
Longitudinal trajectories o
f brain volume in combined
antiretroviral therapy treated and untreated simian
immunodeficiency virus-infected rhesus macaques

Dan Liua,M, Jiaojiao Liua,M, Tingting Xug, Hongwei Qiaoh, Yu Qia,

Yuxun Gaoa, Ailixireb, Lei Gaoi, Chunlin Lic,

Mingrui Xiad,e,f and Hongjun Lia,b
aDepartment of R
Biomedical Engin
Laboratory of Cog
McGovern Institut
Neurobiology, Ca
Chinese Academy
China.

Correspondence t
Fengtai District, B

E-mail: lihongjun0
�

Dan Liu and Jiao

Received: 8 Janua

DOI:10.1097/QAD

ISSN 0269-9370 Cop
terms of the Creativ
share the work prov
Objectives: We used simian immunodeficiency virus (SIV)-infected nonhuman pri-
mates to investigate longitudinal changes of brain volume caused by SIV and the effect
of combined antiretroviral therapy (cART). In addition, the relation between viral load,
immune status, and brain volume were explored.

Design: A longitudinal study of two healthy controls, five SIVmac239-infected macaques
received cART (SIVþcARTþ) at 40 days postinnoculation, and five SIVmac239-infected
macaques received no therapy (SIVþcART�).

Methods: Structural T1-weighted MRI, blood and cerebrospinal fluid testing were
acquired at multiple time points for 48 weeks postinfection (wpi). Brain volume was
estimated using region of interest (ROI)-based analysis. Volume differences were com-
pared among three groups. Linear regression models tested the associations between
brain volumes and biomarkers (viral load, CD4þ T-cell count, CD4þ/CD8þ ratio).

Results: In our model, brain volume alteration in SIV-infected macaques can be
detected at 12 wpi in several brain regions. As the infection progresses, the SIVþcART�
�macaques displayed generalized gray matter atrophy at the endpoint. Though initiate
cART right after acute infection, SIVþcARTþmacaques still displayed brain atrophy but
showed signs of reversibility. Plasma viral load is mainly associated with subcortical
nucleus volume whereas CD4þ T-cell count and CD4þ/CD8þ ratio in plasma were
associated with widespread cortical volume.

Conclusion: The SIVmac239-infected Chinese origin macaque is a valid model for
neuroHIV. Brain atrophy caused by SIV infection can be relieved, even reversed, by
cART. Our model also provides new insights into understanding the pathogenesis of
brain injury in people with HIV (PWH).
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Introduction
HIV penetrates the central nervous system (CNS) soon
after infection, activating resident glial cells and triggering
infiltration of periphery monocytes/macrophages as well.
These cells release viral proteins and produce inflamma-
tory factors, resulting in prominent inflammation,
immune activation and suppression, and blood–brain
barrier disruption, all of which contribute to neuronal
injury, even apoptosis [1]. Combined antiretroviral
therapy (cART) suppresses viral replication systemically,
and partially restores immune functions but cannot
eliminate viral proteins in the brain [2], which were
associated with oligodendroglial population reduction,
dendritic spins loss, and synaptic protein disruption
shown in transgenic animal models [3–5]. In addition, the
iatrogenic effects of drugs on brain integrity are also of
concern [6,7]. The neuropathogenesis of HIV-associated
brain damage remains to be elucidated. Brain volume
analysis conducted by MRI is helpful to detect brain
morphologic alteration, which was hypothesized to be
related to neurogenesis, myelination density, number or
size of neuron or glia, angiogenesis, dendritic spine size,
and density [8–11], and has the potential to shed light on
the pathogenesis of HIV-induced brain damage.

Previous studies reported subcortical nucleus, white
matter, and cortical atrophy in people with HIV (PWH)
[12–14], whereas there are also researches failed to find
any alterations [15], some even reported increased brain
volume in PWH [16,17]. However, most clinical studies
were cross-sectional with lots of confounders (such as age,
ethnicity, living environment, duration of infection,
complications, different treatment regimens), which are
difficult to determine or control [14,18,19]. For the
limited longitudinal studies, the durations of studies are
always short relative to the course of this condition with
few time points and lack of premorbid condition of the
brain [20–23]. Reliable animal model and solid experi-
ment design are needed to settle these issues.

