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Although combination antiretroviral therapy (cART) has been widely applied

and e�ectively extends the lifespan of patients infected with human

immunodeficiency virus (HIV), these patients remain at a substantially increased

risk of developing neurocognitive impairment, commonly referred to as HIV-

associated neurocognitive disorders (HAND). Magnetic resonance imaging (MRI)

has emerged as an indispensable tool for characterizing the brain function

and structure. In this review, we focus on the applications of various MRI-

based neuroimaging techniques in individuals infected with HIV. Functional

MRI, structural MRI, di�usion MRI, and quantitative MRI have all contributed to

advancing our comprehension of the neurological alterations caused by HIV. It is

hoped that more reliable evidence can be achieved to fully determine the driving

factors of cognitive impairment in HIV through the combination of multi-modal

MRI and the utilization of more advanced neuroimaging analysis methods.
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Introduction

Due to the combination antiretroviral therapy (cART), acquired immunodeficiency

syndrome (AIDS), caused by human immunodeficiency virus (HIV), has been transformed

from a rapidly fatal disease disease to a manageable chronic condition (1, 2). The

acquired cognitive impairment, referred to as HIV-associated neurocognitive disorders

(HAND), is one of the major concerns for the aging population of people living

with HIV (3). Currently, three classification categories of HAND have been proposed:

asymptomatic neurocognitive impairment (ANI), HIV-associated mild neurocognitive

disorder (MND), and HIV-associated dementia (HAD) (4). The incidence of ANI and

MND remains prevalent and may be on the rise despite successful viral suppression (5–8).

Furthermore, research has shown that nearly half of the patients experience neurocognitive

impairment (7).

HIV is a retrovirus that attacks the human immune system, causing a decrease in the

CD4+ T cells and leading to immune deficiency (9, 10). The exact mechanisms underlying

HAND remain incompletely understood, with various hypotheses putting forth. The

blood-brain barrier (BBB) is crossed by HIV within days of infection, with the virus

infiltrating the central nervous system (CNS) (11) and causing neuronal and glial damage

through the release of viral proteins, cytokines, and immune cell secretions (12–14). Recent

research found intact provirus in the frontal white matter, indicating a complete and

potentially replicating HIV reservoir within the CNS (15, 16). Neurotoxic effects of cART
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also have been noted (17, 18), leading to the development of

HAND by reducing neuronal axon length (19), mitochondrial

DNA content (20), and dendritic spines on neurons (21). Both

HIV and cART can influence oxidative stress, gene expression,

and various cellular signal transduction pathways. Additionally,

neurotoxins induced by HIV and elevated metabolic products can

disrupt the homeostasis of the neural microenvironment (22).

Overall, cognitive decline in patients with HIV may result from the

synergistic effects of multiple factors.

With the advent and advancement of neuroimaging, the non-

invasive nature and capacity to visualize brain functional/structural

changes have facilitated the investigation of neural mechanisms of

HAND. Magnetic resonance imaging (MRI) techniques, including

functional MRI, structural MRI, diffusion MRI, and quantitative

MRI, have increased utility in detecting andmanaging HAND. This

review aims to summarize recent studies performed neuroimaging

analysis in individuals with HAND.

Functional magnetic resonance
imaging (fMRI)

Blood oxygen level-dependent fMRI (BOLD-fMRI) is one of

the most used techniques in studies on HAND. It reveals the

coupling between neural activity and cerebral blood flow (23, 24).

BOLD-fMRI consists of two types: resting-state fMRI (rs-fMRI)

and task-related fMRI.

Resting-state fMRI

The rs-fMRI measures spontaneous low-frequency fluctuations

in the BOLD signal to investigate the functional alternations of the

brain in the absence of a task or stimulus (25). Frequently used

analyzing methods in HAND studies can be grouped into three

categories: local voxel-wise indices, functional connectivity (FC),

and graph theory.

The local voxel-wise indices mainly include the amplitude

of low-frequency fluctuation (ALFF)/fractional amplitude of low-

frequency fluctuation (fALFF) (26) and regional homogeneity

(ReHo) (27). All these indicators depict the features of the

BOLD signal in a single voxel or neighboring voxels. Most

studies indicate lower ALFF/fALFF and ReHo in the frontal

lobe, temporal lobe, occipital lobe, and hippocampus (28–32)

in people living with HIV (PLWH), which is associated with

cognitive decline. However, recent research has reported higher

fALFF in the occipital lobe with patients who exhibit cognitive

impairment (33), as well as higher ReHo and ALFF in the medial

orbital lobe of perinatally HIV-infected patients (PHIV) (34).

Additionally, these indexes were used to evaluate the efficacy of

cART. HIV+/cART+ individuals were found to have increased

ALFF in the right superior temporal gyrus and supramarginal gyrus

compared to patients without treatment (35). The occipital lobe and

orbitofrontal cortex have been reported to be the most susceptible

regions to HIV-related effects, with a decrease in spontaneous

activity observed. The increase of rs-fMRI indices may reflect a

compensatory mechanism of the brain. Similarly, improvements

in brain function and cognitive performance have been noted

following the implementation of cART.

Unlike the local voxel-wise indexes, the FC measures

the synchronization between brain regions/voxels (36). This

connectivity is hypothesized to be disrupted by HIV, which is

associated with a decline in cognitive function (37, 38). Increased

FC has also been detected among several brain regions in patients

with cognitive impairments, including the right lingual gyrus and

right middle occipital gyrus (29), the right cerebellar lobule VI

and the anterior cingulate cortex (39), as well as the right superior

occipital gyrus and right olfactory cortex (33). Additionally, studies

have indicated that the improvement in cognitive function is

attributed to the recovery of FC by cART (40, 41). However, a study

by Thippabhotla et al. (42) observed no significant differences in

FC between HIV+ and HIV- individuals, nor between cognitively

impaired and cognitively normal patients with HIV. They indicate

factors such as sample size (43) or global signal regression (GSR)

may lead to paradoxical perspectives. GSR remains a controversial

issue (44). Therefore, it is essential to verify whether GSR has been

utilized in the analysis when interpreting comparative results to

avoid potential misinterpretations.

Aging and sleep disorders may act as the mediating factors that

affect FC between brain regions, thereby exacerbating cognitive

impairments (45, 46). In contrast to HIV seronegative individuals,

FC tends to decrease with age in patients infected with HIV

(47, 48), particularly within the default mode network (DMN)

and the salience network (SN) (49). However, Brandon et al.

(50) observed that FC generally increases with age and further

increases with HIV infection, indicating that aging and HIV are

identified as independent influencing factors. Sleep disturbances,

which are common accompaniments of aging and a risk factor

for Alzheimer’s disease (51), have been found to exhibit a 100%

prevalence in individuals with HAND (52). These disturbances

are linked to impaired clearance by the glymphatic system (53).

Correlations were identified by Venkataraman et al. (46) between

the activity levels of the DMN, the frontoparietal network, and

the SN with scores on the Pittsburgh Sleep Quality Index (PSQI).

A progressive interrelationship among HIV, aging, and sleep

disturbances enhances the risk of cognitive impairment in PLWH.

A common assumption in most rs-fMRI studies is temporal

stationarity, which overlooks the inherently dynamic and non-

linear features of the brain across different times (54). To overcome

this limitation, researchers have introduced advanced methods

such as dynamic functional connectivity (dFC) (55, 56) and mutual

connectivity analysis (MCA) (57). The study observed enhanced

dFC variability between the left superior frontal and right inferior

frontal gyrus in patients with ANI (58). AM and colleagues reported

MCA can discriminate between PLWH and healthy controls,

with increased interaction strength observed in the basal ganglia

and frontal cortex of patients with HAND (59, 60). Whereas,

Abidin et al. (61) noted disconnections within frontal and occipital

cortices compared to the healthy group. Despite these findings,

research on dynamic analysis remains limited. There is a need for

further research to identify the changes in dynamic brain function

associated with varying disease durations and viral loads.

While the FCmethod only takes into account a limited number

of brain regions, researchers hope to obtain more comprehensive
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information regarding the whole brain functional network. The

graph theory elucidates the topological structure and efficiency of

the brain network (62). In functional networks, nodes correspond

to different brain regions, and edges denote the FC between

these regions. Studies have demonstrated that the topology of

the brain functional network experiences a subtle reorganization,

leading to a significant decrease in the modularity and small-

world characteristics (63, 64) associated with executive function

(65). Regarding HIV and aging, it has been established that

HIV correlates with lower closeness centrality and eigenvector

centrality, while age is related to higher graph entropy (66).

Task-related fMRI

Task-related fMRI means the fMRI data is collected while

individuals perform various tasks designed to activate and

identify functional brain parcels (67). Few studies have reported

deficits in attention and memory functions, accompanied by

enhanced utilization of brain reserve areas in PLWH (68–71). A

longitudinal study revealed increased activation in the prefrontal

and posterior parietal cortices compared to 1 year earlier after

stable cART. Conversely, a decrease in activation was observed in

the corresponding regions in HIV-seronegative individuals (72).

These indicate a decline in neural processing efficiency and suggest

ongoing brain damage. Task-related fMRI was more commonly

used earlier, but recent studies have decreased. Future studies

should integrate task-related fMRI with rs-fMRI to investigate

changes in brain function.

Overall, fMRI is a powerful technique that offers a wealth

of information about brain activity. It is anticipated that future

research will benefit from the integration of novel technologies and

methodologies, which will facilitate a comprehensive investigation

of HIV.

Structural magnetic resonance
imaging (sMRI)

The brain sMRI assesses the neuroanatomic changes associated

with HIV infection using T1-weighted MRI (73, 74). The analyzing

approaches mainly comprise voxel-based morphometry, surface-

based morphometry, and structural covariance network.

Volume-based morphometry

The volume-based morphometry method performs unbiased

measurement and analysis of every voxel in the volumetric data

other than the segmented region of interest (74). Voxel-based

morphometry (VBM), deformation-based morphometry (DBM),

and tensor-based morphometry (TBM) are the detailed strategies

utilized in HAND studies.

The VBM is primarily used for assessing the volumes of gray

and white matter (75). Significant atrophy in the volumes of the

thalamus, hippocampus, frontal lobes, and occipital lobes, along

with a notable increase in the volume of the third ventricle,

brainstem, putamen, and lateral ventricles, has been observed in

patients with intact cognition (38, 76–80). Subsequent research

identified atrophy in the anterior cingulate cortex, temporal lobes

(81), striatum (82), and cerebellum (83) of patients with HAND,

with the severity of atrophy intensifying as cognitive impairments

worsen. Additionally, brain volume loss has been correlated with

CD4 cell counts (81, 84–86) and viral load (87). In conclusion, brain

volume alterations are characterized as a feature associated with

HIV infection.

The PHIV patients constitute a unique population considering

the relatively long course of the disease and the tendency to

receive early treatment. Studies have demonstrated they experience

cognitive deficits and developmental delays that may extend into

adulthood with a reduction in brain capacity, even with the early

initiation of cART and effective control of viral load (88–91).

However, Sarma et al. (92) observed no significant differences in

the global volumes compared to the control group, while there were

regional alterations in gray and white matter. Further, longitudinal

studies are needed to describe the active ongoing brain infection or

toxicity from HIV treatment.

The TBM and DBM are based on the deformation fields

obtained by non-linear registration of brain images. TBM focuses

on describing variations in the local shape of brain structures (93),

while DBM is concerned with detecting differences in the relative

positioning of brain structures (94). Atrophy in the striatum and

frontoparietal lobes of PLWH has been observed and may serve as

a precursor to HAD (95). Longitudinal studies have been designed

to investigate whether cART can halt the progression of brain

injury associated with HIV. Sanford et al. indicate that changes in

brain volume and cognitive ability over 2 years were comparable

between individuals with HIV after cART and those without HIV

(96, 97). Another study has reported significant atrophy in the

putamen, caudate nucleus, and hippocampus over a 2-year period,

suggesting this atrophymay exceed the effects associated with aging

despite the immediate initiation of cART during acute infection

(98). Comprehensive analysis in combination with other methods

is needed in the future.

