cognitive domain without decreased

daily functioning, a diagnosis of ANI should be considered (35).

Of the 65 HIV subjects, 26 were diagnosed with ANI and 39 were

non-HAND. The differences in the cognitive abilities between

HIV+/cART+ and HIV+/cART– are listed in Table 2.

Structural MRI acquisition

All participants underwent scanning using a 3.0 T Siemens

MR scanner (Tim-Trio, Erlangen, Germany) with a 32-

channel phased-array head coil at Beijing Youan Hospital.

A latex head pad and earplugs were used to reduce head

movement and scanner noise. First, T2-weighted fluid-

attenuated inversion recovery combined fat saturation sequence

[repetition time/echo time/inversion time (TR/TE/TI) =

8,000/97/2,370.9 ms] was obtained to exclude intracranial

lesion. Subsequently, sagittal high-resolution 3D-T1WI were

acquired using magnetization-prepared rapid gradient echo

(MPRAGE). TR/TE/TI= 1,900/2.52/900ms, field of view= 250

× 250mm, acquisition matrix = 256 × 246, slice thickness =

1mm, number of slices = 176, voxel size = 1 × 0.977 × 0.977

mm3, and flip angle= 9◦.

Image preprocessing

A simple visual assessment was first performed on the

original T1-weighted images to ensure that there were no

obvious motion artifacts, poor contrast, incomplete scanning,

or brain atrophy. Subsequently, these images were format-

converted and manually reoriented. All the T1-weighted images

were then preprocessed using Computational Anatomy Toolbox

(CAT12, http://www.neuro.uni-jena.de/cat/) within Statistical

Parametric Mapping (SPM12, http://www.fil.ion.ucl.ac.uk/

spm) based on MATLAB (R2016b, www.mathworks.com/).

The converted images were entered into the preprocessing

procedure in CAT12. The central surface reconstruction and

cortical thickness measurement can be obtained in one step.

Then, topology correction, spherical mapping, and spherical

registration were carried out. The individual map of cortical

thickness was smoothed by using a Gaussian filter with

a full-width at half-maximum of 15mm before statistical

analysis (36).
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TABLE 2 Demographic, clinical variables, and neuropsychological data.

HIV+/cART+

(n = 34)

HIV+/cART–

(n = 31)

HCs

(n = 35)

p-value

Sex (M/F) 32/2 29/2 33/2 1.000†

Age (years), median (IQR) 29.5(25.75–36) 30(27–33) 33 (29–36) 0.273‡

Education level (years), median (IQR) 16(16–16.5) 16(16–16) 16(16–18) 0.825‡

Time since HIV diagnosis (months), median (IQR) 29.5(21–49.25) 4(3–11) / 0.000§,*

Time of infection without cART, (months), median (IQR) 2(1–9) 4(3–11) / 0.108§

Time on cART (months), median (IQR) 23.5(18–48) / / /

CD4+ (cells/µl), median (IQR) 515(412.39–651.93) 431.85(346–570) / 0.121§

CD4+/CD8+ ratio, median (IQR) 0.63(0.45–0.88) 0.45(0.33–0.54) / 0.002§,*

Plasma viral load (IQR) TND 4320(50–26533) / /

Scores of cognitive performance

Verbal fluency (mean SD) 44.9± 8.9 46.1± 7.5 / 0.544¶

Attention/working memory, median (mean±SD) 40.9± 6.6 41.6± 6.1 / 0.648¶

Executive function, median (mean±SD) 55.7± 11.0 55.0± 7.8 / 0.783¶

Memory (learning/delayed recall) (mean±SD) 42.9± 8.6 43.3± 8.0 / 0.841¶

Speed of information processing (mean±SD) 45.0± 9.5 47.7± 9.4 / 0.257¶

Fine motor (mean±SD) 43.2± 9.4 47.3± 7.8 / 0.061¶

Cognitive status (ANI/non–HAND) 16/18 10/21 / 0.311†

HIV+/cART+, HIV individuals receiving stable cART; HIV+/cART–, therapy-naïve HIV individuals; HCs, healthy controls; M, male; F, female; IQR, interquartile range; TND,

undetectable; ANI, asymptomatic neurocognitive impairment; HAND,HIV-associated neurocognitive disorders; † , χ2 test; ‡ , Kruskal–Wallis test; § , Mann–Whitney U-test; ¶ , independent

sample Student’s t-test; * , significant level p < 0.05; /, no data available.