Studies show nonhuman primates infected with simian
immunodeficiency virus (SIV) resulting in CD4þ T-cell
depletion and development of systematic immunodefi-
ciency, exhibiting pathogenesis and pathological pro-
cesses similar to those seen in HIV-infected patients [24]
and have been widely employed to explore the
neuropathogenesis, therapy strategies [25,26]. Among
the various models, the Chinese-origin rhesus macaque
infected with SIVmac239 demonstrates close pathogenesis
to HIV-1-infected humans [27], and might serve as a
qualified model of neuroHIV.

In this longitudinal study, we aimed to map the natural
course of brain structural changes during SIV infection
and the impact of cART and explore the relationship
between brain volume changes and blood, cerebrospinal
fluid (CSF) biomarkers.
Methods

Rhesus macaques, simian immunodeficiency
virus, and treatment regime
Twelve healthy male Chinese-origin rhesus macaques
(weight: 4.7� 0.6 kg; age: 3.8� 0.3 years) were used in
our study. All macaques were screened and seronegative
for tuberculosis, Salmonella, Shigella, Ecto Parasite, Endo
Parasite, simian-T-lymphotropic virus-1, simian type D
retrovirus, herpes B virus, as well as SIV antibody before
incubation. During the experiment, our macaques were
quarantined every 6 months, and all macaques were
negative for human Mycobacterium tuberculosis and
Mycobacterium bovis.

Ten macaques were intravenously inoculated with a 50-
fold half tissue culture infective dose (TCID50) of
SIVmac239 through the brachial vein and were all
seroconverted to SIV within 7 days after inoculation.
Five of them received cART 40 days after inoculation
(SIVþcARTþ), whereas the other five macaques
received no treatment (SIVþcART�). The treatment
regime included Emtricitabine (50 mg/kg per day),
Tenofovir disoproxil fumarate (5.1 mg/kg per day), and
Dolutegravir (2.5 ml/kg per day) (see Supplementary
Material for details, http://links.lww.com/QAD/C267).

Ethics statement
The study was approved by the Institutional Animal Care
and Use Committee (IACUC) at the Institute of
Laboratory Animal Science, Chinese Academy of
Medical Sciences (IACUC Approval No: LHJ18001),
and performed according to the recommendations in the
Guide for the Care and Use of Laboratory Animals of the
Institute of Laboratory Animal Science and the recom-
mendations of the Weatherall report for the use of
nonhuman primates in research (http://www.acmeds-
ci.ac.uk/more/news/the-use-of-nonhuman-primates-
in-research/) to ensure personal safety and animal welfare.
All macaques were housed and fed in an Association for
Assessment and Accreditation of Laboratory Animal Care
(AAALAC)-accredited bio-safety level 3 laboratory.

A detailed description of the living environment and
housing facilities can be found in previous research [28].

Anesthesia and euthanasia
All experimental procedures (physical examination,
imaging acquisition, blood extraction, lumbar puncture)
were performed under anesthesia. Each macaque was
intramuscularly injected with atropine (0.05 mg/kg) to
decrease bronchial and salivary secretions and Zoletil 50
(5 mg/kg) to achieve an anesthetic effect. The anesthesia
depth was assessed by monitoring corneal reflex, toe-
pinch reflex, heart rate, and respiration rate. With this
dosage, the anesthesia could be maintained for about 1 h.

http://links.lww.com/QAD/C267
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Fig. 1. Study design. A total of 12 macaques were involved in our study. MRI and laboratory tests were collected at baseline and
subsequent time points. Ten macaques (light gray) were intravenously inoculated with SIVmac239. Five received cART 40 days after
inoculation (dark gray), whereas the other five macaques received no treatment (light gray). A black circle marked the endpoint in
SIVþcART� group. Macaque 7 was euthanized at 47 wpi. SIV, simian immunodeficiency virus.
The decision to euthanize was based on clinical signs of
simian-acquired immunodeficiency syndrome (AIDS),
including weight loss of more than 10%, chronic
anorexia, chronic diarrhea, mental state. One macaque
(macaque 7) was euthanized at 47 wpi, data collected
before euthanasia was included in 48 wpi for analysis. The
study design was shown in Fig. 1.