Surface-based morphometry

The SBM examines the geometric properties of the cerebral

cortex surface to identify structural changes and can provide

insights into cortical thickness and cortical surface area (99).

Most studies have revealed that reduced cortical thickness in the

cingulate, frontal, and temporal lobes in PLWH is associated with

cognitive decline (84, 85, 100). Similarly, decreases in cortical

thickness, cortical surface area, and gyrification are associated

with peak viral loads and nadir CD4% among PHIV youth (101–

103). However, other studies have revealed that the developmental

trajectories of cortical thickness and gyrification in PHIV patients

who initiate treatment early are similar to those without HIV

(104). Additionally, intentional interruptions of cART have not

been found to have significant impacts on cortical morphological

development (105, 106). A slight increase in the cortical thickness

of the frontal and temporal lobes has also been observed with the

prolongation of treatment (97). These findings suggest that early
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initiation of cART exerts a restorative influence on the structural

damage of the brain in PLWH. Studies integrating volume-based

analysis with surface-based analysis have also observed reductions

in subcortical volumes and cortical thickness among PLWH (84,

96). Larger cohort studies with extended follow-up periods are

warranted to further investigate the impact of HIV and the role of

cART on brain structural alternations.

Fractal dimension (FD) calculated on the cortical surface

provides a quantitative description of the structural complexity

in the cerebral cortex, which is challenging to assess by standard

morphometric techniques (107, 108). It has been observed that

the cerebral cortex initiates a thinning pattern when the FD is

increased. FD also has a significant relationship with intelligence

and education levels (107). A study by Weber et al. (109) has

demonstrated that higher FD in the caudate nucleus, hippocampus,

frontal lobe, and occipital lobe correlates with better cognitive

performance. FD may be more sensitive in identifying brain

damage compared to cortical thickness or volumes of gray

matter/white matter.

Structural covariance network

The structural network can be described as graphs that are

composed of nodes indicating neural elements (neurons or brain

regions) that are linked by edges representing physical connections

(synapses or axonal projections) (62, 110). A subtype of the

structural network, the structural covariance network (SCN), is

characterized by the covariation in structural features (including

gray matter volume, cortical thickness, and cortical surface area)

across different brain regions (111). The SCN is constructed based

on gray matter volume that demonstrates greater centrality within

the prefrontal cortex, as well as diminished centrality and nodal

path length within the temporal and frontal lobes of PLWH.

These findings suggest a potential disruption in the anatomical

connections among brain regions (112, 113). Subsequently, further

research found a reduction in betweenness centrality of the anterior

cingulate cortex of PLWH with ANI (114), which may intensify as

the disease progresses.

In short, sMRI enables the assessment of brain structural

changes through a range of indicators, serving as a potential marker

for the early detection of cognitive decline in PLWH.

Di�usion magnetic resonance imaging
(dMRI)

Diffusion magnetic resonance imaging (dMRI) is primarily

employed to evaluate the lesion of microstructure in the white

matter (115–117). Typical techniques include diffusion tensor

imaging (DTI), diffusion kurtosis imaging (DKI), diffusion

spectrum imaging (DSI), and high-angular resolution diffusion

imaging (HARDI), with increasing capacity to map complex fiber

architectures in tissues. Based on the disparities in metrics obtained

from the diffusion data, we categorize the relevant studies into

three types.

Tractography-based spatial statistics

Voxel-based analysis (VBA) serves as the common analytical

method, involving the registration of all images into a standardized

space, subsequently subjected to voxel-wise statistical analysis.

Tract-based spatial statistics (TBSS), as a complementary method

to VBA, performs statistical analyses on a generated white

matter skeleton and overcomes the limitations, such as alignment

inaccuracies and the lack of a principled approach to selecting

the extent of smoothing (118). Fractional anisotropy (FA), mean

diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD)

can be calculated; changes in these metrics indicate inflammation

and microstructural abnormalities (119–122).

HIV infection induces dynamic alterations in the brain’s

microstructure, and these changes tend to exacerbate as the disease

progresses. Increased FA was observed in the corpus callosum of

individuals with primary HIV infection, as well as lower FA and

higher MD were found across extensive brain regions in patients

who have been ill for longer (123–129). Furthermore, an increase

in AD is noted in patients with HAND (130, 131). This increase

in FA may indicate a compensatory mechanism, implying that

early damage to axonal and myelin in the brain’s white matter

could occur during the initial stages of HIV infection, albeit to a

minor degree. With the prolongation of the disease duration, the

compensatory mechanisms are insufficient to offset the effects of

HIV, leading to significant damage to white matter.

The neuroprotective effects of cART have been assessed by

examining the integrity of the white matter microstructure. Sarma

et al. (132) reported increased FA in the left middle frontal gyrus

and right precuneus of PHIV youth. However, some researchers

consider that although cART can effectively suppress viral

replication, it cannot completely restore the compromised white

matter microstructure. A longitudinal study on rhesus monkeys

revealed decreased FA and increased MD in periventricular

structures (133), with these microstructural alterations persisting

and progressing over time, even with cART (134). These differences

may be related to the species, the duration of cART, serum viral

load, and CD4+ T cell levels.

The studies above utilize the DTI based on the Gaussian model.

DKI, an advancement based on DTI, quantifies the deviation of

water molecule diffusion from a normal distribution within tissues

(135–137). Garaci et al. (138) discovered that the nadir-CD4 and

the %CD4 exhibited positive correlations with kurtosis anisotropy

(KA) and FA, and negative correlations with MD in PLWH. The

neurite orientation dispersion and density imaging (NODDI) is a

biophysical model that can be fitted using data compatible with

clinically feasible scan times (139). By constructing the NODDI

model, researchers have recently discovered that PLWH exhibit

a lower FA and neurite density index (NDI) (140). This finding

indicates a more extensive pattern of brain damage relative to that

identified by conventional DTI models.

Fixel-based analysis

Fixel-Based Analysis (FBA) can describe fiber bundles of

varying orientations within a voxel and offers more detailed
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information by calculating fiber density and fiber cross-sectional

area (141, 142). Finkelstein et al. (143) observed a decrease in both

fiber density and fiber cross-sectional area within the posterior

limb of the internal capsule, the superior corona radiata, and

the cerebellar peduncles. However, Zhao et al. (144) identified

significant differences only in fiber density, with an increase

observed in bilateral frontoparietal bundles, frontal corona radiata,

and left arcuate fasciculus in PLWH. More studies that focus on

PLWH in FBA are needed in the future.

Structural connectivity network

Graph-theoretic and dMRI-based tractography approaches

were used to investigate the topological organization of PLWH.

Structural connectivity (SC) in brain networks refers to the physical

connections that are established between different brain regions

through white matter fiber tracts (145), employing two primary

approaches: deterministic tractography (146) and probabilistic

tractography (147). Several studies suggest disruptions in the

integrity of the brain network among HIV+ patients. These

disruptions are characterized by lower clustering coefficients, which

are related to cognitive impairment and nadir CD4 count (148–

150). Aili et al. (151) found abnormal connections inHIV+ patients

were mainly located in the occipital lobe and parietal lobe, which is

consistent with the results of fMRI.

Overall, dMRI is recognized as a sensitive method for

evaluating white matter microstructure, with a focus anticipated on

future large-sample longitudinal studies utilizing HARDI.

Quantitative magnetic resonance
imaging (qMRI)

The qMRI surpasses conventional MRI by directly yielding

specific physical parameters related to the nuclear spin of protons

in water (152). Methods such as magnetic resonance spectroscopy

(MRS), relaxometry, and arterial spin labeling (ASL) are reported

to be employed in studies on HAND.

Magnetic resonance spectroscopy

MRS enables the measurement of a diverse range of

metabolites. These metabolite levels serve as indicators, offering

insights into the integrity of neural tissues. Specifically, they can

reflect the processes of cell membrane synthesis and renewal,

as well as the concentrations of metabolites associated with

neuroinflammation (153, 154). The measured metabolites include:

(1) n-acetyl aspartate (NAA)- a neuronal marker, (2) choline (Cho)-

a membrane marker, (3) creatine (Cr)- a marker for cellular energy

metabolism, and (4) myo-inositol (MI)- a marker of gliosis (155,

156).

The concentrations of multiple metabolites have been found to

be closely associated with cognitive performance. In patients with

HAND, increased Cho and Cr and a concomitant decrease in NAA

have been observed in several key brain regions, including the basal

ganglia, thalamus, centrum semiovale, and frontal white matter

(157–160). Similar findings are documented in chronic conditions

(161). These studies indicate that HIV infection can affect a series

of processes, including glial cell activation, inflammatory responses,

and neuronal metabolism.

MRS is also employed to evaluate the effects of cART on

neurons. Elevated ratios of MI/Cr (162) and NAA/Cr (163)

have been demonstrated in PLWH receiving cART within

the anterior/posterior cingulate cortex, prefrontal cortex, and

intraparietal sulcus. A longitudinal research indicates that higher

Cr and Cho were observed in children who initiated cART before

12 weeks (164). Other studies have revealed a reduction in NAA

among patients with chronically infected despite cART suppressing

viral load and reducing brain inflammation (165–169). Damaged

neurons can be reshaped by cART. However, it becomes difficult

for cART to control the occurrence of neuroinflammation as

the disease worsens. Overall, MRS can be more sensitive than

conventional MRI in detecting brain abnormalities associated with

HIV, and it is likely to offer insight into neurocognitive impairment

at the cellular level.

T1/T2 mapping

Relaxometry entails measuring relaxation times derived from

MR images. T1, T2, and T2∗ values can be estimated using the

mapping techniques (170). The T1 relaxation time is sensitive

to the organization of molecules within the tissue, while the T2

relaxation time is sensitive to the quantification of paramagnetic

substances and provides additional insights into the presence of

free and bound water molecules (171, 172). Relaxometry showed

significant abnormalities with lengthening of T2 inmultiple regions

among PLWH, including frontal, parietal, occipital lobes, and

basal ganglia (173–175). Recently, Perrotta et al. (172) reported

hypointensity of T2, which may be an outcome of reduced

demyelination among PLWH receiving Rivastigmine. Therefore,

T1 and T2 offer complementary insights into brain tissue structure

and its components. Still, research in this field is limited, indicating

that future studies could combine with other methods to uncover

additional changes.

Arterial spin labeling

ASL is an MR perfusion technique employing the water in the

arterial blood as endogenous tracers (176, 177). The parameter

most commonly derived is cerebral blood flow (CBF), which

evaluates tissue perfusion quantitatively (178).

Significant variability in normal cerebral perfusion is associated

with age and hemodynamic function. A decrease has been indicated

predominantly in the lenticular nuclei, posterior cingulate, caudate

nucleus, bilateral temporal lobes, occipital lobes, and frontal cortex

after HIV infection (179–181), which is associated with factors

including age (182–184), viral load (185), physical state (186), and

the depletion of CD4+ T cells (187). Studies have observed an

elevation in CBF within the cortical gray matter, basal ganglia,
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and thalamus of untreated or perinatally infected patients (188–

190). Additionally, longitudinal research detected no significant

alterations in CBF among adolescent PHIV (191). These studies

imply that such differences might be connected to the dynamic

characteristics of CBF. Further longitudinal research is necessary.

Combination of multimodal
neuroimaging methods

The integration of multimodal neuroimaging data is likely

to reveal more information, as it can utilize the complementary

metrics of different modalities to explore structural and functional

characteristics of the brain in both health and disease states.

Studies have demonstrated declined cognitive function in

PLWH, and the poor cognitive performance is closely associated

with microstructural/macrostructural abnormalities, as well as

spontaneous brain activity (38, 77, 79, 192, 193). By integrating

multiple methods, Samboju et al. (194) discovered no significant

differences in the DTI metrics of individuals with acute HIV

infection compared to healthy controls, suggesting that brain

integrity is preserved during the acute early stage of HIV

infection. Subsequently, Underwood et al. (195) observed extensive

microstructural abnormalities in the white matter of PLWH being

associated with cognitive impairment in PLWH. These studies may

indicate that as AIDS progresses, there is a gradual deterioration of

the brain’s microstructural integrity.