Construction of structural covariance
network

Nodes and edges between nodes formed a network. The

Desikan-Killiany Atlas with 68 parcels bilaterally (DK40 atlas)

was usually employed in the construction of SCNs. According

to DK40 Atlas, the nodes were defined by the classical

cortical parcellation scheme (37), which was an automatic

recognition scheme used to divide the cerebral cortex into

68 gyrus-based regions of interest. All subjects in each group

(HIV+/cART+, HIV+/cART–, and HCs) were ordered by age

(ascending sequence). The age-resolved structural networks

were constructed using a sliding-window method (38, 39),

which involved generating a series of overlapping “windows”

(age bins) of subjects while incrementally sliding over the age

range of the sample. Windows (age bins) were defined by equal

sample size (window width) and incremental step length. The

“window width” and “step length” (10 and 1, respectively, in the

study) determined the number of windows. In each window,

68 brain regions correspond to 68 cortical thickness sequences

(arranged in ascending order with age). Edges were defined

by the inter-area Pearson correlation of cortical thickness

sequence, which was obtained from each age bin. The strength

of the edges was defined as Pearson’s correlation coefficients. In

each window width sequence, Pearson’s correlation coefficients

between the cortical thickness of all possible pairs of regions

of interest were calculated to obtain a 68 × 68 Pearson

correlation matrix, and then, each window (age bin) generated

a structural correlation network. To obtain a series of 68 × 68

Pearson’s correlation matrices for each group, regional cortical

thickness values were cross-correlated within overlapping

windows covering identical numbers of subjects and iteratively

slid across the age range through regular increments. Last, the

network parameters obtained from these matrices are compared

among groups.

Network analysis

GRETNA software was used for network analysis (40). The

thresholds were set within the network density (sparsity) range.

Sparsity was defined as the ratio of the number of edges in the

network to the maximum possible number of edges. The lower

bound of this range was determined as the minimum sparsity

that all nodes in the network of each group were adequately

connected (41). In the range of network sparsity 0.05–0.5 (42),

with an interval of 0.05, a series of network parameters were

calculated. This method normalized all generated networks

to guarantee that group differences were not confounded by

different numbers of nodes and edges due to the absolute

threshold under a single sparsity and to ensure the thresholded

networks were estimable for the small-worldness properties and

the small-world index was 1.0. The area under the curve (AUC)

was computed for each network index, providing a summary
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scalar for the topological characteristics of brain networks to

prevent employing an arbitrary single threshold selection (43).

Network metrics

Network metrics were computed by employing the graph

theory network analysis (GRETNA) toolbox (40). Network

metrics employed in this study contained the following: (1)

regional nodal metrics: the mean nodal path length (Nlp)

and betweenness centrality (Bc); (2) network community: the

number of modules (mod_num) and the modularity of a

network (Q); (3) large-scale metric: global efficiency (Eglob)

and local efficiency (Eloc) at the network level; (4) small-

world properties: normalized clustering coefficient (γ, Gamma),

normalized characteristic path length (λ, Lambda), and small-

worldness (σ, Sigma). The mathematical definitions, detailed

interpretation, and clinical significance of the network metrics

are listed in Table 3. The formulas and usages of each metric

can also be found in the previous study (51, 52). The workflow

employed in this study was shown in Supplementary Figure S1.

Statistical analysis

Demographic and clinical variables

Demographic, clinical, and neuropsychological variables

were analyzed utilizing SPSS 20.0 (IBM Inc. Armonk, NY,

USA). First, all continuous variables were normally distributed

and checked by using the Shapiro–Wilk test. For normally

distributed variables, mean ± SD were present, and for non-

normally distributed data, medians with interquartile range

were present. Age and education level were not normally

distributed, and the Kruskal–Wallis test was used to compare

the differences among the three groups. The time since HIV

diagnosis, time of infection without cART, CD4+ cell count,

and CD4+/CD8+ ratio were not normally distributed, and the

Mann–Whitney U-test was used to calculate the differences

between the two patient groups, while neuropsychologic test

scores were normally distributed, and independent two-sample

t-test was used. The sex distribution among three groups and

cognitive ability between two patient groups were evaluated by

utilizing the chi-square test. All p-values <0.05 were considered

statistically significant.

