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Abstract Previous diffusion tensor imaging (DTI) studies
found that human immunodeficiency virus (HIV) infection
led to white matter (WM) microstructure degeneration. Most
of the DTI studies were cross-sectional and thus merely inves-
tigated only one specific point in the disease. In order to sys-
tematically study the WM impairments caused by HIV infec-
tion, more longitudinal studies are needed. However, longitu-
dinal studies on HIV patients are very difficult to conduct. To
address this question, we employed the simian immunodefi-
ciency virus (SIV)-infected rhesus monkeys model to carry
out a longitudinal DTI study. We aimed to longitudinally ac-
cess the WM abnormalities of SIV-infected rhesus monkeys
by studying the fractional anisotropy (FA) alterations with

Tract Based Spatial Statistic (TBSS) analysis. Four rhesus
monkeys inoculated intravenously with SIVmac239 were uti-
lized in the study. DTI scans and peripheral blood CD4+ and
CD8+ Tcell counts were acquired prior to virus inoculation (as
the baseline) and in the 12th and 24th week postvirus inocu-
lation. Significant FA alterations were found in the two areas
of the inferotemporal regions (iTE), respectively located in the
ventral subregion of posterior iTE (iTEpv) and the dorsal sub-
region of iTE (iTEpd). The decreased FA values in iTEpd
were found significantly negatively correlated with the elevat-
ed peripheral blood CD4+/CD8+ ratios. It might suggest that
WM in iTEpd was still impaired even though the immune
dysfunction alleviated temporally.

Keywords Simian immunodeficiency virus . Longitudinal
study . Diffusion tensor imaging . Fractional anisotropy .

Tract-based spatial statistic

Introduction

The introduction of highly active anti-retroviral therapy
(HAART) and combination antiretroviral therapy (cART)
greatly reduces the mortality of HIV-infected patients and
prolongs their life expectancy. While the antiretroviral ther-
apy remarkably improves survival of the HIV patients,
most of the therapies are insufficient to remove the brain
injury of the HIV infection (Ellis et al. 2007). Although the
HIV associated dementia (HAD) is rarely seen among the
HIV patients under potent antiretroviral therapy, the HIV
associated neurocognitive disorder (HAND) still persists in
the HAART era (Clifford and Ances 2013; Heaton et al.
2010). The neurobiological mechanism of HAD and
HAND remains incompletely understood (Gongvatana
et al. 2009). Previous pathological study suggested that
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the white matter (WM) was preferentially injured in HIV
patients (Bell 1998). A previous in vivo neuroimaging
study found more extensive WM abnormalities in HAD
than nondemented HIV patients, and the WM abnormalities
were associated with the worsening cognitive impairment in
HAD (Chen et al. 2009). Further studies of the WM ab-
normalities in HIV infection might potentially provide more
insight into the underlying mechanisms of the cognitive
decline that can be seen in HIV subjects in the HAART
era.

DTI is an in vivo neuroimaging method sensitive to
detect subtle WM abnormalities (Schouten et al. 2011).
The technique is especially helpful in studying disease
associated with demyelination and axonal damage, which
are commonly seen in HIV infection (Anthony and Bell
2008; Medana and Esiri 2003). Previous DTI studies
found significant WM injuries in HIV patients indicated
by the abnormalities in fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD), and radial diffu-
sivity (RD). Early DTI studies found WM damage in the
prefrontal WM and corpus callosum by region-of-interests
(ROI)-based analysis (Pfefferbaum et al. 2007; Wu et al.
2006). Subsequent studies employing whole brain voxel-
based analysis found that more widespread WM regions
were impaired by HIV infection, including the temporal
and parietal WM (Chen et al. 2009). More recently,
tract-based spatial statistics (TBSS) was utilized in the
DTI study of HIV patients (Leite et al. 2013; Zhu et al.
2013). TBSS studies found that the temporal WM, parietal
WM, corpus callosum, and corona radiate were involved
in HIV infection (Zhu et al. 2013). DTI provided a non-
invasive and convenient method to study the WM abnor-
malities of HIV-infected patients, and the findings were
consistent with previous HIV neuropathology research
studies (Anthony and Bell 2008). Previous neuropathology
studies of HIV encephalitis found that the white matter of
cerebral hemispheres and the corpus callosum were pref-
erentially invaded by the macrophages and multinucleated
giant cells, which indicated the progression of
neuroinflammatory processes (Gosztonyi et al. 1994).
Previous autopsy studies of HIV patients also found axo-
nal damage and demyelination in the subcortical and deep
white matter (Langford et al. 2002; Raja et al. 1997).