Recently, researchers have been making efforts to integrate a

variety of imaging techniques with MRS. For instance, Khobo et al.

(196) combined sMRI, DTI, and MRS to explore brain changes in

PHIV patients. Their findings revealed a reduction in the volume

of the bilateral globus pallidus, amygdala, and basal ganglia, along

with an expansion of the ventricular system at the same time.

Moreover, the MD, AD, and RD of white matter fiber tracts,

such as the uncinate fasciculus, superior temporal longitudinal

fasciculus, and corticospinal tract, exhibited a significant increase.

Furthermore, Morgello et al. (197) attempted to predict the

characteristics of MRS and diffusion weighted imaging (DWI)

by utilizing immune or clinical factors. They discovered that

immunological factors related to the duration of the disease could

effectively predict MRS metabolites. Meanwhile, the FA and MD

values were found to be associated with the disease status of

the patients.

Discussion

Despite the significant global prevalence of PLWH, research

into HAND remains constrained, and the underlying mechanisms

of the condition are not yet fully elucidated. Neuropsychological

assessment tools, which are vital for diagnosing HAND, have

inherent limitations that may affect diagnostic accuracy. Although

neuroimaging studies have provided valuable insights, several

factors contribute to inconsistent and conflicting results. Variations

in research observations, differences in patient populations, and

the varying sensitivity and specificity of different neuroimaging

methods all play a role. These issues result in varied findings,

thereby hindering the derivation of a definitive and reliable

conclusion. In the future, research efforts in this domain should

place a high priority on tackling these limitations. This will not only

contribute to a more comprehensive understanding of the disease

mechanism but also potentially lead to the development of more

effective prevention and treatment strategies for HAND.

Research on HAND is impeded by methodological constraints,

particularly the concentration on male subjects and the oversight

of gender disparities in cognitive impairments, coupled with

the underrepresentation of female participants. Studies suggest

that female patients may suffer from more severe cognitive

deficits and a higher incidence of neurocognitive disorders (198),

necessitating more inclusive research that takes gender into

account. Concurrently, the relationship between weight status and

HAND is complex. An increase in weight suggests enhanced

health and wellbeing for underweight PLWH, but worsening

inflammation for overweight patients (199–201). This complexity

highlights the necessity for future research to categorize PLWH

based on weight, in order to clarify the effects of obesity on

cognitive deterioration and brain health. In summary, to advance

our comprehension of HAND, future research needs to tackle

gender disparities, augment sample sizes, and delve into the

sophisticated effects of weight on cognitive function and neural

circuitry in HIV-infected populations.

Current research predominantly concentrates on the chronic

phase of HIV, where patients have typically received cART and

exhibit lower viral load. In a study by Cooley et al. (202), patients

were categorized into three groups according to the viral load:

virologic suppression (VS), low-level viremia, and virologic failure

(VF). The study did not report significant differences in brain

capacity or cognitive performance among the AIDS subgroups in

a cross-sectional comparison. However, longitudinal data revealed

that patients in the VF group showed reduced brain capacity

and cognitive decline relative to the VS group, indicating that

individuals in VF becomemore susceptible to impairments in brain

structure and function. This highlights the necessity to study the

effects of high viral load on the brains of PLWH and initiate the

study upon acute HIV infection to catch the dynamic process

of brain changes. Future efforts should be put into longitudinal

research to figure out how fluctuations in viral load impact

neurocognitive health at various stages of HIV.

Besides, the burgeoning field of imaging genomics, which

synergies high-throughput imaging data—encompassing

pathological histological images, MRI, and PET scans—with

genomic information such as single nucleotide polymorphisms,

DNA sequences, RNA expression, methylation, epigenetic markers,

proteomics, and metabolomics data, holds the capability to bridge

the gap between genetic composition and brain functionality

(203, 204). This interdisciplinary methodology unveils the

regulatory mechanisms by which specific genetic markers

exert influence on the brain structure, function, and network

organization. It also delves deep into the neural underpinnings

and genetic bases of various brain disorders, providing a more

comprehensive understanding of the complex interplay between

genetics and neurological processes. While imaging genomics

has been applied to conditions like Alzheimer’s disease and

schizophrenia, its potential in understanding HAND remains
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largely unexplored. In future research, the utilization of imaging

genomics can be employed to conduct in-depth investigations

into the influence of genes on the brain structure and function

of individuals infected with HIV. This methodology will enable

the identification of genes associated with cognitive decline and

lay a solid foundation for the development of innovative targeted

medications and therapeutic approaches. At present, the Allen

Human Brain Atlas provides the most complete transcriptomic

data of the brain cortex, leading to a spatial coupling analysis

with brain MRI images and providing a new feasible way to

investigate the driving factor of macroscale images (205). In

summary, the application of imaging genomics in HAND holds

promise for uncovering the genetic targets for diagnosis and

therapeutic intervention.

In conclusion, neuroimaging advancements have significantly

expanded our understanding of HAND, highlighting the need

for further research to elucidate its complex pathogenesis and

develop targeted interventions. Establishing high-quality databases

and artificial intelligence platforms are possible choices to achieve

breakthroughs at present. In the long run, a longitudinal cohort

including but not limited to the neuroimaging data set will be

necessary to further investigate the neural mechanisms of HAND,

monitor disease progression, evaluate the efficacy of cART, and

explore imaging markers for early diagnosis and therapeutic

assessment of HAND.

Author contributions

HW: Writing – original draft. XJ: Investigation, Writing –

original draft. ZW: Writing – review & editing. YZ: Writing –

review & editing.

Funding

The author(s) declare that no financial support was

received for the research, authorship, and/or publication of

this article.

Acknowledgments

The authors thank the contribution of Qianru Wang,

Department of Radiology, Beijing YouAnHospital, CapitalMedical

University, and Lingling Zhao, Department of Radiology, The

Infectious Disease Hospital Affiliated to Zhengzhou University &

Henan Provincial Hospital for Infectious Diseases& Zhengzhou

Sixth People’s Hospital.

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.

References

1. Deeks SG, Lewin SR, Havlir DV. The end of AIDS: HIV infection as a chronic
disease. Lancet. (2013) 382:1525–33. doi: 10.1016/S0140-6736(13)61809-7

2. Frescura L, Godfrey-Faussett P, Feizzadeh AA, El-Sadr W, Syarif O, Ghys PD.
Achieving the 95 95 95 targets for all: a pathway to ending AIDS. PLoS One. (2022)
17:e0272405. doi: 10.1371/journal.pone.0272405

3. Wallace DR. HIV-associated neurotoxicity and cognitive decline:
therapeutic implications. Pharmacol Ther. (2022) 234:108047.
doi: 10.1016/j.pharmthera.2021.108047

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

5. Heaton RK, Franklin DR, Ellis RJ, McCutchan JA, Letendre SL, Leblanc S, et al.
HIV-associated neurocognitive disorders before and during the era of combination
antiretroviral therapy: differences in rates, nature, and predictors. J Neurovirol. (2011)
17:3–16. doi: 10.1007/s13365-010-0006-1

6. Nookala AR,Mitra J, Chaudhari NS, HegdeML, Kumar A. An overview of human
immunodeficiency virus type 1-associated common neurological complications: does
aging pose a challenge? J Alzheimers Dis. (2017) 60:S169–s93. doi: 10.3233/JAD-170473

7. Heaton RK, Clifford DB, Franklin DR. Jr., Woods SP, Ake C,
Vaida F, et al. HIV-associated neurocognitive disorders persist in the
era of potent antiretroviral therapy: CHARTER study. Neurology. (2010)
75:2087–96. doi: 10.1212/WNL.0b013e318200d727

8. Flatt A, Gentry T, Kellett-Wright J, Eaton P, Joseph M, Urasa S, et al. Prevalence
and 1-year incidence of HIV-associated neurocognitive disorder (HAND) in adults
aged ≥50 years attending standard HIV clinical care in Kilimanjaro, Tanzania. Int
Psychogeriatr. (2023) 35:339–50. doi: 10.1017/S1041610221000156

9. Deeks SG, Overbaugh J, Phillips A, Buchbinder S. HIV infection. Nat Rev Dis
Primers. (2015) 1:15035. doi: 10.1038/nrdp.2015.35

10. Moir S, Chun TW, Fauci AS. Pathogenic mechanisms of HIV disease. Annu Rev
Pathol. (2011) 6:223–48. doi: 10.1146/annurev-pathol-011110-130254

11. Valcour V, Chalermchai T, Sailasuta N, Marovich M, Lerdlum S, Suttichom
D, et al. Central nervous system viral invasion and inflammation during acute HIV
infection. J Infect Dis. (2012) 206:275–82. doi: 10.1093/infdis/jis326

12. Zenebe Y, Necho M, Yimam W, Akele B. Worldwide occurrence of HIV-
associated neurocognitive disorders and its associated factors: a systematic review and
meta-analysis. Front Psychiatry. (2022) 13:814362. doi: 10.3389/fpsyt.2022.814362

13. Siddiqui A, He C, Lee G, Figueroa A, Slaughter A, Robinson-Papp J.
Neuropathogenesis of HIV and emerging therapeutic targets. Expert Opin Ther Targets.
(2022) 26:603–15. doi: 10.1080/14728222.2022.2100253

14. Hong S, Banks WA. Role of the immune system in HIV-associated
neuroinflammation and neurocognitive implications. Brain Behav Immun. (2015)
45:1–12. doi: 10.1016/j.bbi.2014.10.008

15. Angelovich TA, Cochrane CR, Zhou J, Tumpach C, Byrnes SJ, Jamal Eddine
J, et al. Regional analysis of intact and defective HIV proviruses in the brain
of viremic and virally suppressed people with HIV. Ann Neurol. (2023) 94:798–
802. doi: 10.1002/ana.26750

16. Cochrane CR, Angelovich TA, Byrnes SJ, Waring E, Guanizo AC, Trollope GS,
et al. Intact HIV proviruses persist in the brain despite viral suppression with ART.Ann
Neurol. (2022) 92:532–44. doi: 10.1002/ana.26456

17. Etherton MR, Lyons JL, Ard KL. HIV-associated neurocognitive disorders and
antiretroviral therapy: current concepts and controversies. Curr Infect Dis Rep. (2015)
17:485. doi: 10.1007/s11908-015-0485-6

Frontiers inNeurology 07 frontiersin.org

https://doi.org/10.3389/fneur.2025.1479183
https://doi.org/10.1016/S0140-6736(13)61809-7
https://doi.org/10.1371/journal.pone.0272405
https://doi.org/10.1016/j.pharmthera.2021.108047
https://doi.org/10.1212/01.WNL.0000287431.88658.8b
https://doi.org/10.1007/s13365-010-0006-1
https://doi.org/10.3233/JAD-170473
https://doi.org/10.1212/WNL.0b013e318200d727
https://doi.org/10.1017/S1041610221000156
https://doi.org/10.1038/nrdp.2015.35
https://doi.org/10.1146/annurev-pathol-011110-130254
https://doi.org/10.1093/infdis/jis326
https://doi.org/10.3389/fpsyt.2022.814362
https://doi.org/10.1080/14728222.2022.2100253
https://doi.org/10.1016/j.bbi.2014.10.008
https://doi.org/10.1002/ana.26750
https://doi.org/10.1002/ana.26456
https://doi.org/10.1007/s11908-015-0485-6
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2025.1479183

18. Lanman T, Letendre S, Ma Q, Bang A, Ellis R. CNS neurotoxicity
of antiretrovirals. J Neuroimmune Pharmacol. (2021) 16:130–
43. doi: 10.1007/s11481-019-09886-7

19. Liu H, Liu Z, Yang X, Huang F, Ma C, Li Z. Neurotoxicity caused by
didanosine on cultured dorsal root ganglion neurons. Cell Biol Toxicol. (2008) 24:113–
21. doi: 10.1007/s10565-007-9021-2