Network-based statistic

The one-way analysis of variance (ANOVA) and post-hoc

tests employing network-based statistics (NBS) were performed

to evaluate the group differences in the AUCs of all the network

indices (53). The network metrics difference between groups

was corrected for multiple comparisons by the false discovery

rate (FDR) module of NBS with 5,000 permutations, and the

significance threshold was set to p < 0.05.

Results

Demographic, clinical, and
neuropsychological data

The baseline demographic, clinical, and neuropsychological

data in different groups are shown in Table 2. No significant

differences in gender, age, and education levels were observed

among HIV+/cART+, HIV+/cART–, and HCs groups. No

significant difference existed in the duration of HIV infection

before therapy between the two HIV+ groups. Due to the

need for antiviral treatment, HIV+/cART+ had a longer

disease course. A higher CD4+/CD8+ ratio and a tendency for

higher CD4+ levels in HIV+/cART+ were observed relative to

HIV+/cART–, but the difference in CD4+ cell counts was not

statistically significant. CD4+/CD8+ ratio is more stable, and

the higher CD4+/CD8+ ratio implies immune recovery. Plasma

viral load was controlled and undetectable in HIV+/cART+.

It is important to note that most cognitive scale scores in

HIV+/cART+ tended to be lower than those in HIV+/cART–,

and about half of the patients in HIV+/cART+ were diagnosed

with ANI. The results indicate cognitive impairment persists

even with virus suppression and immune restoration on cART.

Alterations in brain network properties

All the comparisons of brain network properties are shown

in Table 4.

Between-group di�erences in regional nodal
metrics

Nlp in the bilateral superior frontal gyrus (SFG) of

the HIV+/cART+ group and Nlp in the left SFG of the

HIV+/cART– group were both decreased compared to the HCs

group (Figures 1A,B). In addition, Nlp in the right SFG had

exhibited a reduction in HIV+/cART+ than in HIV+/cART–

(Figure 1C).

Compared with HCs, HIV+/cART+ showed increased

Bc in the left precuneus (PCUN) and decreased Bc in

the left paracentral lobule (PCL), postcentral gyrus (PoCG),

lingual gyrus (LING), inferior temporal gyrus (ITG), the right

superior parietal gyrus (SPG), and pericalcarine cortex (CAL)

(Figure 2A); HIV+/cART– showed increased Bc in the left

anterior cingulate gyri (ACG) and decreased Bc in the left PCL,

PoCG, and LING (Figure 2B). Compared with HIV+/cART–,

HIV+/cART+ showed increased Bc in the left CAL and

decreased Bc in the left ACG, the right SPG, PoCG, CAL, and

LING (Figure 2C).
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TABLE 3 Mathematical definitions, interpretation, and clinical significance of the network metrics (44).

Network metrics, interpretation and clinical significance Mathematical definitions

Basic concept and measures

Basic concepts and notation

N is the set of all nodes in the network, and n is the number of nodes. aij is

the connection status between i and j.

Degree: number of links connected to a node Degree of a node i (44)

ki =
∑

j∈N

aij

Number of triangles: a basis for measuring segregation Number of triangles around a node i (44)

ti =
1

2

∑

j,h∈N

aijaihajh

Regional nodal metrics

Shortest path length: a basis for measuring integration.

Nlp (the mean nodal path length) refers to the average of the shortest path length from a

node to any other node in the network. The shorter Nlp, the faster the information

transmission speed of the network.

The mean nodal path length (Nlp) of node i (45)

Nlp (i) =
1

N − 1

∑

i6=j∈G

dij

Where N is the number of nodes in the netwotk G, and dij is the shortest

path length between node i and j in the network.

Bc: the nodal betweenness for a given node characterizes its effect on information flow

between other nodes. A node has a high Bc, which means that many or even all of the

shortest paths between other nodes must pass through it. If this node disappears, the

communication between other nodes will become difficult or even disconnected.

Betweenness centrality (Bc) of node i (46)

bi =
1

(n− 1)(n− 2)

∑

h, j ∈ N

h 6= j, h 6= i, j 6= i

ρhj (i)

ρhj

where ρhj is the number of shortest paths between h and j, and ρhj (i) is the

number of shortest paths between h and j that pass through i.