Most of previous DTI studies on HIV patients were cross-
sectional (Masters and Ances 2014). Cross-sectional studies
investigated the HIV cohorts on a specific point of time, and
they were efficient to detect the WM abnormalities in HIV
infection (Chen et al. 2009; Correa et al. 2015). However,
the cross-sectional studies were limited because they only
generated a single snapshot of disease point, and they were
unable to follow the WM abnormalities from early to late
stages of the disease. Longitudinal studies are needed to pro-
vide information about whether theWM abnormalities in HIV

infection are permanent, static, or progressive (Gongvatana
et al. 2011; Hoare et al. 2012).

Conducting longitudinal studies on human subject can be
challenging for reasons such as difficulty determining the pre-
cise time of infection and patient noncompliance. To circum-
vent these difficulties, an appropriated animal model parallel
to human infected with HIV can be used. Rhesus monkeys
infected with simian immunodeficiency virus (SIV) resemble
HIV patients strongly in neuropathological manifestations,
providing an ideal model for studying WM abnormalities in
AIDS infection (Burudi and Fox 2001; Gold et al. 1998;
Murray et al. 1992;Williams et al. 2008). In addition, previous
neuroimaging study also found that SIV-infected rhesus mon-
keys exhibited DTI indices abnormalities similar to HIV pa-
tients (Li et al. 2011). Thus, conducting longitudinal DTI
study on SIV-infected rhesus monkeys would reproduce the
whole pathogenesis of WM injuries in SIV infection and pro-
vide insight into the HIV-associated WM abnormalities.

In our study, we aimed to longitudinally study the WM
abnormalities of the SIV-infected rhesus monkeys by TBSS
analysis on FAvalues alterations. TBSS focused on largeWM
tracts in a voxel-wise manner, combining the strengths of
ROI-based and whole brain voxel-based analysis (Smith
et al. 2006). Peripheral blood indices, including CD4+ and
CD8+ T cell counts, were also obtained to investigate the
relationship of these clinical measures to the DTI findings.

Materials and methods

Subjects

Experiments were approved by Beijing Municipal Sciences &
Technology Commission. Four male rhesus monkeys (ages 3–
5 years) of Chinese origin were utilized in our longitudinal
study. All the animals underwent health screening and were
confirmed to be healthy before being assigned to the project.
Indirect immunoinfluscent assay (IFA) was also employed to
exclude the potential infection of simian immunodeficiency
(SIV), simian type-D retrovirus (SRV), or simian T cell
lymphotropic virus-I (STLV-I). All of the four monkeys were
inoculated intravenously with SIVmac239. MRI scans were
acquired prior to virus inoculation (as the baseline) and in the
12th and 24th week postvirus inoculation. All the animals had
laboratory evaluations (peripheral blood CD4+, CD8+ T cell
counts, plasma SIV RNA viral load, and white cell counts)
performed before each MRI scan. In the preparation for imag-
ing and T cells counts, the animals were anesthetized by in-
tramuscular injection of ketamine hydrochloride (5–
10 mg/kg). The body temperature of each animal was moni-
tored during the MRI scan, and a water blanket was used to
prevent hypothermia. The details of the body temperature and
laboratory evaluation values are shown in Table A1 of the
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supplement. The serial numbers of the animals were 130005,
130007, 130010, and 130011. Monkey 130007 died of termi-
nal AIDS in the 13th week.

Animals were housed at the Institute of laboratory animal
sciences, CAMs & PUMC (Chinese Academy of Medical
Sciences & Peking Union Medical College). The housing sur-
roundings were maintained at 16~26 °C, humidity 40~70 %,
and 12-h/12-h light/dark cycle. Water was available ad
libitum. Monkeys formula feeds were provided on a twice-
daily regimen without dietary restrictions. All animals were
housed according to the standards of Institute of laboratory
animal sciences, CAMs & PUMC.