20. Purnell PR, Fox HS. Efavirenz induces neuronal autophagy and mitochondrial
alterations. J Pharmacol Exp Ther. (2014) 351:250–8. doi: 10.1124/jpet.114.217869

21. Tovar-y-Romo LB, Bumpus NN, Pomerantz D, Avery LB, Sacktor N, McArthur
JC, et al. Dendritic spine injury induced by the 8-hydroxy metabolite of efavirenz. J
Pharmacol Exp Ther. (2012) 343:696–703. doi: 10.1124/jpet.112.195701

22. Nguchu BA, Zhao J, Wang Y, de Dieu Uwisengeyimana J, Wang X, Qiu B, et al.
Altered glymphatic system in middle-aged cART-treated patients with HIV: a diffusion
tensor imaging study. Front Neurol. (2022) 13:819594. doi: 10.3389/fneur.2022.819594

23. Zhang D, Raichle ME. Disease and the brain’s dark energy. Nat Rev Neurol.
(2010) 6:15–28. doi: 10.1038/nrneurol.2009.198

24. Ogawa S, Lee TM, Kay AR, Tank DW. Brain magnetic resonance imaging
with contrast dependent on blood oxygenation. Proc Natl Acad Sci USA. (1990)
87:9868–72. doi: 10.1073/pnas.87.24.9868

25. Birn RM. The role of physiological noise in resting-state functional connectivity.
Neuroimage. (2012) 62:864–70. doi: 10.1016/j.neuroimage.2012.01.016

26. Gong J, Wang J, Luo X, Chen G, Huang H, Huang R, et al. Abnormalities
of intrinsic regional brain activity in first-episode and chronic schizophrenia: a
meta-analysis of resting-state functional MRI. J Psychiatry Neurosci. (2020) 45:55–
68. doi: 10.1503/jpn.180245

27. Zang Y, Jiang T, Lu Y, He Y, Tian L. Regional homogeneity approach to fMRI data
analysis. Neuroimage. (2004) 22:394–400. doi: 10.1016/j.neuroimage.2003.12.030

28. 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

29. 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

30. Wang W, Liu D, Wang Y, Li R, Liu J, Liu M, et al. Frequency-
dependent functional alterations in people living with HIV with early
stage of HIV-associated neurocognitive disorder. Front Neurosci. (2022)
16:985213. doi: 10.3389/fnins.2022.985213

31. Zhao J, Jing B, Chen F, Liu J, Wang Y, Li H. Altered regional homogeneity of
brain spontaneous signals in SIV infected rhesus macaquemodel.Magn Reson Imaging.
(2017) 37:56–61. doi: 10.1016/j.mri.2016.10.019

32. Zhao J, Chen F, Ren M, Li L, Li A, Jing B, et al. Low-frequency fluctuation
characteristics in rhesus macaques with SIV infection: a resting-state fMRI study. J
Neurovirol. (2019) 25:141–9. doi: 10.1007/s13365-018-0694-5

33. Chen PP, Wei XY, Tao L, Xin X, Xiao ST, He N. Cerebral abnormalities in HIV-
infected individuals with neurocognitive impairment revealed by fMRI. Sci Rep. (2023)
13:10331. doi: 10.1038/s41598-023-37493-3

34. 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

35. 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

36. van den Heuvel MP, Hulshoff Pol HE. Exploring the brain network: a review
on resting-state fMRI functional connectivity. Eur Neuropsychopharmacol. (2010)
20:519–34. doi: 10.1016/j.euroneuro.2010.03.008

37. Chaganti JR, Heinecke A, Gates TM,Moffat KJ, Brew BJ. Functional connectivity
in virally suppressed patients with HIV-associated neurocognitive disorder: a resting-
state analysis. AJNR Am J Neuroradiol. (2017) 38:1623–9. doi: 10.3174/ajnr.A5246

38. 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

39. Wang H, Li R, Zhou Y, Wang Y, Cui J, Nguchu BA, et al. Altered cerebro-
cerebellum resting-state functional connectivity in HIV-infected male patients. J
Neurovirol. (2018) 24:587–96. doi: 10.1007/s13365-018-0649-x

40. Tang ZC, Liu JJ, Ding XT, Liu D, Qiao HW, Huang XJ, et al.
The default mode network is affected in the early stage of simian
immunodeficiency virus infection: a longitudinal study. Neural Regen Res. (2023)
18:1542–7. doi: 10.4103/1673-5374.360244

41. Chaganti J, Gates TM, Brew BJ. Reversible large-scale network disruption
correlates with neurocognitive improvement in HIV-associated minor neurocognitive
disorder with combined anti-retroviral therapy intensification: a prospective
longitudinal resting-state functional magnetic resonance imaging study. Neurol Sci.
(2023) 44:3261–9. doi: 10.1007/s10072-023-06783-z

42. Thippabhotla S, Adeyemo B, Cooley SA, Roman J, Metcalf N, Boerwinkle A, et al.
Comparison of resting state functional connectivity in persons with and without HIV:
a cross-sectional study. J Infect Dis. (2023) 228:751–8. doi: 10.1093/infdis/jiad180

43. Marek S, Tervo-Clemmens B, Calabro FJ, Montez DF, Kay BP, Hatoum AS, et al.
Reproducible brain-wide association studies require thousands of individuals. Nature.
(2022) 603:654–60. doi: 10.1038/s41586-022-04492-9

44. Ciric R, Wolf DH, Power JD, Roalf DR, Baum GL, Ruparel K, et al.
Benchmarking of participant-level confound regression strategies for the control of
motion artifact in studies of functional connectivity. Neuroimage. (2017) 154:174–
87. doi: 10.1016/j.neuroimage.2017.03.020

45. Gross AM, Jaeger PA, Kreisberg JF, Licon K, Jepsen KL, Khosroheidari M,
et al. Methylome-wide analysis of chronic HIV infection reveals five-year increase
in biological age and epigenetic targeting of HLA. Mol Cell. (2016) 62:157–
68. doi: 10.1016/j.molcel.2016.03.019

46. Venkataraman A, Zhuang Y, Marsella J, Tivarus ME, Qiu X, Wang L, et al.
Functional MRI correlates of sleep quality in HIV. Nat Sci Sleep. (2021) 13:291–
301. doi: 10.2147/NSS.S291544

47. 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

48. Egbert AR, Biswal B, Karunakaran KD, Pluta A, Wolak T, Rao S,
et al. HIV infection across aging: synergistic effects on intrinsic functional
connectivity of the brain. Prog Neuropsychopharmacol Biol Psychiatry. (2019) 88:19–
30. doi: 10.1016/j.pnpbp.2018.06.006

49. Thomas JB, Brier MR, Snyder AZ, Vaida FF, Ances BM. Pathways
to neurodegeneration: effects of HIV and aging on resting-state functional
connectivity. Neurology. (2013) 80:1186–93. doi: 10.1212/WNL.0b013e318
288792b

50. Lew BJ,McCuskerMC, O’Neill J, Bares SH,Wilson TW,Doucet GE. Resting state
network connectivity alterations in HIV: parallels with aging.Hum Brain Mapp. (2023)
44:4679–91. doi: 10.1002/hbm.26409

51. Mattis J, Sehgal A. Circadian rhythms, sleep, and disorders of aging. Trends
Endocrinol Metab. (2016) 27:192–203. doi: 10.1016/j.tem.2016.02.003

52. Rubinstein ML, Selwyn PA. High prevalence of insomnia in an outpatient
population with HIV infection. J Acquir Immune Defic Syndr Hum Retrovirol. (1998)
19:260–5. doi: 10.1097/00042560-199811010-00008

53. Xie L, Kang H, Xu Q, Chen MJ, Liao Y, Thiyagarajan M, et al. Sleep
drives metabolite clearance from the adult brain. Science. (2013) 342:373–
7. doi: 10.1126/science.1241224

54. Hutchison RM, Womelsdorf T, Allen EA, Bandettini PA, Calhoun VD, Corbetta
M, et al. Dynamic functional connectivity: promise, issues, and interpretations.
Neuroimage. (2013) 80:360–78. doi: 10.1016/j.neuroimage.2013.05.079

55. Preti MG, Bolton TA, Van De Ville D. The dynamic functional
connectome: state-of-the-art and perspectives. Neuroimage. (2017)
160:41–54. doi: 10.1016/j.neuroimage.2016.12.061

56. Leonardi N, Richiardi J, Gschwind M, Simioni S, Annoni JM, Schluep
M, et al. Principal components of functional connectivity: a new approach
to study dynamic brain connectivity during rest. Neuroimage. (2013) 83:937–
50. doi: 10.1016/j.neuroimage.2013.07.019

57. AM DS, Abidin AZ, Chockanathan U, Schifitto G, Wismüller A. Mutual
connectivity analysis of resting-state functional MRI data with local models.
Neuroimage. (2018) 178:210–23. doi: 10.1016/j.neuroimage.2018.05.038

58. Nguchu BA, Zhao J, Wang Y, Li Y, Wei Y, Uwisengeyimana JD,
et al. Atypical resting-state functional connectivity dynamics correlate
with early cognitive dysfunction in HIV infection. Front Neurol. (2020)
11:606592. doi: 10.3389/fneur.2020.606592

59. AM DS, Abidin AZ, Schifitto G, Wismüller A. A multivoxel pattern analysis
framework with mutual connectivity analysis investigating changes in resting state
connectivity in patients with HIV associated neurocognitve disorder. Magn Reson
Imaging. (2019) 62:121–8. doi: 10.1016/j.mri.2019.06.001

60. Am DS, Abidin AZ, Wismüller A. Investigating changes in resting-state
connectivity from functional MRI data in patients with HIV associated neurocognitive
disorder using MCA and machine learning. Proc SPIE Int Soc Opt Eng. (2017)
2017:10137. doi: 10.1117/12.2254189

61. Abidin AZ, D’Souza AM, Nagarajan MB, Wismüller A. Detecting
altered connectivity patterns in HIV associated neurocognitive impairment
using mutual connectivity analysis. Proc SPIE Int Soc Opt Eng. (2016)
2016:9788. doi: 10.1117/12.2217315

62. Bullmore E, Sporns O. Complex brain networks: graph theoretical
analysis of structural and functional systems. Nat Rev Neurosci. (2009)
10:186–98. doi: 10.1038/nrn2575

63. Abidin AZ, D’Souza AM, Nagarajan MB, Wismüller A. Investigating changes
in brain network properties in HIV-associated neurocognitive disease (HAND)
using mutual connectivity analysis (MCA). Proc SPIE Int Soc Opt Eng. (2016)
2016:9788. doi: 10.1117/12.2217317