Network community

Mod_num: The module is a subset of tightly clustered nodes (subnetworks). The number

of modules is the number of nodes clusters in a network under each threshold.

Modularity (Q): a measure of segregation. A less modular network means fewer

connections within modules and more connections with other modules.

Modularity of the network (47)

Q =
∑

u∈M



euu −

(

∑

v∈M

euv

)2




where the network is fully subdivided into a set of non-overlapping modules

M, and euv is the proportion of all links that connect nodes in module u with

nodes in module v.

Large-scale metrics

Eglob: a measure of integration. Global efficiency measures the ability of parallel

information transfer in a network. The higher the Eglob of the network, the faster the rate

of information transmission between network nodes.

Global efficiency of the network (48)

Eglob =
1

n

∑

i∈N

Eglob,i =
1

n

∑

i∈N

∑

j∈N,j6=i d
−1
ij

n− 1

where Ei is the efficiency of node i.

Eloc: a measure of segregation. The local efficiency of the network measures how efficient

communication is among the first neighbors of a given node when it is removed, which

reflects the transmission capacity of local information of the network or how much the

network is error tolerant.

Local efficiency of the network (48)

Eloc =
1

n

∑

i∈N

Eloc,i =
1

n

∑

i∈N

∑

j,h∈N,j6=i aijaih
[

djh (Ni)
]−1

ki
(

ki − 1
)

where Eloc, i is the local efficiency of node i, and djh(Ni) is the length of the

shortest path between j and h, that contains only neighbors of i.

(Continued)
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TABLE 3 (Continued)

Network metrics, interpretation and clinical significance Mathematical definitions

Small-world properties: The brain is not a completely random or regular network, but an

‘economic’ small-world network, it refers to a shorter characteristic path length than

regular networks (high clustering and long path lengths) but greater local interconnectivity

than random networks (low clustering coefficient and short path lengths). It supports both

modularized and integrated information processing and maximizes the efficiency of

information transfer at a relatively low wiring cost.

Gamma, γ: The clustering coefficient (C) of a given node measures the likelihood its

neighborhoods are connected, is considered as an index of information processing

efficiency in local brain regions of brain network. C: a measure of segregation. The

footmark real and random respectively represents the real and random networks to be

analyzed.

Clustering coefficient of the network (49),

C =
1

n

∑

i∈N

Ci =
1

n

∑

i∈N

2ti

ki
(

ki − 1
)

where Ci is the clustering coefficient of node i (Ci =0 for ki <2).

Normalized clustering coefficient (γ)= Creal / Crandom.

Lambda, λ: The characteristic path length (L) is the average value of the shortest path

between all node pairs, which reflects the overall efficiency of information integration

between different brain regions. L: a measure of integration.

Characteristic path length of the network (49)

L =
1

n

∑

i∈N

Li =
1

n

∑

i∈N

∑

j∈N,j6=i dij

n− 1

where Li is the average distance between node i and all other nodes.

Normalized characteristic path length (λ)= Lreal / Lrandom.

Sigma, σ: It reflects the balance between segregation and integration among all the nodes

in the network.

Small-worldness (σ)= γ / λ. (50). The γ > 1, λ ≈ 1 and σ > 1 indicates that

the network has small-worldness.

Between-group di�erences in network
community

At the threshold of 0.20, the number of modules in

HIV+/cART+ was more than that in HCs and HIV+/cART–

(p < 0.05) (Figure 3A). At the threshold of 0.25, the number of

modules in HIV+/cART+ was more than that in HIV+/cART-

(p < 0.001) (Figure 3B). Under other thresholds, there was no

difference in the number of modules among the three groups.

Within the entire threshold range (0.05–0.50), the

modularity index Q of the HIV+/cART+ was significantly

decreased than that of the HCs and HIV+/cART– (p < 0.001)

(Figures 3C,D).

Between-group di�erences in large-scale
metrics

The network efficiency analysis showed that the

HIV+/cART+ and HIV+/cART– had greater Eglob and

Eloc than HCs, and the HIV+/cART+ had larger Eglob and

Eloc than the HIV+/cART– (Figures 4A,B).

Between-group di�erences in small-world
properties

The γ > 1, λ ≈ 1, and σ > 1 indicated that the network

exhibited a small-world topology. Despite the small-world

topology that existed in the three groups (Figure 5), the

small-worldness in HIV+/cART+ was lower than that in

HIV+/cART– and HCs (Figures 4C–E).