DTI scan protocol

The DTI scans were acquired three times on each animal for
the longitudinal assessment of SIV infection. All DTI scans
were performed using a 3T Siemens Tim TRIO whole-body
magnetic resonance scanner (Siemens, Germany) with a 32-
channel head coil at Beijing YouAn Hospital, Capital Medical
University. For each animal, structural and diffusion weighted
MRI scans were obtained after the animal was anesthetized
and placed in the supination position. T1 weighted images
were acquired with a turbo flash sequence. The parameters
were repetition time/echo time (TR/TE)=1800/4.5 ms,
FOV=160 mm×160 mm, data matrix=320×320, flip an-
gle=9°, slice thickness=1 mm (voxel size=0.5×0.5×
1.0 mm3). Scan time was 7 min 50 s. A turbo spin echo
(TSE) sequence in the axial orientation was used in the DTI
scans. Diffusion weighted images (DWI) were acquired along
30 noncollinear and noncoplanar directions with b=800 s/
mm2 and one b=0 s/mm2 image. The parameters were TR/
TE=4200/96 ms, FOV=160 mm×160 mm, data matrix=
130×130, flip angle=90°, 28 slices with 2-mm slice thick-
ness, and no gap (voxel size=1.2×1.2×2.0 mm3). The DTI
scan was repeated four times and averaged to increase the
signal-to-noise ratio. Scan time was 8 min 53 s.

T cell markers monitoring

Blood samples, for quantitation of peripheral blood CD4+ and
CD8+ T cells, were collected before each DTI scan. CD4+/
CD8+ ratios were then calculated from the peripheral blood
CD4+ and CD8+ T cells counts.

DTI data analysis

Preprocessing

The FMRIB Software Library (FSL, FMRIB, Oxford, UK)
(Smith 2002; Smith et al. 2004; Woolrich et al. 2009) was
used in the data preprocessing. Firstly, all raw DWI volumes
were aligned to the b0 image by EddyCorrect Tool to correct

for head motion and eddy current distortions. Then, the skull
and nonbrain tissues were removed using Brain Extraction
Tool (Smith 2002). Lastly, a diffusion tensor, or ellipsoid,
was model at each voxel by Dtifit Tool (Basser et al. 1994).
Based on the eigenvalues of the tensor, FA, MD, AD, and RD
values were calculated on a voxel by voxel basis.

Tract-based spatial statistic

To identify all the major WM tracts in the brain, voxel-wise
analysis on FA images was conducted using the TBSS toolbox
of FSL (Smith et al. 2006). TBSS modified for processing
nonhuman primate (NHP) brains was employed in our study,
following the previous published approaches (Howell et al.
2014; Howell et al. 2013). Firstly, each FA image was
nonlinearly registered to a common space or template. In our
study, T1 template from Wisconsin 112RM-SL rhesus atlas
(McLaren et al. 2009) was used as the target image. After
registrations, all the images were in the coordinate space of
Saleem-Logothetis rhesus brain stereotaxic atlas (Saleem and
Logothetis 2012) and in the resolution of 0.5×0.5×0.5 mm3.
Next, the registered images were averaged to create a mean
FA image. The mean FA image was skeletonized by suppress-
ing nonmax FA values perpendicular to the local tract struc-
ture, and then thresholded by 0.2 to create a mean FA skeleton.
The threshold was used to exclude small peripheral tracts and
suppress high inter-subject variability. After being
thresholded, the mean FA skeleton represented the major
WM tracts common to all the subjects. Lastly, all the regis-
tered FA images were projected onto the mean FA skeleton by
filling the skeleton with FA values from the nearest relevant
tract center. The skeletonized FA images were subsequently
fed to statistical analysis. The raw TBSS maps were provided
in the Fig. A1 of the supplement.

Statistical analysis

To uncover theWM impairments due to SIV infection, repeat-
ed measures ANOVAwas performed on the skeletonized FA
images from the three DTI scans. ANOVA analysis was con-
ducted with the Randomise tool in FSL (Winkler et al. 2014).
ANOVA results were thresholded at P<0.005 (uncorrected,
cluster size≥20). Anatomic regions which survived the thresh-
old were then identified and labeled according to structures
defined in Saleem-Logothetis rhesus brain stereotaxic atlas
(Saleem and Logothetis 2012). Results were displayed in the
T1 template fromWisconsin 112RM-SL rhesus atlas and con-
sidered as regions of interest (ROIs). The mean and max FA,
AD, RD, andMD values were calculated in each ROI for each
subject.