Laboratory tests
Laboratory data were acquired at baseline (before
inoculation), a week postinfection, 2, 5, 8, 12, 24, 36,
and 48 wpi. These time points were set in consideration
of the virus reported to be detectable in the CNS a week
after infection [29] and physiological condition. Viral
load in plasma and CSF were detected by measuring SIV
RNA levels (extracted by TRIzol) by reverse transcrip-
tion-PCR (RT-PCR) as previously described. CD4þ T-
cell and CD8þ T-cell counts in the peripheral blood were
analyzed by flow cytometry (see Supplementary Material
for details, http://links.lww.com/QAD/C267).

Data acquisition
MRI examination was performed at baseline (before
infection), 10 days postinfection (dpi), 4, 12, 24, 31, 36,
and 48 wpi. All data were acquired via a Siemens Trio
Tim 3T-scanner with a 32-channel head coil. Fluid-
attenuated inversion recovery imaging was performed to
rule out the presence of brain lesions. Structural images
were collected using a T1-weighted magnetization
prepared gradient-echo sequence (72 axial slices, about
6 min; repetition time, 1800 ms; echo time, 4.12 ms;
resolution matrix, 192� 192; flip angle, 98; slice
thickness, 1 mm; voxel size, 1 mm� 1mm� 1 mm).

Image processing
Skull and other tissue outside of the brain were manually
removed to obtain more accurate brain extraction.
Subsequent procedures were carried out by SPM12
(Statistical Parametric Mapping 12, https://www.fil.io-
n.ucl.ac.uk/spm/). First, T1-weighted images were
augmented 2.6 times to make the monkey’s brain size
comparable with that of human’s, thus more appropriate
to analyze using SPM [30]. Second, all skull-striped T1
images were denoised by Spatially Adaptive Non-Local
Means (SANLM) in computational anatomy toolbox 12
(CAT12, http://www.neuro.uni-jena.de/cat/). Third,
the denoised T1 images were segmented and normalized
to the INIA19 tissue probability maps [31] employing
affine transformation. Fourth, all affine transformed
images were used to create a customized template. Finally,
all gray matter, white matter, CSF files in native space
generated previously were normalized to Montreal
Neurological Institute (MNI) space and smoothed with
an isotropic Gaussian kernel of full width at half
maximum of 4 mm.

Volumes were extracted from 21 ROIs, including total
gray matter volume (GMV), white matter volume
(WMV), lateral ventricles, caudate, putamen, hippocam-
pus, frontal lobe, occipital lobe, parietal lobe, temporal
lobe, insula, and cerebellum, representative of the whole
brain. We also made an extra 81 ROIs according to the
INIA19 atlas to figure out whether we can get the same

http://links.lww.com/QAD/C267
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Fig. 2. Weight, viral load, peripheral blood CD4R T-cell count, CD8R T-cell count, and CD4R/CD8R ratio trajectories of rhesus
macaques in three groups. Black: healthy control group; light gray: SIV-infected without therapy; dark gray: SIV-infected with
therapy.
results for smaller ROIs (Supplementary Material, http://
links.lww.com/QAD/C267).

The relative volume (volume%) of each ROI was
calculated. The volume% of each ROI was calculated
by dividing the volume at each time point by the volume
at baseline (Vtime/Vbaseline). By applying relative ROI
volumes, we were able to eliminate intracranial volume
differences among macaques and volume differences
in ROIs.

Statistical analysis
Age and weight at baseline were compared among three
groups using nonparametric Kolmogorov–Smirnov one-
way analysis of variance (ANOVA). Viral load was log-
transformed. Weight, viral load, immunological markers,
and volume% of ROIs were compared using the
generalized estimating equations (GEE) model to test
whether the trajectories differed among groups. Vol-
ume% differences between healthy macaques and
SIVþcART� group at 10 dpi and 4 wpi were compared
using the Mann–Whitney U-test. All the above analyses
were performed using IBM Statistics version 22 (IBM,
Armonk, New York, USA). A P value less than 0.05 was
considered statistically significant.