Discussion

To our knowledge, this is the first study to investigate

the characteristics and differences of gray matter network

topology constructed by using cortical thickness among

HIV+/cART+, HIV+/cART–, and HCs. The basic structure

of brain networks (node and connection) can be constructed

from three spatial scales, namely, regional nodal level, network

community, and large scale (54). From the nodal level point

of view, both HIV+/cART+ and HIV+/cART– individuals

exhibited more efficiency in terms of information transfer

in the frontal lobe (decreased Nlp) and less efficiency in

the sensory regions (decreased Bc). In addition, the brain

regions with decreased Bc in HIV+/cART+ group were

more extensive than HIV+/cART–. For network community,

large scale, and small-worldness metrics, HIV+/cART+

showed less specialized segregation (decreased modularity,

clustering, and small-worldness property). However,

HIV+/cART+ exhibited a stronger integration in the network

(increased Eglob and little changed path length). The present

results provide new evidence for gray matter network

alterations at different scales in HIV individuals with and

without cART.
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TABLE 4 Post-hoc analyses results of the altered network metrics among the three groups.

Network metrics HIV+/cART+ vs. HCs HIV+/cART– vs. HCs cART+ vs. cART–

t p t p t p

Regional nodal metrics

Nlp

SFG.L −3.94857 0.00019 −4.23647 0.00008 NS NS

SFG.R −3.85112 0.00027 NS NS −4.27178 0.00007

Bc

ITG.L −4.75678 0.00001 NS NS NS NS

LING.L −5.54638 0.00000 −4.90126 0.00000 NS NS

LING.R NS NS NS NS −4.08712 0.00013

PCL.L −7.15180 0.00000 −7.68687 0.00000 NS NS

CAL.L NS NS NS NS 4.10505 0.00012

CAL.R −5.33397 0.00000 NS NS −6.50684 0.00000

PoCG.L −4.11746 0.00011 −4.61510 0.00002 NS NS

PoCG.R NS NS NS NS −4.21494 0.00008

PCUN.L 5.66704 0.00000 NS NS NS NS

SPG.R −8.27225 0.00000 NS NS −5.50156 0.00000

ACG.L NS NS 6.05058 0.00000 −7.09450 0.00000

Network community

Mod_num

0.20 2.49 0.01530 NS NS 3.74 0.00041

0.25 NS NS NS NS 4.15 0.00011

Q

Q0.05 −3.83 0.00028 NS NS −3.79 0.00034

Q0.10 −3.86 0.00026 NS NS −5.53 0.00000

Q0.15 −3.91 0.00022 NS NS −5.53 0.00000

Q0.20 −4.14 0.00010 NS NS −5.79 0.00000

Q0.25 −5.03 0.00000 NS NS −6.22 0.00000

Q0.30 −4.94 0.00000 NS NS −5.67 0.00000

Q0.35 −5.18 0.00000 NS NS −5.46 0.00000

Q0.40 −5.61 0.00000 NS NS −5.85 0.00000

Q0.45 −5.33 0.00000 NS NS −6.07 0.00000

Q0.50 −5.95 0.00000 NS NS −6.61 0.00000

Large-scale metrics

Eglob 6.55 0.00000 3.54 0.00075 3.99 0.00018

Eloc 5.34 0.00000 3.60 0.00063 2.47 0.01620

Small-world properties

Gamma, γ −4.48 0.00003 NS NS −4.13 0.00011

Lambda, λ NS NS 4.07 0.00013 −4.85 0.00000

Sigma, σ −4.03 0.00014 NS NS −3.14 0.00259

HIV+/cART+, HIV individuals receiving stable cART; HIV+/cART–, therapy-naïve HIV individuals; HCs, healthy controls; Nlp, the average of the shortest-path length from a node

to any other node in the network; SFG, superior frontal gyrus; L, left; R, right; NS, not significant; Bc, Betweenness centrality; ITG, inferior temporal gyrus; LING, lingual gyrus; PCL,

paracentral lobule; CAL, pericalcarine cortex; PoCG, postcentral gyrus; PCUN, precuneus; SPG, superior parietal gyrus; ACG, anterior cingulate gyri; Mod_num, number of modules;

Q, modularity; Eglob, global efficiency; Eloc, local efficiency; γ , normalized clustering coefficient; λ, normalized characteristic path length; σ , small-worldness. t-value, a positive value

represents the network metric value of the former group, which is higher than the latter, and a negative value represents a decrease.
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FIGURE 1

Between-group results in regional nodal metrics-Nlp. The color bar scales represent the t value of Nlp di�erence between groups, a positive t

value represents the Nlp of the former group is higher than the latter, and a negative value represents a decrease (presented in blue).