Frontiers inNeurology 08 frontiersin.org

https://doi.org/10.3389/fneur.2025.1479183
https://doi.org/10.1007/s11481-019-09886-7
https://doi.org/10.1007/s10565-007-9021-2
https://doi.org/10.1124/jpet.114.217869
https://doi.org/10.1124/jpet.112.195701
https://doi.org/10.3389/fneur.2022.819594
https://doi.org/10.1038/nrneurol.2009.198
https://doi.org/10.1073/pnas.87.24.9868
https://doi.org/10.1016/j.neuroimage.2012.01.016
https://doi.org/10.1503/jpn.180245
https://doi.org/10.1016/j.neuroimage.2003.12.030
https://doi.org/10.1371/journal.pone.0207146
https://doi.org/10.3389/fneur.2022.982520
https://doi.org/10.3389/fnins.2022.985213
https://doi.org/10.1016/j.mri.2016.10.019
https://doi.org/10.1007/s13365-018-0694-5
https://doi.org/10.1038/s41598-023-37493-3
https://doi.org/10.1038/s41598-021-82587-5
https://doi.org/10.2147/NDT.S195562
https://doi.org/10.1016/j.euroneuro.2010.03.008
https://doi.org/10.3174/ajnr.A5246
https://doi.org/10.3389/fnins.2020.601063
https://doi.org/10.1007/s13365-018-0649-x
https://doi.org/10.4103/1673-5374.360244
https://doi.org/10.1007/s10072-023-06783-z
https://doi.org/10.1093/infdis/jiad180
https://doi.org/10.1038/s41586-022-04492-9
https://doi.org/10.1016/j.neuroimage.2017.03.020
https://doi.org/10.1016/j.molcel.2016.03.019
https://doi.org/10.2147/NSS.S291544
https://doi.org/10.1016/j.bbr.2018.02.007
https://doi.org/10.1016/j.pnpbp.2018.06.006
https://doi.org/10.1212/WNL.0b013e318288792b
https://doi.org/10.1002/hbm.26409
https://doi.org/10.1016/j.tem.2016.02.003
https://doi.org/10.1097/00042560-199811010-00008
https://doi.org/10.1126/science.1241224
https://doi.org/10.1016/j.neuroimage.2013.05.079
https://doi.org/10.1016/j.neuroimage.2016.12.061
https://doi.org/10.1016/j.neuroimage.2013.07.019
https://doi.org/10.1016/j.neuroimage.2018.05.038
https://doi.org/10.3389/fneur.2020.606592
https://doi.org/10.1016/j.mri.2019.06.001
https://doi.org/10.1117/12.2254189
https://doi.org/10.1117/12.2217315
https://doi.org/10.1038/nrn2575
https://doi.org/10.1117/12.2217317
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2025.1479183

64. Abidin AZ AMDS, Schifitto G, Wismüller A. Detecting cognitive impairment in
HIV-infected individuals using mutual connectivity analysis of resting state functional
MRI. J Neurovirol. (2020) 26:188–200. doi: 10.1007/s13365-019-00823-1

65. Abidin AZ AM DS, Nagarajan MB, Wang L, Qiu X, Schifitto G, et al.
Alteration of brain network topology in HIV-associated neurocognitive disorder:
a novel functional connectivity perspective. Neuroimage Clin. (2018) 17:768–
77. doi: 10.1016/j.nicl.2017.11.025

66. Thomas JB, Brier MR, Ortega M, Benzinger TL, Ances BM. Weighted brain
networks in disease: centrality and entropy in human immunodeficiency virus and
aging. Neurobiol Aging. (2015) 36:401–12. doi: 10.1016/j.neurobiolaging.2014.06.019

67. Smith SM. The future of fMRI connectivity. Neuroimage. (2012) 62:1257–
66. doi: 10.1016/j.neuroimage.2012.01.022

68. Chang L, Tomasi D, Yakupov R, Lozar C, Arnold S, Caparelli E, et al. Adaptation
of the attention network in human immunodeficiency virus brain injury. Ann Neurol.
(2004) 56:259–72. doi: 10.1002/ana.20190

69. Chang L, Speck O, Miller EN, Braun J, Jovicich J, Koch C, et al. Neural
correlates of attention and working memory deficits in HIV patients.Neurology. (2001)
57:1001–7. doi: 10.1212/WNL.57.6.1001

70. Maki PM, Cohen MH, Weber K, Little DM, Fornelli D, Rubin
LH, et al. Impairments in memory and hippocampal function in HIV-
positive vs HIV-negative women: a preliminary study. Neurology. (2009)
72:1661–8. doi: 10.1212/WNL.0b013e3181a55f65

71. Cohen RA, Siegel S, Gullett JM, Porges E, Woods AJ, Huang H, et al. Neural
response to working memory demand predicts neurocognitive deficits in HIV. J
Neurovirol. (2018) 24:291–304. doi: 10.1007/s13365-017-0607-z

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

73. Frisoni GB, Fox NC, Jack CR. Jr., Scheltens P, Thompson PM. The clinical
use of structural MRI in Alzheimer disease. Nat Rev Neurol. (2010) 6:67–
77. doi: 10.1038/nrneurol.2009.215

74. Good CD, Ashburner J, Frackowiak RS. Computational neuroanatomy: new
perspectives for neuroradiology. Rev Neurol (Paris). (2001) 157:797–806. Available at:
https://pubmed.ncbi.nlm.nih.gov/11677400/

75. Ashburner J, Friston KJ. Voxel-based morphometry–the methods. Neuroimage.
(2000) 11:805–21. doi: 10.1006/nimg.2000.0582

76. 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. Available at: https://pubmed.
ncbi.nlm.nih.gov/25419369/

77. 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

78. Ragin AB, Du H, Ochs R, Wu Y, Sammet CL, Shoukry A, et al. Structural
brain alterations can be detected early in HIV infection. Neurology. (2012) 79:2328–
34. doi: 10.1212/WNL.0b013e318278b5b4

79. Ragin AB, Wu Y, Gao Y, Keating S, Du H, Sammet C, et al. Brain alterations
within the first 100 days of HIV infection. Ann Clin Transl Neurol. (2015) 2:12–
21. doi: 10.1002/acn3.136

80. Bolzenius J, Sacdalan C, Ndhlovu LC, Sailasuta N, Trautmann L, Tipsuk S,
et al. Brain volumetrics differ by Fiebig stage in acute HIV infection. Aids. (2023)
37:861–9. doi: 10.1097/QAD.0000000000003496

81. 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

82. Israel SM, Hassanzadeh-Behbahani S, Turkeltaub PE, Moore DJ, Ellis RJ, Jiang
X. Different roles of frontal versus striatal atrophy in HIV-associated neurocognitive
disorders. Hum Brain Mapp. (2019) 40:3010–26. doi: 10.1002/hbm.24577

83. Milanini B, Samboju V, Cobigo Y, Paul R, Javandel S, Hellmuth J, et al.
Longitudinal brain atrophy patterns and neuropsychological performance in older
adults with HIV-associated neurocognitive disorder compared with early Alzheimer’s
disease. Neurobiol Aging. (2019) 82:69–76. doi: 10.1016/j.neurobiolaging.2019.07.006

84. 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

85. Hassanzadeh-Behbahani S, Shattuck KF, Bronshteyn M, Dawson M, Diaz M,
Kumar P, et al. Low CD4 nadir linked to widespread cortical thinning in adults living
with HIV. Neuroimage Clin. (2020) 25:102155. doi: 10.1016/j.nicl.2019.102155

86. Li R, Qi Y, Shi L, Wang W, Zhang A, Luo Y, et al. Brain volumetric
alterations in preclinical HIV-associated neurocognitive disorder using
automatic brain quantification and segmentation tool. Front Neurosci. (2021)
15:713760. doi: 10.3389/fnins.2021.713760

87. Kallianpur KJ, Valcour VG, Lerdlum S, Busovaca E, Agsalda M, Sithinamsuwan
P, et al. HIV DNA in CD14+ reservoirs is associated with regional brain atrophy

in patients naive to combination antiretroviral therapy. Aids. (2014) 28:1619–
24. doi: 10.1097/QAD.0000000000000306

88. Malee KM, Smith RA. Mellins CA. Brain and cognitive development among US
youth with perinatally acquired human immunodeficiency virus infection. J Pediatric
Infect Dis Soc. (2016) 5:S1–S5. doi: 10.1093/jpids/piw041

89. Sirois PA, Chernoff MC, Malee KM, Garvie PA, Harris LL, Williams PL,
et al. Associations of memory and executive functioning with academic and adaptive
functioning among youth with perinatal HIV exposure and/or infection. J Pediatric
Infect Dis Soc. (2016) 5:S24–s32. doi: 10.1093/jpids/piw046

90. Redmond SM, Yao TJ, Russell JS, Rice ML, Hoffman HJ, Siberry GK, et al.
Longitudinal evaluation of language impairment in youth with perinatally acquired
human immunodeficiency virus (HIV) and youth with perinatal HIV exposure. J
Pediatric Infect Dis Soc. (2016) 5:S33–s40. doi: 10.1093/jpids/piw045

91. Lewis-de Los Angeles CP,Williams PL, Huo Y,Wang SD, UbanKA,HertingMM,
et al. Lower total and regional grey matter brain volumes in youth with perinatally-
acquired HIV infection: associations with HIV disease severity, substance use, and
cognition. Brain Behav Immun. (2017) 62:100–9. doi: 10.1016/j.bbi.2017.01.004

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

93. Lepore N, Brun C, Chou YY, Chiang MC, Dutton RA, Hayashi KM,
et al. Generalized tensor-based morphometry of HIV/AIDS using multivariate
statistics on deformation tensors. IEEE Trans Med Imaging. (2008) 27:129–
41. doi: 10.1109/TMI.2007.906091

94. Chung MK, Worsley KJ, Paus T, Cherif C, Collins DL, Giedd JN, et al. A
unified statistical approach to deformation-based morphometry. Neuroimage. (2001)
14(3):595–606. doi: 10.1006/nimg.2001.0862

95. Chiang MC, Dutton RA, Hayashi KM, Lopez OL, Aizenstein HJ, Toga AW, et al.
3D pattern of brain atrophy in HIV/AIDS visualized using tensor-based morphometry.
Neuroimage. (2007) 34:44–60. doi: 10.1016/j.neuroimage.2006.08.030

96. Sanford R, Fellows LK, Ances BM, Collins DL. Association of brain structure
changes and cognitive function with combination antiretroviral therapy in HIV-
positive individuals. JAMANeurol. (2018) 75:72–9. doi: 10.1001/jamaneurol.2017.3036

97. Sanford R, Ances BM, Meyerhoff DJ, Price RW, Fuchs D, Zetterberg H,
et al. Longitudinal trajectories of brain volume and cortical thickness in treated and
untreated primary human immunodeficiency virus infection. Clin Infect Dis. (2018)
67:1697–704. doi: 10.1093/cid/ciy362

98. Kallianpur KJ, Jahanshad N, Sailasuta N, Benjapornpong K, Chan P, Pothisri M,
et al. Regional brain volumetric changes despite 2 years of treatment initiated during
acute HIV infection. Aids. (2020) 34:415–26. doi: 10.1097/QAD.0000000000002436

99. Chung MK, Worsley KJ, Robbins S, Paus T, Taylor J, Giedd JN, et al.
Deformation-based surface morphometry applied to gray matter deformation.
Neuroimage. (2003) 18:198–213. doi: 10.1016/S1053-8119(02)00017-4

100. Ruiz-Saez B, García MM, de Aragon AM, Gil-Correa M, Melero H,
Malpica NA, et al. Effects of perinatal HIV-infection on the cortical thickness and
subcortical gray matter volumes in young adulthood. Medicine (Baltimore). (2021)
100:e25403. doi: 10.1097/MD.0000000000025403

101. Lewis-de Los Angeles CP, Williams PL, Jenkins LM, Huo Y, Malee K,
Alpert KI, et al. Brain morphometric differences in youth with and without
perinatally-acquired HIV: a cross-sectional study. Neuroimage Clin. (2020)
26:102246. doi: 10.1016/j.nicl.2020.102246

102. Nwosu EC, Robertson FC, Holmes MJ, Cotton MF, Dobbels E, Little F, et al.
Altered brain morphometry in 7-year old HIV-infected children on early ART. Metab
Brain Dis. (2018) 33:523–35. doi: 10.1007/s11011-017-0162-6

103. Lewis-de Los Angeles CP, Alpert KI, Williams PL, Malee K, Huo Y, Csernansky
JG, et al. Deformed subcortical structures are related to past HIV disease severity
in youth with perinatally acquired HIV infection. J Pediatric Infect Dis Soc. (2016)
5:S6–S14. doi: 10.1093/jpids/piw051

104. Nwosu EC, Holmes MJ, Cotton MF, Dobbels E, Little F, Laughton
B, et al. Similar cortical morphometry trajectories from 5 to 9 years in
children with perinatal HIV who started treatment before age 2 years and
uninfected controls. BMC Neurosci. (2023) 24:15. doi: 10.1186/s12868-023-
00783-7

105. Lewis J, Payne H, Walker AS, Otwombe K, Gibb DM, Babiker
AG, et al. Thymic output and CD4 T-cell reconstitution in HIV-infected
children on early and interrupted antiretroviral treatment: evidence from the
children with HIV early antiretroviral therapy trial. Front Immunol. (2017)
8:1162. doi: 10.3389/fimmu.2017.01162