To access the longitudinal changes of the mean and max
FA, AD, RD, and MD values in each ROI across all time
points, three group comparisons were conducted with paired
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t test analysis (baseline vs. 12th weeks, 12th weeks vs. 24th
weeks and baseline vs. 24th weeks). Peripheral blood CD4+ T
cell counts and CD4+/CD8+ ratios were analyzed in the same
manner. Furthermore, we applied Pearson correlation between
the diffusion parameters (the mean and max FA, AD, RD, and
MD values) and peripheral blood indices (CD4+ T cell counts
and CD4+/CD8+ ratios) to find out whether the WM impair-
ments were related to the progression of HIV infection or
immune dysfunction. The investigation was limited to the data
acquired postvirus inoculation. Paired t test and Pearson cor-
relation of SPSS 18 (http://www-01.ibm.com/software/
analytics/spss/) were employed in the statistical analysis.
Significance was set at P<0.05.

The relationship of the diffusion parameters with the pe-
ripheral blood plasma SIV RNA viral load and the peripheral
blood white cell counts was analyzed in the same manner.
This issue was provided in the supplement.

Results

We found significant FA alterations in two areas of the
inferotemporal regions (iTE) by repeated measure ANOVA.
One was in the ventral subregion of posterior iTE (iTEpv,
P<0.005, uncorrected, 31 voxels, Fig. 1a), and the other was
in the dorsal subregion of posterior iTE (iTEpd, P<0.005,
uncorrected, 20 voxels, Fig. 1b). Results were displayed in
the T1 template from Wisconsin 112RM-SL rhesus atlas,
which was in the coordinate space of Saleem-Logothetis
rhesus brain stereotaxic atlas.

Longitudinal changes of the mean and max FA, AD, RD,
and MD values in iTEpv and iTEpd are illustrated in Fig. 2.
Comparing with baseline values, both the mean and max FA
values in iTEpv significantly decreased in the 12th weeks
postinoculation (t=4.353, P=0.022 for mean FA values; t=
5.301, P=0.013 for max FA values). In comparison with the
values of the 12th weeks, Max AD values in iTEpd

significantly decreased in the 24th weeks (t=5.743, P=
0.029). No significant changes were observed in MD and
RD values.

Longitudinal changes of peripheral blood CD4+ T cell
counts and CD4+/CD8+ ratios are illustrated in Fig. 3. CD4+

T cell counts declined significantly in the 12th weeks in com-
parison with baseline values (t=5.77, P=0.01, Fig. 3a). CD4+/
CD8+ ratios increased significantly in the 24th weeks in com-
parison with the values of 12th week (t=−6.761, P=0.021,
Fig. 3b).

For the data acquired postvirus inoculation, both the max
and mean FA values in iTEpd were significantly negatively
correlated with peripheral blood CD4+/CD8+ ratios (r=
−0.816, P=0.025 for mean FA; r=−0.85 P=0.015 for max
FA, scatter diagrams were showed in Fig. 4). The longitudinal
analysis above revealed that the peripheral blood CD4+/CD8+

ratios significantly increased, while the max and mean FA
values in iTEpd decreased nonsignificantly with the advan-
tage of disease. So, the decreased FA values in iTEpd were
associated with the elevated peripheral blood CD4+/CD8+ ra-
tios. No significant correlation was found between other dif-
fusion parameters and peripheral blood indices.

The peripheral blood plasma SIV RNA viral load and the
peripheral blood white cell counts showed no significant as-
sociation with the diffusion parameters, and the details of the
results are provided in the Table A2 and Table A3 of the
supplement.