The relationship between GMVand laboratory results was
tested by the linear regression model. All the analyses
were corrected for multiple comparisons (GRF correc-
tion, voxel-level P< 0.001, cluster level P< 0.05, two-
tailed).
Results

Viral load, CD4R T-cell count, and CD4R/CD8R

ratio trajectories in three groups
Differences in age and weight at baseline were not
significant (age, P ¼ 0.594; weight, P ¼ 0.509).
Longitudinal changes in weight, viral load, immunologi-
cal markers are illustrated in Fig. 2. A significant time by
group interaction was detected in weight (P< 0.001),
plasma viral load (P< 0.001), CSF viral load (P< 0.001),
peripheral blood CD4þT-cell count (P< 0.001), CD4þ/
CD8þ ratio (P< 0.001), which supported increasingly
divergent trajectories among three groups.

Weight in the healthy control group showed a sustained
increase whereas SIVþcART� group showed weight loss
after 24 wpi, SIVþcARTþ group showed a slight weight
increase starting at 12 wpi.

A dramatic increase in plasma viral load was observed, and
viremia reached its peak within 2 weeks in all SIV-
infected macaques. Viral load declined subsequently and
reached a plateau in 8 weeks. Macaques received cART
showed continuous viral load decline. Viral load in CSF
decreased to a nadir at 24 wpi and rose again afterward in
SIVþcART� group; with cART, viral load in CSF
dropped more sharply and was undetectable in three
macaques at 12 wpi.

CD4þ T-cell count, CD8þ T-cell count, and CD4þ/
CD8þ ratio fluctuated even in healthy macaques but the
overall trends were stable. SIV infection resulted in

http://links.lww.com/QAD/C267
http://links.lww.com/QAD/C267
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significant CD4þ T-cell count and CD4þ/CD8þ ratio
reduction, which can be stopped by cART. CD4þ/CD8þ

ratio showed an increasing tendency with the introduc-
tion of cART.

Region of interest-based brain volume changes
over time
Significant time by group interactions on volume% were
detected in all 21 ROIs (all P< 0.001), suggesting
volume% trajectories of all ROIs differed among groups.
In general, SIV-infected macaque showed smaller gray
matter than healthy controls, and GMV reduced more
rapidly, with SIVþcART� group showed steeper
negatively sloped trend lines than the healthy control
group and SIVþcARTþ group (Fig. 3). Further
comparisons between groups at different time points
showed that brain volume differences between healthy
controls and SIV-infected macaques can be detected as
early as 12 wpi, including differences in total gray matter,
total white matter volume, lateral ventricle volume, right
caudate, left putamen, bilateral hippocampus, bilateral
frontal lobe, bilateral temporal lobe, left insular, and right
cerebellum. As the infection continuous and the course
progresses, at 48 wpi, the SIVþcART� macaques
displayed smaller gray matter volume in caudate,
putamen, hippocampus, frontal lobe, parietal lobe,
temporal lobe, insula, and cerebellum compared with
healthy controls. However, for macaques that received
cART, only left hippocampus, right caudate, left parietal,
bilateral temporal showed gray matter volume differences
compared with healthy controls (Fig. 4).

Heat maps of 81 ROIs at 10 dpi, 4, 12, 24, 36, and 48 wpi
of each macaque showed that macaque 3 and macaque 7
showed the most obvious atrophy at 48 wpi, especially for
macaque 7 (macaque 7 was euthanized at 47 wpi,
macaque 3 was euthanized later at 58 wpi). Both
macaques showed widespread atrophy including all the
studied cortical cortex, subcortical nucleus, limbic
system. White matter atrophy was relatively mild.
Interestingly, in the SIVþcARTþ group, one macaque
showed widespread brain atrophy soon after infection,
continued to 36 wpi though this macaque showed
undetected viral load. However, an overall increase in
gray matter volume was detected at 48 wpi (Supplemen-
tary Figure 1, http://links.lww.com/QAD/C266). Inter-
estingly, this macaque showed a sharp reduction in plasma
CD4þ T cell after infection and showed continuous low
levels until 48 wpi. Total GMV showed significant
association with CD4þ T cell (R¼ 0.914, P¼ 0.030),
suggesting poor immune reconstruction may aggravate
brain atrophy.