106. Wamalwa D, Benki-Nugent S, Langat A, Tapia K, Ngugi E,
Moraa H, et al. Treatment interruption after 2-year antiretroviral
treatment initiated during acute/early HIV in infancy. Aids. (2016)
30:2303–13. doi: 10.1097/QAD.0000000000001158

107. Im K, Lee JM, Yoon U, Shin YW, Hong SB, Kim IY, et al. Fractal
dimension in human cortical surface: multiple regression analysis with cortical
thickness, sulcal depth, and folding area. Hum Brain Mapp. (2006) 27:994–
1003. doi: 10.1002/hbm.20238

Frontiers inNeurology 09 frontiersin.org

https://doi.org/10.3389/fneur.2025.1479183
https://doi.org/10.1007/s13365-019-00823-1
https://doi.org/10.1016/j.nicl.2017.11.025
https://doi.org/10.1016/j.neurobiolaging.2014.06.019
https://doi.org/10.1016/j.neuroimage.2012.01.022
https://doi.org/10.1002/ana.20190
https://doi.org/10.1212/WNL.57.6.1001
https://doi.org/10.1212/WNL.0b013e3181a55f65
https://doi.org/10.1007/s13365-017-0607-z
https://doi.org/10.1002/ana.21594
https://doi.org/10.1038/nrneurol.2009.215
https://pubmed.ncbi.nlm.nih.gov/11677400/
https://doi.org/10.1006/nimg.2000.0582
https://pubmed.ncbi.nlm.nih.gov/25419369/
https://pubmed.ncbi.nlm.nih.gov/25419369/
https://doi.org/10.1002/jmri.25100
https://doi.org/10.1212/WNL.0b013e318278b5b4
https://doi.org/10.1002/acn3.136
https://doi.org/10.1097/QAD.0000000000003496
https://doi.org/10.1007/s00415-010-5883-y
https://doi.org/10.1002/hbm.24577
https://doi.org/10.1016/j.neurobiolaging.2019.07.006
https://doi.org/10.1097/QAI.0000000000001294
https://doi.org/10.1016/j.nicl.2019.102155
https://doi.org/10.3389/fnins.2021.713760
https://doi.org/10.1097/QAD.0000000000000306
https://doi.org/10.1093/jpids/piw041
https://doi.org/10.1093/jpids/piw046
https://doi.org/10.1093/jpids/piw045
https://doi.org/10.1016/j.bbi.2017.01.004
https://doi.org/10.1016/j.nicl.2013.10.012
https://doi.org/10.1109/TMI.2007.906091
https://doi.org/10.1006/nimg.2001.0862
https://doi.org/10.1016/j.neuroimage.2006.08.030
https://doi.org/10.1001/jamaneurol.2017.3036
https://doi.org/10.1093/cid/ciy362
https://doi.org/10.1097/QAD.0000000000002436
https://doi.org/10.1016/S1053-8119(02)00017-4
https://doi.org/10.1097/MD.0000000000025403
https://doi.org/10.1016/j.nicl.2020.102246
https://doi.org/10.1007/s11011-017-0162-6
https://doi.org/10.1093/jpids/piw051
https://doi.org/10.1186/s12868-023-00783-7
https://doi.org/10.3389/fimmu.2017.01162
https://doi.org/10.1097/QAD.0000000000001158
https://doi.org/10.1002/hbm.20238
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2025.1479183

108. Krohn S, Froeling M, Leemans A, Ostwald D, Villoslada P, Finke C,
et al. Evaluation of the 3D fractal dimension as a marker of structural brain
complexity in multiple-acquisition MRI. Hum Brain Mapp. (2019) 40:3299–
320. doi: 10.1002/hbm.24599

109. Weber MT, Finkelstein A, Uddin MN, Reddy EA, Arduino RC, Wang L,
et al. Longitudinal effects of combination antiretroviral therapy on cognition and
neuroimaging biomarkers in treatment-naive people with HIV. Neurology. (2022)
99:e1045–e55. doi: 10.1212/WNL.0000000000200829

110. Lo CY, He Y, Lin CP. Graph theoretical analysis of human brain structural
networks. Rev Neurosci. (2011) 22:551–63. doi: 10.1515/RNS.2011.039

111. Alexander-Bloch A, Giedd JN, Bullmore E. Imaging structural
co-variance between human brain regions. Nat Rev Neurosci. (2013)
14:322–36. doi: 10.1038/nrn3465

112. 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

113. Li R, Gao Y, Wang W, Jiao Z, Rao B, Liu G, et al. Altered gray matter structural
covariance networks in drug-naïve and treated early HIV-infected individuals. Front
Neurol. (2022) 13:869871. doi: 10.3389/fneur.2022.869871

114. Xu F, Ma J, WangW, Li H, A. longitudinal study of the brain structure network
changes in HIV patients with ANI: combined VBM with SCN. Front Neurol. (2024)
15:1388616. doi: 10.3389/fneur.2024.1388616

115. Le Bihan D, Poupon C, Amadon A, Lethimonnier F. Artifacts and pitfalls in
diffusion MRI. J Magn Reson Imaging. (2006) 24:478–88. doi: 10.1002/jmri.20683

116. Finkelstein A, Cao X, Liao C, Schifitto G, Zhong J. Diffusion encoding
methods in MRI: perspectives and challenges. Investig Mag Reson Imag. (2022) 26:208–
19. doi: 10.13104/imri.2022.26.4.208

117. Diffusion MRI: Theory, Methods, and Applications. Jones PDK, editor: Oxford
University Press (2010).

118. Smith SM, JenkinsonM, Johansen-BergH, Rueckert D, Nichols TE,Mackay CE,
et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data.
Neuroimage. (2006) 31:1487–505. doi: 10.1016/j.neuroimage.2006.02.024

119. Jones DK, Knösche TR, Turner R. White matter integrity, fiber count, and
other fallacies: the do’s and don’ts of diffusion MRI. Neuroimage. (2013) 73:239–
54. doi: 10.1016/j.neuroimage.2012.06.081

120. Song SK, Sun SW, Ramsbottom MJ, Chang C, Russell J, Cross AH.
Dysmyelination revealed through MRI as increased radial (but unchanged axial)
diffusion of water. Neuroimage. (2002) 17:1429–36. doi: 10.1006/nimg.2002.1267

121. Wu F, Ren Y, Wang W, Li C, Wang Y, Yang Y, et al. Microstructural
alteration of lumbosacral nerve roots in chronic inflammatory demyelinating
polyradiculoneuropathy: insights from DTI and correlations with electrophysiological
parameters. Acad Radiol. (2022) 29 Suppl 3:S175–s82. doi: 10.1016/j.acra.2021.08.006

122. Nightingale S, Winston A, Letendre S, Michael BD, McArthur JC, Khoo S,
et al. Controversies in HIV-associated neurocognitive disorders. Lancet Neurol. (2014)
13:1139–51. doi: 10.1016/S1474-4422(14)70137-1

123. Stubbe-Drger B, Deppe M, Mohammadi S, Keller SS, Kugel H, Gregor N, et al.
Early microstructural white matter changes in patients with HIV: a diffusion tensor
imaging study. BMC Neurol. (2012) 12:23. doi: 10.1186/1471-2377-12-23

124. Nir TM, Jahanshad N, Busovaca E, Wendelken L, Nicolas K, Thompson PM,
et al. Mapping white matter integrity in elderly people with HIV. Hum Brain Mapp.
(2014) 35:975–92. doi: 10.1002/hbm.22228

125. Uban KA, Herting MM, Williams PL, Ajmera T, Gautam P, Huo Y, et al. White
matter microstructure among youth with perinatally acquired HIV is associated with
disease severity. Aids. (2015) 29:1035–44. doi: 10.1097/QAD.0000000000000648

126. Wright PW, Vaida FF. Fernández-de Thomas RJ, Rutlin J, Price RW, Lee E,
et al. Cerebral white matter integrity during primary HIV infection. AIDS. (2015)
29:433–42. doi: 10.1097/QAD.0000000000000560

127. O’Connor EE, Jaillard A, Renard F, Zeffiro TA. Reliability of white matter
microstructural changes in HIV infection: meta-analysis and confirmation. AJNR Am
J Neuroradiol. (2017) 38:1510–9. doi: 10.3174/ajnr.A5229

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

129. Ma J, Yang X, Xu F, Li H. Application of diffusion tensor imaging (DTI) in the
diagnosis of HIV-associated neurocognitive disorder (HAND): a meta-analysis and a
system review. Front Neurol. (2022) 13:898191. doi: 10.3389/fneur.2022.898191

130. Li RL, Sun J, Tang ZC, Zhang JJ Li HJ. Axonal chronic injury in
treatment-naïve HIV+ adults with asymptomatic neurocognitive impairment and
its relationship with clinical variables and cognitive status. BMC Neurol. (2018)
18:66. doi: 10.1186/s12883-018-1069-5

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

132. Sarma MK, Keller MA, Macey PM, Michalik DE, Hayes J, Nielsen-Saines K,
et al. White matter microstructure among perinatally HIV-infected youth: a diffusion
tensor imaging study. J Neurovirol. (2019) 25:313–23. doi: 10.1007/s13365-018-0714-5

133. Liu J, Nguchu BA, Liu D, Qi Y, Aili X, Han S, et al. Longitudinal white matter
alterations in SIVmac239-infected rhesus monkeys with and without regular cART
treatment. Front Immunol. (2022) 13:1067795. doi: 10.1101/2022.05.17.492395

134. Zhao T, Chen J, Fang H, Fu D, Su D, Zhang W. Diffusion tensor magnetic
resonance imaging of white matter integrity in patients with HIV-associated
neurocognitive disorders. Ann Transl Med. (2020) 8:1314. doi: 10.21037/atm-20-6342

135. Jensen JH, Helpern JA, Ramani A, Lu H, Kaczynski K. Diffusional kurtosis
imaging: the quantification of non-gaussian water diffusion by means of magnetic
resonance imaging.Magn Reson Med. (2005) 53:1432–40. doi: 10.1002/mrm.20508

136. Hui ES, Cheung MM Qi L, Wu EX. Towards better MR characterization
of neural tissues using directional diffusion kurtosis analysis. Neuroimage. (2008)
42:122–34. doi: 10.1016/j.neuroimage.2008.04.237

137. Lu H, Jensen JH, Ramani A, Helpern JA. Three-dimensional characterization
of non-gaussian water diffusion in humans using diffusion kurtosis imaging. NMR
Biomed. (2006) 19:236–47. doi: 10.1002/nbm.1020

138. Garaci F, Picchi E, Di Giuliano F, Lanzafame S, Minosse S, Manenti G,
et al. Cerebral multishell diffusion imaging parameters are associated with blood
biomarkers of disease severity in HIV infection. J Neuroimaging. (2019) 29:771–
8. doi: 10.1111/jon.12655

139. Zhang H, Schneider T, Wheeler-Kingshott CA, Alexander DC, NODDI.
practical in vivo neurite orientation dispersion and density imaging of the human
brain. Neuroimage. (2012) 61:1000–16. doi: 10.1016/j.neuroimage.2012.03.072

140. Minosse S, Picchi E, Giuliano FD, di Cio F, Pistolese CA, Sarmati L, et al.
Compartmental models for diffusion weighted MRI reveal widespread brain changes
in HIV-infected patients. Annu Int Conf IEEE Eng Med Biol Soc. (2021) 2021:3834–
7. doi: 10.1109/EMBC46164.2021.9629510

141. Raffelt DA, Smith RE, Ridgway GR, Tournier JD, Vaughan DN, Rose S, et al.
Connectivity-based fixel enhancement: whole-brain statistical analysis of diffusion
MRI measures in the presence of crossing fibres. Neuroimage. (2015) 117:40–
55. doi: 10.1016/j.neuroimage.2015.05.039