Discussion

In the current study, we longitudinally studied the FA alter-
ations to access the WM impairments of the SIV-infected
rhesus monkeys. Repeated DTI scans and peripheral blood
indices were acquired at the baseline (2 weeks prior to virus
inoculation) and in the 12th and 24th week postvirus inocula-
tion. We found WM abnormalities in the inferotemporal

a

iTEpv

x=22.5mm

y=10mm

z=0mm

b

iTEpd

x=25.5mm

z=5.5mm

y=3mm

Fig. 1 3×1 repeated measures
ANOVA results showed the main
effect of time postinoculation. a
Ventral subregion of posterior iTE
(iTEpv, uncorrected, P<0.005,
31 voxels). b Dorsal subregion of
posterior iTE (iTEpd,
uncorrected, P<0.005, 20 voxels)
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regions, and the WM abnormalities were associated with pe-
ripheral blood CD4+/CD8+ ratios.

The inferotemporal region of rhesus monkey corresponds
anatomically to the inferior temporal region of human (Saleem
and Logothetis 2012; Sewards 2011a). Previous studies sug-
gest that the homologies between the species also apply to
white matter structures (Kravitz et al. 2011; Kravitz et al.
2013; Sewards 2011b). Accumulating cross-sectional studies
on HIV patients had reported neural lesions in the inferior
temporal regions. In a previous DTI study examining the ef-
fect of clinical factors on the WM integrity of HIV patients,
WM in the inferior temporal regions was found preferentially
damaged due to hepatitis C virus (HCV) coinfection
(Gongvatana et al. 2011). In addition to WM impairments,
previous studies of HIV infection also found gray matter ab-
normalities in the inferior temporal regions (Becker et al.
2012; Kuper et al. 2011; Sarma et al. 2014). Kuper and his
colleagues found severe gray matter atrophy in the left inferior
temporal regions among HIV patients with cognitive

impairments (Kuper et al. 2011). Becker et al. not only iden-
tified HIV-related gray matter loss in the inferior temporal
regions but also found significant correlation between the
GM loss and performance of neuropsychological tests
(Becker et al. 2012). Moreover, in an investigation on perina-
tally HIV-infected adolescents, gray matter hypertrophy was
observed in bilateral inferior temporal regions, whichmight be
the result of inflammation (Sarma et al. 2014). Our results of
the SIV-associated WM impairments in the inferotemporal
regions together with the findings of previous cross-sectional
studies on HIV patients might suggest that the inferior tempo-
ral regions were vulnerable to both SIVand HIV infection.

The inferotemporal regions (iTE) are usually considered as
the final stage in the ventral visual pathway and are crucial for
visual objects recognition (Kravitz et al. 2011; Kravitz et al.
2013; Ohyama et al. 2014). Our finding might suggest that
SIV infection impaired the ventral visual pathway and may
lead to disability or low efficiency of information transmission
on the ventral visual pathway.
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Fig. 2 Longitudinal changes of
diffusion parameters in iTEpv and
iTEpd after SIV inoculation. a
Longitudinal changes of FA
values in iTEpv and iTEpd. In
comparison with baseline values,
both the mean and max FAvalues
in iTEpv significantly decreased
in the 12th weeks postinoculation
(P=0.022 for mean FA values;
P=0.013 for max FA values). b
Longitudinal changes of AD
values in iTEpv and iTEpd. In
comparison with the values of the
12th weeks postinoculation, max
AD values in iTEpd significantly
decreased in the 24th weeks
postinoculation (P=0.029). c
Longitudinal changes of MD
values in iTEpv and iTEpd. No
significant changes were found. d
Longitudinal changes of RD
values in iTEpv and iTEpd. No
significant changes were found.
Error bars represent standard
deviation error. *, #P<0.05
compared with baseline and the
12th weeks, respectively
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In the longitudinal analysis, we found that both mean and
max FA values in iTEpv significantly decreased in the 12th
week compared with baseline values. FA decline was the most
common finding of previous cross-sectional DTI studies on
HIV patients (Correa et al. 2015; Gongvatana et al. 2009;
Hoare et al. 2011; Stubbe-Drger et al. 2012). In the intact
WM microstructure, water molecules diffusion perpendicular
to the WM fibers was hindered by the myelin sheath, resulting
distinct diffusivity anisotropy along the direction of the fiber
and high FA values. Our results of decreased FA values in the
iTEpv indicated that the diffusion pattern in the WM tissues
was perturbed and WM microstructure of the iTEpv was
damaged.