(A) HIV+/cART+ < HCs. (B) HIV+/cART– < HCs. (C) HIV+/cART+ < HIV+/cART–. Nlp, the average of the shortest-path length from a node to

any other node in the network; HCs, healthy controls; SFG, superior frontal gyrus; L, left; R, right.
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FIGURE 2

Between-group results in regional nodal metrics-Bc. The color bar scales represent the t value of Bc di�erence between groups. Blue (a

negative t value) indicates that the former < the latter. Red and yellow (a positive t value) indicate that the former > the latter. Compared with

HCs, Bc in the parietal lobe and occipital lobe decreased both in HIV+/cART+ (A) and HIV+/cART– group (B), and the brain area of decreased

Bc in HIV+/cART+ group was more extensive (C). L, left; R, right; ITG, inferior temporal gyrus; LING, lingual gyrus; PCL, paracentral lobule;

CAL, pericalcarine cortex; PoCG, postcentral gyrus; PCUN, precuneus; SPG, superior parietal gyrus; ACG, anterior cingulate gyri.
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FIGURE 3

Between-group results in network community metrics number of modules (A, B) and modularity index Q (C, D). At the threshold of 0.20, the

number of modules in HIV+/cART+ was more than that in HCs (at the threshold of 0.20) and HIV+/cART– (at the threshold of 0.20 and 0.25).

However, the modularity index Q of the HIV+/cART+ was significantly lower than that of the HCs and HIV+/cART– within the entire threshold

range (0.05–0.50).

Alterations of regional nodal level gray
matter network metrics

The shorter Nlp and the higher Bc, the faster the information

transmission efficiency of the network. Notably, HIV+/cART+

had decreased Nlp in the bilateral superior frontal gyrus (SFG)

compared with HCs, whereas HIV+/cART– had decreased

Nlp in the left SFG. In addition, a decreased Nlp in right

SFG of HIV+/cART+ was observed. The SFG is located at

the superior part of the prefrontal cortex and is implicated

in a variety of functions, including motor, working memory,

resting state, and cognitive control (55). Previous fMRI studies

indicated that the alpha activity and spontaneous brain activity

in the prefrontal cortex increased in HIV+/cART+ compared

with HCs (10, 56). The effect of Nlp reduction in the SFG

of HIV+ individuals on brain function is still unclear. It

may be related to the reorganization of brain structure,

and this organization structure has a positive impact on

network efficiency and information transfer. It could also be a

compensatory change, where the brain’s compensatorymeasures

are activated to increase the capacity of the frontal lobes to

preserve cognitive performance.

The Bc in the left paracentral lobule (PCL), postcentral

gyrus (PoCG), and lingual gyrus (LING) decreased in HIV+

individuals (both cART+ and cART–) compared to HCs.

The PCL is the medial continuation of the precentral gyrus
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FIGURE 4

Between-group results in large-scale metrics (A, B) and small-world properties (C–E). The asterisks designate significant di�erences between

the two groups. AUC, area under the curve; Eglob, global e�ciency; Eloc, local e�ciency; HCs, healthy controls; γ, normalized clustering

coe�cient; λ, normalized characteristic path length; σ, small-worldness; *p value < 0.05.

and postcentral gyrus, belonging to sensorimotor networks

and responsible for the movement of the contralateral lower

extremity and the control of micturition and defecation (57,

58). For HIV+ individuals, PCL involvement is relatively rare.