142. Dhollander T, Clemente A, Singh M, Boonstra F, Civier O, Duque JD,
et al. Fixel-based analysis of diffusion MRI: methods, applications, challenges and
opportunities.Neuroimage. (2021) 241:118417. doi: 10.1016/j.neuroimage.2021.118417

143. Finkelstein A, Faiyaz A, Weber MT, Qiu X, Uddin MN, Zhong
J, et al. Fixel-based analysis and free water corrected DTI evaluation
of HIV-associated neurocognitive disorders. Front Neurol. (2021)
12:725059. doi: 10.3389/fneur.2021.725059

144. Zhao J, Jing B, Liu J, Chen F, Wu Y, Li H. Probing bundle-wise abnormalities
in patients infected with human immunodeficiency virus using fixel-based analysis:
new insights into neurocognitive impairments. Chin Med J (Engl). (2023) 136:2178–
86. doi: 10.1097/CM9.0000000000002829

145. Sporns O, Chialvo DR, Kaiser M, Hilgetag CC. Organization, development
and function of complex brain networks. Trends Cogn Sci. (2004) 8:418–
25. doi: 10.1016/j.tics.2004.07.008

146. Yeh FC, Verstynen TD, Wang Y, Fernández-Miranda JC, Tseng WY.
Deterministic diffusion fiber tracking improved by quantitative anisotropy. PLoS ONE.
(2013) 8:e80713. doi: 10.1371/journal.pone.0080713

147. Nucifora PG, Verma R, Lee SK, Melhem ER. Diffusion-tensor MR imaging
and tractography: exploring brain microstructure and connectivity. Radiology. (2007)
245:367–84. doi: 10.1148/radiol.2452060445

148. Baker LM, Cooley SA, Cabeen RP, Laidlaw DH, Joska JA, Hoare J, et al.
Topological organization of whole-brain white matter in HIV infection. Brain Connect.
(2017) 7:115–22. doi: 10.1089/brain.2016.0457

149. Bell RP, Barnes LL, Towe SL, Chen NK, Song AW, Meade CS. Structural
connectome differences in HIV infection: brain network segregation associated with
nadir CD4 cell count. J Neurovirol. (2018) 24:454–63. doi: 10.1007/s13365-018-0634-4

150. Liu J, WangW,Wang Y, Liu M, Liu D, Li R, et al. Structural network alterations
induced by ART-naive and ART-treated subjects infected with HIV. Biochem Biophys
Res Commun. (2022) 622:115–21. doi: 10.1016/j.bbrc.2022.06.078

151. Aili X, Wang W, Zhang A, Jiao Z, Li X, Rao B, et al. Rich-club analysis of
structural brain network alterations in HIV positive patients with fully suppressed
plasma viral loads. Front Neurol. (2022) 13:825177. doi: 10.3389/fneur.2022.825177

152. Weiskopf N, Edwards LJ, Helms G, Mohammadi S, Kirilina E. Quantitative
magnetic resonance imaging of brain anatomy and in vivo histology. Nature Reviews
Physics. (2021) 3:570–88. doi: 10.1038/s42254-021-00326-1

153. Di Costanzo A, Trojsi F, Tosetti M, Schirmer T, Lechner SM, Popolizio T,
et al. Proton MR spectroscopy of the brain at 3 T: an update. Eur Radiol. (2007)
17:1651–62. doi: 10.1007/s00330-006-0546-1

154. van deWeijer T, Schrauwen-Hinderling VB. Application of magnetic resonance
spectroscopy in metabolic research. Biochim Biophys Acta Mol Basis Dis. (2019)
1865:741–8. doi: 10.1016/j.bbadis.2018.09.013

Frontiers inNeurology 10 frontiersin.org

https://doi.org/10.3389/fneur.2025.1479183
https://doi.org/10.1002/hbm.24599
https://doi.org/10.1212/WNL.0000000000200829
https://doi.org/10.1515/RNS.2011.039
https://doi.org/10.1038/nrn3465
https://doi.org/10.1038/s41598-018-19290-5
https://doi.org/10.3389/fneur.2022.869871
https://doi.org/10.3389/fneur.2024.1388616
https://doi.org/10.1002/jmri.20683
https://doi.org/10.13104/imri.2022.26.4.208
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.1006/nimg.2002.1267
https://doi.org/10.1016/j.acra.2021.08.006
https://doi.org/10.1016/S1474-4422(14)70137-1
https://doi.org/10.1186/1471-2377-12-23
https://doi.org/10.1002/hbm.22228
https://doi.org/10.1097/QAD.0000000000000648
https://doi.org/10.1097/QAD.0000000000000560
https://doi.org/10.3174/ajnr.A5229
https://doi.org/10.3348/kjr.2018.19.3.431
https://doi.org/10.3389/fneur.2022.898191
https://doi.org/10.1186/s12883-018-1069-5
https://doi.org/10.1007/s13365-012-0135-9
https://doi.org/10.1007/s13365-018-0714-5
https://doi.org/10.1101/2022.05.17.492395
https://doi.org/10.21037/atm-20-6342
https://doi.org/10.1002/mrm.20508
https://doi.org/10.1016/j.neuroimage.2008.04.237
https://doi.org/10.1002/nbm.1020
https://doi.org/10.1111/jon.12655
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1109/EMBC46164.2021.9629510
https://doi.org/10.1016/j.neuroimage.2015.05.039
https://doi.org/10.1016/j.neuroimage.2021.118417
https://doi.org/10.3389/fneur.2021.725059
https://doi.org/10.1097/CM9.0000000000002829
https://doi.org/10.1016/j.tics.2004.07.008
https://doi.org/10.1371/journal.pone.0080713
https://doi.org/10.1148/radiol.2452060445
https://doi.org/10.1089/brain.2016.0457
https://doi.org/10.1007/s13365-018-0634-4
https://doi.org/10.1016/j.bbrc.2022.06.078
https://doi.org/10.3389/fneur.2022.825177
https://doi.org/10.1038/s42254-021-00326-1
https://doi.org/10.1007/s00330-006-0546-1
https://doi.org/10.1016/j.bbadis.2018.09.013
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2025.1479183

155. Ances BM, Hammoud DA. Neuroimaging of HIV-associated
neurocognitive disorders (HAND). Curr Opin HIV AIDS. (2014) 9:545–
51. doi: 10.1097/COH.0000000000000112

156. Chaganti J, Brew BJ. MR spectroscopy in HIV associated
neurocognitive disorder in the era of cART: a review. AIDS Res Ther. (2021)
18:65. doi: 10.1186/s12981-021-00388-2

157. Mohamed M, Barker PB, Skolasky RL, Sacktor N. 7T brain
MRS in HIV infection: correlation with cognitive impairment and
performance on neuropsychological tests. AJNR Am J Neuroradiol. (2018)
39:704–12. doi: 10.3174/ajnr.A5547

158. Zhan Y, Cai DC, Liu Y, Song F, Shan F, Song P, et al. Altered metabolism in
right basal ganglia associated with asymptomatic neurocognitive impairment in HIV-
infected individuals. Heliyon. (2024) 10:e23342. doi: 10.1016/j.heliyon.2023.e23342

159. Alakkas A, Ellis RJ, Watson CW, Umlauf A, Heaton RK, Letendre S, et al. White
matter damage, neuroinflammation, and neuronal integrity in HAND. J Neurovirol.
(2019) 25:32–41. doi: 10.1007/s13365-018-0682-9

160. Mohamed MA, Lentz MR, Lee V, Halpern EF, Sacktor N, Selnes O, et al.
Factor analysis of protonMR spectroscopic imaging data in HIV infection: metabolite-
derived factors help identify infection and dementia. Radiology. (2010) 254:577–
86. doi: 10.1148/radiol.09081867

161. Chelala L, O’Connor EE, Barker PB, Zeffiro TA. Meta-analysis of
brain metabolite differences in HIV infection. Neuroimage Clin. (2020)
28:102436. doi: 10.1016/j.nicl.2020.102436

162. Boban J, Kozic D, Turkulov V, Ostojic J, Semnic R, Lendak D, et al.
HIV-associated neurodegeneration and neuroimmunity: multivoxel MR
spectroscopy study in drug-naïve and treated patients. Eur Radiol. (2017)
27:4218–36. doi: 10.1007/s00330-017-4772-5

163. Boban J, Thurnher MM, Brkic S, Lendak D, Bugarski Ignjatovic V, Todorovic
A, et al. Neurometabolic remodeling in chronic HIV infection: a five-year follow-up
multi-voxel MRS study. Sci Rep. (2019) 9:19799. doi: 10.1038/s41598-019-56330-0

164. Mbugua KK, Holmes MJ, Cotton MF, Ratai EM, Little F, Hess AT, et al.
HIV-associated CD4+/CD8+ depletion in infancy is associated with neurometabolic
reductions in the basal ganglia at age 5 years despite early antiretroviral therapy. AIDS.
(2016) 30:1353–62. doi: 10.1097/QAD.0000000000001082

165. Harezlak J, Buchthal S, Taylor M, Schifitto G, Zhong J, Daar E, et al.
Persistence of HIV-associated cognitive impairment, inflammation, and neuronal
injury in era of highly active antiretroviral treatment. AIDS. (2011) 25:625–
33. doi: 10.1097/QAD.0b013e3283427da7

166. Young AC, Yiannoutsos CT, Hegde M, Lee E, Peterson J, Walter R, et al.
Cerebral metabolite changes prior to and after antiretroviral therapy in primary HIV
infection. Neurology. (2014) 83:1592–600. doi: 10.1212/WNL.0000000000000932

167. Graham AS, Holmes MJ, Little F, Dobbels E, Cotton MF, Laughton
B, et al. MRS suggests multi-regional inflammation and white matter axonal
damage at 11 years following perinatal HIV infection. Neuroimage Clin. (2020)
28:102505. doi: 10.1016/j.nicl.2020.102505

168. Salan T, Willen EJ, Cuadra A, Sheriff S, Maudsley AA, Govind
V. Whole-brain MR spectroscopic imaging reveals regional metabolite
abnormalities in perinatally HIV infected young adults. Front Neurosci. (2023)
17:1134867. doi: 10.3389/fnins.2023.1134867

169. Sailasuta N, Ross W, Ananworanich J, Chalermchai T, DeGruttola V, Lerdlum
S, et al. Change in brain magnetic resonance spectroscopy after treatment during acute
HIV infection. PLoS ONE. (2012) 7:e49272. doi: 10.1371/journal.pone.0049272

170. Kjaer L, Thomsen C, Gjerris F, Mosdal B, Henriksen O. Tissue characterization
of intracranial tumors by MR imaging. In vivo evaluation of T1- and T2-relaxation
behavior at 15 T. Acta Radiol. (1991) 32:498–504. doi: 10.3109/02841859109177614

171. Laule C, Bjarnason TA, Vavasour IM, Traboulsee AL, Wayne Moore GR Li
DKB, et al. Characterization of brain tumours with spin-spin relaxation: pilot case
study reveals unique T (2) distribution profiles of glioblastoma, oligodendroglioma and
meningioma. J Neurol. (2017) 264:2205–14. doi: 10.1007/s00415-017-8609-6

172. Perrotta G, Bonnier G, Meskaldji DE, Romascano D, Aydarkhanov R, Daducci
A, et al. Rivastigmine decreases brain damage in HIV patients with mild cognitive
deficits. Ann Clin Transl Neurol. (2017) 4:915–20. doi: 10.1002/acn3.493

173. Prado PT, Escorsi-Rosset S, Cervi MC, Santos AC. Image evaluation of
HIV encephalopathy: a multimodal approach using quantitative MR techniques.
Neuroradiology. (2011) 53:899–908. doi: 10.1007/s00234-011-0869-8

174. Wilkinson ID, Paley MN, Hall-Craggs MA, Chinn RJ, Chong WK, Sweeney BJ,
et al. Cerebral magnetic resonance relaxometry in HIV infection.Magn Reson Imaging.
(1996) 14:365–72. doi: 10.1016/0730-725X(95)02109-7