Bilateral lateral ventricle volume in the healthy control
group and SIVþcART� group increased over time.
However, lateral ventricle no longer increased with time
when controlled for the weight (P> 0.050), suggesting
lateral ventricle increase in the healthy control group may
be because of brain growth and development. In
SIVþcART� group, lateral ventricle increased with
time, even controlled for weight (r¼ 0.505, P¼ 0.012).
Brain atrophy is likely to contribute to the expansion of
lateral ventricle in SIVþcART� macaques.

Gray matter volume correlates with viral load
and systemic immune status
In SIVþcART� group, viral load in plasma was mainly
associated with the volume of clusters in the subcortical
nucleus, including bilateral putamen, bilateral caudate,
left claustrum, and right hippocampus. In addition, the
volume of few clusters in the cortical cortex (including
left inferior/superior temporal gyrus, cerebellum lobe V,
anterior quadrangular, simple lobe, left supramarginal
gyrus, and left angular gyrus) were also associated with
viral load in plasma (Fig. 5). The volume of clusters in the
cortical cortex (including right middle/inferior frontal
gyrus, bilateral PCC (extend to precuneus, postcentral
gyrus), left supramarginal gyrus (extend to superior
temporal gyrus, superior parietal lobule)) and subcortical
nucleus (right thalamus) positively correlated with CD4þ

T-cell count (Supplementary Fig. 2, http://links.lww.-
com/QAD/C266). The volume of clusters in the cortical
cortex [including bilateral superior/inferior semilunar
lobule (extend to left fusiform, left simple lobule), inferior
cerebellar peduncle, bilateral superior/middle temporal
gyrus, bilateral anterior cingulate cortex, right lateral
orbital gyrus, bilateral inferior/middle frontal gyrus,
bilateral posterior cingulate cortex, left supramarginal
gyrus] and subcortical nucleus [bilateral thalamus (extend
to the superior colliculus, parasubicular area), right
putamen (extend to right lateral globus pallidus)]
positively correlated with CD4þ/CD8þ ratio whereas
the volume of clusters in left inferior temporal gyrus,
right occipital lobe showed a negative correlation
(Supplementary Fig. 3, http://links.lww.com/QAD/
C266).

In the SIVþcARTþ group, the brain regions correlated
with plasma and CSF biomarkers were different from
those detected in SIVþcART� group. The volume of
clusters in the cortical cortex (including bilateral middle/
superior temporal gyrus, bilateral insula, bilateral
supramarginal gyrus, bilateral superior parietal lobule,
bilateral angular gyrus, bilateral precentral gyrus, left
postcentral gyrus, bilateral precuneus, left middle frontal
gyrus, bilateral superior frontal gyrus, bilateral straight
gyrus, bilateral anterior cingulate cortex, right fronto-
orbital gyrus, anterior quadrangular lobule, and lobule V/
IV of the cerebellum) and subcortical nucleus (including
bilateral putamen, bilateral caudate, left lateral globus
pallidus, right claustrum) positively correlated with viral
load in plasma (Supplementary Fig. 4, http://links.lww.-
com/QAD/C266). Multiple clusters in the cortical
cortex, including bilateral frontal (precentral gyrus,
orbital gyrus, straight gyrus, ACC, superior/middle/
inferior frontal gyrus), temporal (superior/middle/

http://links.lww.com/QAD/C266
http://links.lww.com/QAD/C266
http://links.lww.com/QAD/C266
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Fig. 3. Volume percentage (volume%) trend lines of each region of interest in three groups. Black line: healthy control group;
light gray dashed line: SIV-infected without therapy; dark gray line: SIV-infected with therapy. SIV, simian immunodeficiency
virus.