Becker et al. reported that HIV+ individuals had abnormally

reduced resting-state beta oscillations in PCL compared to HCs

(59). The PoCG also belongs to sensorimotor networks, which is

located in the parietal lobe of the cerebral cortex and is the site

of the primary somatosensory cortex (57, 60).Moreover, the gray

matter reductions are much more severe in the primary sensory

regions of HIV+ individuals (61). As a part of medial occipital

lobe, the lingual gyrus composes the visual networks with other

tissues together and is necessary for basic and higher level visual

processing (57, 62). Ances et al. have found reduced activation in

occipital cortex during a visual stimulation task and decreased

resting cerebral blood flow in the same visual regions using

arterial spin labeling in HIV+ individuals relative to HCs (9, 63,

64). Decreased functional connectivity and spontaneous brain

activity in occipital cortex have been reported in some studies

(10, 65, 66). In addition to PCL, PoCG, and LING, Bc of inferior

temporal gyrus (ITG), right superior parietal gyrus (SPG), and

pericalcarine cortex (CAL) decreased in HIV+/cART+. ITG

and CAL are also part of the visual networks (57). The reduction

of Bc in HIV+ individuals presented in this study mainly

involved the sensorimotor and visual networks, both of which

belonged to the sensory cortical system. Moreover, a tendency

for lower cognitive scale scores andmore extensive brain regions

related to Bc reduction was observed in the HIV+/cART+

group. There are three possible reasons. First, the disease course

in HIV+/cART+ was longer than that of HIV+/cART– in this

study. Previous studies have found that there is a tendency for

brain damage progression due to continued neuroinflammation

and glial activation along with the prolongation of HIV infection

(67, 68). Second, many antiretroviral drugs did not penetrate

the blood–brain barrier as effectively as HIV, and the brain had

been considered to be a sanctuary for HIV causing chronic

persistent damage (69, 70). Third, the patients in HIV+/cART+

group were all treated with free first-line therapeutic regimes
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FIGURE 5

All three groups exhibited the typical features of small-worldness (A) γ > 1, (B) λ ≈ 1, and (C) σ > 1. γ, normalized clustering coe�cient;

λ, normalized characteristic path length; σ, small-worldness.

(tenofovir+ lamivudine+ efavirenz). It is known that Efavirenz

(EFV) is neurotoxic, and the CNS side effects of EFV include

dizziness, insomnia, agitation, impaired concentration, amnesia,

somnolence, dreaminess, and hallucinations (71, 72). In addition

to direct damage to neurons, cART might also indirectly

change brain function by affecting immune, glial, or endothelial

cells (73).

Comprehensively considering the twometrics of microscale,

we observed an interesting finding that is relative to HCs,

the efficiency of information transmission decreased in parietal

and occipital lobe (sensory regions) (Bc decreased), but

increased in frontal lobe (Nlp decreased) in HIV+/cART+

and HIV+/cART– groups. Though some studies of HIV

infection have demonstrated the activation differences in

frontal lobe (HIV+ individuals > HCs) (74–78), other work

has noted that the opposite pattern in sensory regions

(HIV individuals< HCs) (9, 10, 61, 63–66). Studies that

simultaneously captured the two patterns in the same group

of HIV+ individuals were limited relatively. We supposed

that this might be due to the gray matter SCNs using

cortical thickness being sensitive to the detection of subtle

neuropathology changes. A magnetoencephalography study

showed significantly reduced theta responses in postcentral

gyrus (sensorimotor networks) and increased alpha activity in

prefrontal cortex of HIV+ individuals compared with HCs.

Gray matter volume reduction was also found in postcentral

gyrus (56). The results of present research indicate that the

brain works as a whole by communicating in the network rather

than separately.

Between-group di�erences in
network-level metrics

The module used in this study refers to the subnetworks.

The research results showed that HIV+/cART+ had a higher

number of modules, but lower the modularity index (Q)

compared to HCs and HIV+/cART–. A lower Q means fewer

connections within modules and more connections with other

modules. The increase of interconnection between modules
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will lead to the rapid spread of disease pathological markers

(neurodegenerative process) and the loss of specialization

(51). The results indicated that these structural communities

were spatially rearranged and the functional differentiation of

HIV+/cART+ increased; however, the intramodule strength

and regional connectedness were significantly reduced, and

the quality of the functional differentiation region was not

enough high.