175. Harrison MJ, Newman SP, Hall-Craggs MA, Fowler CJ, Miller R, Kendall BE,
et al. Evidence of CNS impairment in HIV infection: clinical, neuropsychological,
EEG, and MRI/MRS study. J Neurol Neurosurg Psychiatry. (1998) 65:301–
7. doi: 10.1136/jnnp.65.3.301

176. Wolf RL, Detre JA. Clinical neuroimaging using arterial spin-
labeled perfusion magnetic resonance imaging. Neurotherapeutics. (2007)
4:346–59. doi: 10.1016/j.nurt.2007.04.005

177. Haller S, Zaharchuk G, Thomas DL, Lovblad KO, Barkhof F, Golay X. Arterial
spin labeling perfusion of the brain: emerging clinical applications. Radiology. (2016)
281:337–56. doi: 10.1148/radiol.2016150789

178. van Laar PJ, van der Grond J, Hendrikse J. Brain perfusion territory imaging:
methods and clinical applications of selective arterial spin-labeling MR imaging.
Radiology. (2008) 246:354–64. doi: 10.1148/radiol.2462061775

179. Su T, Mutsaerts HJ, Caan MW, Wit FW, Schouten J, Geurtsen GJ, et al.
Cerebral blood flow and cognitive function in HIV-infected men with sustained
suppressed viremia on combination antiretroviral therapy. Aids. (2017) 31:847–
56. doi: 10.1097/QAD.0000000000001414

180. Burdo TH, Robinson JA, Cooley S, Smith MD, Flynn J, Petersen KJ, et al.
Increased peripheral inflammation is associated with structural brain changes and
reduced blood flow in people with virologically controlled HIV. J Infect Dis. (2023)
228:1071–9. doi: 10.1093/infdis/jiad229

181. Ances BM, Sisti D, Vaida F, Liang CL, Leontiev O, Perthen JE, et al. Resting
cerebral blood flow: a potential biomarker of the effects of HIV in the brain.Neurology.
(2009) 73:702–8. doi: 10.1212/WNL.0b013e3181b59a97

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

183. Petersen KJ, Metcalf N, Cooley S, Tomov D, Vaida F, Paul R, et al.
Accelerated brain aging and cerebral blood flow reduction in persons with human
immunodeficiency virus. Clin Infect Dis. (2021) 73:1813–21. doi: 10.1093/cid/ciab169

184. Yoshino Y, Koga I, Kitazawa T, Sakurai K, Oba H, Matsuda H, et al. Cerebral
blood flow in young and middle-aged people living with HIV. Infect Dis (Lond). (2020)
52:75–9. doi: 10.1080/23744235.2019.1677939

185. Cole JH, Caan MWA, Underwood J, De Francesco D, van Zoest RA,
Wit F, et al. No evidence for accelerated aging-related brain pathology in
treated human immunodeficiency virus: longitudinal neuroimaging results from the
comorbidity in relation to AIDS (COBRA) project. Clin Infect Dis. (2018) 66:1899–
909. doi: 10.1093/cid/cix1124

186. Strain JF, Cooley S, Kilgore C, Nelson B, Doyle J, Thompson R, et al. The
structural and functional correlates of frailty in persons with human immunodeficiency
virus. Clin Infect Dis. (2022) 75:1740–6. doi: 10.1093/cid/ciac271

187. Li C, Zhang X, Komery A, Li Y, Novembre FJ, Herndon JG.
Longitudinal diffusion tensor imaging and perfusion MRI investigation in
a macaque model of neuro-AIDS: a preliminary study. Neuroimage. (2011)
58:286–92. doi: 10.1016/j.neuroimage.2011.05.068

188. Sen S, An H, Menezes P, Oakes J, Eron J, LinW, et al. Increased cortical cerebral
blood flow in asymptomatic human immunodeficiency virus-infected subjects. J Stroke
Cerebrovasc Dis. (2016) 25:1891–5. doi: 10.1016/j.jstrokecerebrovasdis.2016.03.045

189. Blokhuis C, Mutsaerts H, Cohen S, Scherpbier HJ, Caan MWA, Majoie C, et al.
Higher subcortical and white matter cerebral blood flow in perinatally HIV-infected
children.Medicine (Baltimore). (2017) 96:e5891. doi: 10.1097/MD.0000000000005891

190. van Genderen JG, Van den Hof M, Ter Haar AM, Blokhuis C, Keil VC,
Pajkrt D, et al. A longitudinal analysis of cerebral blood flow in perinatally HIV
infected adolescents as compared to matched healthy controls. Viruses. (2021)
13:2179. doi: 10.3390/v13112179

191. van Genderen JG, Chia C, Van den Hof M, Mutsaerts H, Reneman L, Pajkrt D,
et al. Brain differences in adolescents living with perinatally acquired HIV compared
with adoption status matched controls: A cross-sectional study. Neurology. (2022)
99:e1676–e84. doi: 10.1212/WNL.0000000000200946

192. Chen G, Cai DC, Song F, Zhan Y, Wei L, Shi C, et al. Morphological changes
of frontal areas in male individuals with HIV: a deformation-based morphometry
analysis. Front Neurol. (2022) 13:909437. doi: 10.3389/fneur.2022.909437

193. Sui J, Li X, Bell RP, Towe SL, Gadde S, Chen NK, et al. Structural and functional
brain abnormalities in human immunodeficiency virus disease revealed by multimodal
magnetic resonance imaging fusion: association with cognitive function.Clin Infect Dis.
(2021) 73:e2287–e93. doi: 10.1093/cid/ciaa1415

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

195. 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

196. Khobo IL, Jankiewicz M, Holmes MJ, Little F, Cotton MF, Laughton B, et al.
Multimodal magnetic resonance neuroimaging measures characteristic of early cART-
treated pediatric HIV: a feature selection approach.Hum Brain Mapp. (2022) 43:4128–
44. doi: 10.1002/hbm.25907

197. Morgello S, Buyukturkoglu K, Murray J, Veenstra M, Berman JW, Byrd D,
et al. MR spectroscopy and diffusion imaging in people with human immunodeficiency
virus: relationships to clinical and immunologic findings. J Neuroimaging. (2022)
32:158–70. doi: 10.1111/jon.12931

Frontiers inNeurology 11 frontiersin.org

https://doi.org/10.3389/fneur.2025.1479183
https://doi.org/10.1097/COH.0000000000000112
https://doi.org/10.1186/s12981-021-00388-2
https://doi.org/10.3174/ajnr.A5547
https://doi.org/10.1016/j.heliyon.2023.e23342
https://doi.org/10.1007/s13365-018-0682-9
https://doi.org/10.1148/radiol.09081867
https://doi.org/10.1016/j.nicl.2020.102436
https://doi.org/10.1007/s00330-017-4772-5
https://doi.org/10.1038/s41598-019-56330-0
https://doi.org/10.1097/QAD.0000000000001082
https://doi.org/10.1097/QAD.0b013e3283427da7
https://doi.org/10.1212/WNL.0000000000000932
https://doi.org/10.1016/j.nicl.2020.102505
https://doi.org/10.3389/fnins.2023.1134867
https://doi.org/10.1371/journal.pone.0049272
https://doi.org/10.3109/02841859109177614
https://doi.org/10.1007/s00415-017-8609-6
https://doi.org/10.1002/acn3.493
https://doi.org/10.1007/s00234-011-0869-8
https://doi.org/10.1016/0730-725X(95)02109-7
https://doi.org/10.1136/jnnp.65.3.301
https://doi.org/10.1016/j.nurt.2007.04.005
https://doi.org/10.1148/radiol.2016150789
https://doi.org/10.1148/radiol.2462061775
https://doi.org/10.1097/QAD.0000000000001414
https://doi.org/10.1093/infdis/jiad229
https://doi.org/10.1212/WNL.0b013e3181b59a97
https://doi.org/10.3174/ajnr.A5902
https://doi.org/10.1093/cid/ciab169
https://doi.org/10.1080/23744235.2019.1677939
https://doi.org/10.1093/cid/cix1124
https://doi.org/10.1093/cid/ciac271
https://doi.org/10.1016/j.neuroimage.2011.05.068
https://doi.org/10.1016/j.jstrokecerebrovasdis.2016.03.045
https://doi.org/10.1097/MD.0000000000005891
https://doi.org/10.3390/v13112179
https://doi.org/10.1212/WNL.0000000000200946
https://doi.org/10.3389/fneur.2022.909437
https://doi.org/10.1093/cid/ciaa1415
https://doi.org/10.1016/j.nicl.2018.07.024
https://doi.org/10.1093/cid/cix301
https://doi.org/10.1002/hbm.25907
https://doi.org/10.1111/jon.12931
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Wang et al. 10.3389/fneur.2025.1479183

198. Maki PM, Rubin LH, Springer G, Seaberg EC, Sacktor N, Miller EN, et al.
Differences in cognitive function between women andmen with HIV. J Acquir Immune
Defic Syndr. (2018) 79:101–7. doi: 10.1097/QAI.0000000000001764

199. Yuh B, Tate J, Butt AA, Crothers K, Freiberg M, Leaf D, et al. Weight
change after antiretroviral therapy and mortality. Clin Infect Dis. (2015) 60:1852–
9. doi: 10.1093/cid/civ192

200. Mave V, Erlandson KM, Gupte N, Balagopal A, Asmuth DM, Campbell
TB, et al. Inflammation and change in body weight with antiretroviral therapy
initiation in a multinational cohort of HIV-infected adults. J Infect Dis. (2016) 214:65–
72. doi: 10.1093/infdis/jiw096

201. Jumare J, El-Kamary SS, Magder L, Hungerford L, Umlauf A, Franklin D,
et al. Brief report: body mass index and cognitive function among HIV-1-infected

individuals in China, India, and Nigeria. J Acquir Immune Defic Syndr. (2019) 80:e30–
e5. doi: 10.1097/QAI.0000000000001906

202. Cooley SA, Navid J, Wisch JK, Boerwinkle A, Doyle J, Paul RH, et al.
Relationships between viral load, neuroimaging, and NP in persons living with HIV.
J Acquir Immune Defic Syndr. (2021) 87:985–92. doi: 10.1097/QAI.0000000000002677

203. Huang H, Shen LI, Thompson PM, Huang K, Huang J, Yang L. Imaging
genomics. Pac Symp Biocomput. (2018) 23:304–6. doi: 10.1142/9789813235533_0028

204. Thompson PM, Martin NG, Wright MJ. Imaging genomics. Curr Opin Neurol.
(2010) 23:368–73. doi: 10.1097/WCO.0b013e32833b764c

205. HawrylyczMJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, Miller JA, et al.
An anatomically comprehensive atlas of the adult human brain transcriptome. Nature.
(2012) 489:391–9. doi: 10.1038/nature11405

Frontiers inNeurology 12 frontiersin.org

https://doi.org/10.3389/fneur.2025.1479183
https://doi.org/10.1097/QAI.0000000000001764
https://doi.org/10.1093/cid/civ192
https://doi.org/10.1093/infdis/jiw096
https://doi.org/10.1097/QAI.0000000000001906
https://doi.org/10.1097/QAI.0000000000002677
https://doi.org/10.1142/9789813235533_0028
https://doi.org/10.1097/WCO.0b013e32833b764c
https://doi.org/10.1038/nature11405
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

	Neuroimaging advances in neurocognitive disorders among HIV-infected individuals
	Introduction
	Functional magnetic resonance imaging (fMRI)
	Resting-state fMRI
	Task-related fMRI

	Structural magnetic resonance imaging (sMRI)
	Volume-based morphometry
	Surface-based morphometry
	Structural covariance network

	Diffusion magnetic resonance imaging (dMRI)
	Tractography-based spatial statistics
	Fixel-based analysis
	Structural connectivity network

	Quantitative magnetic resonance imaging (qMRI)
	Magnetic resonance spectroscopy
	T1/T2 mapping
	Arterial spin labeling

	Combination of multimodal neuroimaging methods
	Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