Brain volume trajectory in SIVR macaque model Liu et al. 2439

Fig. 4. Volume percentage (volume%) of each region of interest at different time points in three groups. Comparisons between
groups were shown. Bars, mean� SE. �P less than 0.05; ��P less than 0.01; ���P less than 0.001. Black, healthy control; light gray,
SIV-infected macaque without treatment; dark gray, SIV-infected macaque with treatment.
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Fig. 5. Gray matter volume of clusters associated with plasma viral load in SIVRcARTS group. Clusters were mainly distributed
in the subcortical nucleus (putamen, caudate, claustrum, and right hippocampus). In addition, clusters were also seen in the left
inferior/superior temporal gyrus, cerebellum, left supramarginal gyrus, and left angular gyrus. cART, combined antiretroviral
therapy SIV, simian immunodeficiency virus.
inferior temporal gyrus), parietal (supramarginal gyrus,
angular gyrus), occipital, insular, anterior quadrangular
lobule of cerebellum positively correlated with CD4þ T-
cell count and CD4þ/CD8þ ratio whereas the volume of
the cluster in right uvula (extend to right lobule VII,
gracile lobule) of cerebellum showed a negative correla-
tion with CD4þ T-cell count. GMV did not significantly
correlate with viral load in CSF in both groups
(Supplementary Figs. 5, http://links.lww.com/QAD/
C266 and 6, http://links.lww.com/QAD/C266). All the
analyses were corrected for multiple comparisons (GRF
correction, voxel-level P< 0.001, cluster level P< 0.05,
two-tailed).
Discussion

In this study, we used SIVmac239-infected Chinese origin
macaques to investigate GMV, WMV, lateral ventricles,

http://links.lww.com/QAD/C266
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and laboratory tests (viral load, CD4þ T-cell count, and
CD4þ/CD8þ ratio) alterations throughout the progres-
sion of SIV infection (about 1 year). Brain volume
alteration can be detected as early as 12 wpi, such
differences located in total gray matter, total white matter
volume, lateral ventricle volume, right caudate, left
putamen, bilateral hippocampus, bilateral frontal lobe,
bilateral temporal lobe, left insular, and right cerebellum.
As the disease course progresses, gray matter showed
generalized atrophy with lateral ventricle expansion while
white matter showed a relatively mild pattern in macaques
without therapy. For macaques received therapy, brain
volume alteration can still be detected but to a less extent.
For one macaque in the SIVþcARTþ group, whole-
brain GMV increased gradually with treatment, suggest-
ing brain atrophy can be effectively relieved, even
reversed, by cART. Plasma viral load was mainly linked to
subcortical nucleus volume, and immunological markers
were associated with widespread cortical GMV (for
cART-naive macaques, thalamus volume was also
associated with immunological markers).

Weight increase was not evident in SIV-infected
macaques. However, macaques received cART showed
a mild weight increase after a period of treatment, similar
to delayed development in HIV-infected children [32].
Longitudinal changes in viral load, CD4þ T-cell count,
and CD4þ/CD8þ ratio observed in our study aligned
with that reported in SIV-infected macaque models
[27,33–35]. In addition, our study indicated brain
volume alterations can be detected in this model.
Pathology evidence from previous research showed
neuronal injury occurs 14 dpi and exacerbates with time
[36]. Taken together, SIVmac239-infected Chinese origin
macaque can be a valid model to investigate HIV-induced
brain morphologic alteration. But it should be noted that
the most obvious brain atrophy occurred at the endpoint
(about 80%). In the acute and chronic infection stage,
SIV-induced GMV reduction is not obvious (in our
experiment, only one macaque showed obvious whole
brain atrophy whereas other macaques often showed
brain atrophy less than 10%). Furthermore, brain volume
fluctuated even in healthy controls, together with the
usual small sample size in nonhuman primate research,
caution should be taken while adopting this model in
neuroscience research.