Themain characteristic of small-world network is economic,

which could be explained by a short average shortest-path length

and high clustering. The small-worldness (σ = γ / λ) supports

both specialized/modularized and integrated/distributed

information processing and maximizes the efficiency of

information transfer at a relatively low wiring cost. In our

research, although the brain networks of all three groups

exhibited small-world characteristics, the small-worldness was

significantly reduced in HIV+/cART+. In addition, relative to

HCs, the increase of λ (path length) in HIV+/cART+ was not

significant. Therefore, the reductions of σ were predominantly

attributed to reductions of γ (clustering coefficient). A reduced

clustering coefficient in HIV+/cART+ indicated a less

specialized or modularized network organization. Compared

with HIV+/cART–, all the γ, λ, and σ values in HIV+/cART+

decreased. The results indicated a less optimal balance between

cost and efficiency in HIV+/cART+ individuals, and a lower

clustering coefficient makes the networks closer to a random

configuration. The retroviral drugs or disease progression with

the extension of HIV infection time were a possible explanation

for the lower small-worldness of HIV+/cART+.

Segregation (reflected by clustering and Eloc) and

integration (reflected by path length and Eglob) are two main

organizational principles of brain networks (79). Segregation

refers to the regional clusters that interact to efficiently

perform specific cognitive tasks, and integration refers to the

interactions between separated clusters to achieve complex

integrated tasks (79). An optimal balance between integration

and segregation enables efficient information processing.

Relative to HCs, though the Eloc in HIV+/cART+ increased,

the clustering and modularity decreased. The lower clustering

coefficient may reflect the dedifferentiation, which is a concept

of insufficient structural connectivity, leading to the destruction

of network segregation and thus the reduction of cognitive

specialization. The results demonstrated that segregation

and cognitive specialization in HIV+/cART+ might be

deficient. Another study on the topological organization

of white matter also showed HIV+/cART+ had a lower

global clustering coefficient compared to HCs, indicative

of deficient segregation in the brain structural network

(19). The increased Eglob and little changed path length in

HIV+/cART+ showed stronger integration in the network. In

many networks, as in our results, the modularity and Eglob

are inversely related, because a highly modular topology might

require longer communication paths to integrate information

in the network. The results suggest that there are more

regional defects in HIV+/cART+, they are more likely to

have abnormal alterations in regional segregation, and the

segregation and integration are unbalanced. The mechanism

of cART on brain network regional module separation and

global integration is unknown. Abnormal structural network,

including reduction of regional segregation, sub-optimized

small-worldness, reduced network resilience to random, and

strong global integration, probably is the neuroanatomical basis

of HIV+/cART+. Further studies are necessary to clarify these

initial findings.

With more effective cART, the life span of HIV-positive

individual increases, making the management of HIV-associated

cognitive impairment increasingly important. In addition,

most cases of HIV-associated cognitive impairment are mild,

and neurobiomarkers sensitive to early changes in network

organization are critical for optimizing treatment. However,

little is known about the whole brain network topology in

HIV+ adults receiving and not receiving cART. This study

revealed topological disorganization of brain gray matter in

HIV+ individuals with plasma viral load suppression and no

treatment history, including abnormalities in the efficiency of

information transmission, structural segregation, and structural

integration. Our findings provide strong evidence for function-

related disruptions of network organization in HIV and extend

previous work.

Limitation

This study has several limitations. First, this was a cross-

sectional study, and longitudinal and prospective designs in

HIV+ individuals before and after cART are needed to better

investigate the effect of cART on structural covariance networks.

Second, as a nature of structural covariance network (SCN)

analysis, they could only perform group-level comparisons so

that the findings will not be used as a single-subject biomarker

for patients. Thus, limited by the current image method, we did

not evaluate the relationship between clinical factors, cognitive

scale scores, and SCNs network metrics. Third, healthy controls

did not undergo neuropsychological testing, and it was needed

to include more detailed cognitive information of control

subjects in future. Fourth, due to the rapid growth of men

who have sex with men in China in recent years, most of the

subjects in this study were male, which may prevent female

HIV+ individuals benefit from this research. Fifth, though

the DK40 atlas is usually employed in the construction of

SCNs, the graph theory measures obtained from DK40 atlas

may not be sufficiently robust (80). A further higher-resolution

network needs to be constructed to obtain more robust graph

theory measures.
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Conclusion

Our primary findings were that early HIV+ individuals

exhibited a decrease in the efficiency of information

transmission in parietal lobe and occipital lobe (sensory regions)

and a compensatory increase in frontal lobe. HIV+/cART+

showed a less specialized regional segregation function,

but a stronger global integration function in the network.

This result provides new evidence for gray matter network

alterations at different scales in early HIV+ individuals with

and without cART.
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