Our study showed brain atrophy can be detected as early
as 12 wpi in total gray matter, total white matter volume,
lateral ventricle volume, right caudate, left putamen,
bilateral hippocampus, bilateral frontal lobe, bilateral
temporal lobe, left insular, and right cerebellum, which
may suggest these brain regions are more subtle to SIV
infection. At 48 wpi, two macaques (the macaque
euthanized at 47 wpi and a macaque euthanized later at 58
wpi) in SIVþcART� group showed generalized gray
matter atrophy, with total WMV reduction, LV expan-
sion. In PWH, brain atrophy has been reported in frontal
lobe [37], parietal lobe [38], occipital lobe [38], temporal
lobe [14,39], insula [40], cerebellar [41], subcortical
nucleus (caudate, putamen, etc.) [12,41,42], and limbic
system [41], suggests a generalized atrophy pattern similar
to our model. In the precART era, brain atrophy was a
common neuroradiologic finding in HIV-infected
people, especially those in the AIDS stage [42–44],
histological examination indicated neuronal loss [44,45].
In the cART era, loss of synaptic connections has been
widely reported in PWH [46,47] whereas neuronal loss is
barely noticed. In addition, studies from a transgenic
animal model suggested dendritic degeneration precedes
neuron loss [5]. Hence, the most rapid brain atrophy
occurred at the endpoint (simian AIDS stage) in
SIVþcART� macaques may be because of neuronal
loss. One macaque in the SIVþcARTþ group showed
whole brain atrophy soon after infection, and at 48 wpi
whole-brain GMV increased substantially, suggesting
dendritic spine reduction instead of neuronal loss may
contribute to the neuropathology of the detected brain
atrophy with treatment just after the acute phase [27].

Viral load was positively associated with gray matter
volume of multiple brain regions, especially the subcortical
nucleus, within 48 weeks postinfection in both cART-
naive and cART-treated macaques. As neuronal damage is
thought to be mediated by the neuroinflammatory
response to viral proteins and inflammatory cytokines
[1], higher viral load in plasma suggests more severe
inflammation in CNS, with more obvious pathological
changes, such as glial cell activation and proliferation,
neuron or glia edema [45], presented as increased GMV
compared with SIVþcARTþ group. Previous research
showed SIV-infected macaques received cART have
reduced CNS virus and inflammation (such as glial cell
activation and proliferation, neuron or glia edema) [48].
The presented smaller volume might occur because of less
severe edema or glia cell activation and proliferation.
However, this conjecture would be more convincing with
the corresponding pathological examination.

CD4þ T-cell count has long been served as a biomarker
for immune suppression, and CD4þ/CD8þ ratio is
associated with immune senescence, chronic inflamma-
tion, which might more accurately describe the overall
immune dysfunction [49]. In our model, GMV of
multiple brain regions was positively associated with
immunological markers, similar to that in PWH
[14,39,50]. This again, implies systematic immune status
and cortical GMV are closely related. In addition, the
volume of clusters in the left inferior temporal gyrus,
right occipital lobe showed a negative correlation with
plasma CD4þ/CD8þ ratio in SIVþcART� macaques,
the volume of the cluster in right uvula (extend to right
lobule VIII, gracile lobule) of cerebellum showed a
negative correlation with plasma CD4þ T-cell count in
SIVþcARTþ macaques, this may suggest that there may
be a compensatory mechanism, such as increased
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dendritic spine density. Nevertheless, the underlying
pathological manifestations of these two clusters require
further investigation.

For most of our ROIs, gray matter volume fluctuated
over time, even in the healthy control group. Several
reasons might contribute to this phenomenon. First,
measurement error. Second, the repeated anesthesia
during our experiment may influence brain volume in
our macaques [51].

An important limitation of our study is the small sample
size, especially for healthy controls. Further studies with
larger samples are needed to test reproducibility. In
addition, our study design did not include SIV-cARTþ
macaques, so we were unable to elucidate the effect of
cART on the brain volume of healthy macaque.

In conclusion, SIVmac239-infected Chinese origin
macaque can be a valid model to investigate HIV-
induced brain alteration. SIV-infection is likely to cause
generalized brain atrophy, which can be effectively
relieved, even reversed, by cART. The subcortical
nucleus (especially caudate and putamen) was affected
by viral load whereas the cortical cortex was impacted by
both viral load and immunological levels (mainly).
Systematic immune function is closely linked to GMV.
Further studies are warranted to reveal the pathologic
mechanism behind the findings.
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