We found that the AD values in both iTEpd and iTEpv
increased in the 12th week and decreased in the 24th week
afterward. Specially, the max AD values in iTEpd significantly
increased in the 24th week. Our finding of decreased AD values
was consistent with one study of the HIV patients naive to
combination antiretroviral therapy (cART) (Wright et al.
2012). However, several previous DTI studies also identified
increased AD values in HIV patients (Leite et al. 2013; Nir et al.
2014; Zhu et al. 2013). The difference between our results and
theirs might be due to the different pathological process of the
WMdegeneration that was identified. The increased AD values
of HIV patients might be due to reduced axonal density or WM
atrophy, which would increase the interstitial space between the
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axons and subsequently increase the water diffusion along the
axonal direction (Zhu et al. 2013). Nevertheless, the decreased
AD values caused by HIV infection might be associated with
the severe injuries of highly aligned axonal fibers or the replace-
ment of axonal fibers with less ordered cells such as glial cells,
which could decrease the diffusivity along the axonal tracts
(Sun et al. 2006; Wright et al. 2012). Our results might indicate
that axonal injuries are the neuropathological process behind
the SIV-associated WM abnormalities in iTEpd.

In our work, we found that the direction of AD values
changed over time. Increased AD values were observed in
the 12th week postinoculation, while decreased AD values
were found in the 24th week postinoculation. It was notewor-
thy that the increased AD values were mostly reported among
the HIV patients on a stable antiretroviral regimen, whose
white matter damage was under control (Leite et al. 2013;
Nir et al. 2014; Zhu et al. 2013). However, decreased AD
values were observed in the HIV patients who were naive to
antiretroviral therapy and had extensive WM damage (Wright
et al. 2012). Our results might suggest that the WMwas dam-
aged further with advancing disease.

In HIV clinic, CD4+ T cell counts depletion is routinely used
to evaluate disease progression and track disease development
(Lentz et al. 2009). Our results of decreased CD4+ T cell indi-
cated the developments of SIV infection. HIV infection would
generally lead to CD4+ T cell counts depletion and CD8+ T cell
counts augmentation, resulting the decrease of CD4+/CD8+ ra-
tios. CD4+/CD8+ ratios decreasing were routinely associated
with immune dysfunction, such as immunoactivation and
immunosenescence (Sainz et al. 2013; Serrano-Villar et al.
2013), while we found increased CD4+/CD8+ ratios in the 24th
week post-SIV inoculation and our results were consistent with
previous SIV study which reported that the CD4+/CD8+ ratios
would temporally recover after the initial decrease in the early
stage of infection (Bao et al. 2014). In previous study, CD4+/
CD8+ ratios elevation was also observed in HIV patients on
antiretroviral treatment (ART) (Saracino et al. 2014; Serrano-
Villar et al. 2013; Thornhill et al. 2014). Moreover, the increased
CD4+/CD8+ ratios were found correlated with the accumulated
ART exposure (Serrano-Villar et al. 2013). Our results might
suggest that the immune dysfunction in SIV infection alleviated
temporally to a certain extent by the 24th week postinoculation,
though failed in reaching normal level. In addition, we also
found that the increased CD4+/CD8+ ratios were negatively cor-
related with the decreased FA values in iTEpd. It might suggest
that the WM in iTEpd was still impaired even though the im-
mune dysfunction alleviated temporally.

The current study has several limitations. First, the sample
size was small, and we could not adjust our analyses for multiple
comparisons. Longitudinal studies with more animals investigat-
ed for longer time are still needed in the future. Secondly, the
current study only focused on the rhesus monkeys naive to an-
tiretroviral therapy. In a recent study, it was proposed that

combination antiretroviral therapy might contribute to the
HAND in the era of cART (Gelman 2015). Considering that
more and more HIV patients are accessible to antiretroviral ther-
apy but still harassed by HAND, further studies are needed to
longitudinally investigate the neurodegeneration of SIV-infected
rhesus monkeys under antiretroviral therapy.

Conclusion

In the current study, we found that the WM in the
inferotemporal regions was impaired by SIV infection and
the axonal injuries might be the neuropathological process
behind. We investigated the relationship of peripheral blood
indices with the MRI results and found that the WM impair-
ments in iTEpd persisted even though the immune dysfunc-
tion in SIV infection alleviated temporally. The MRI findings
suggested that the FA might be a sensitive image marker to
detect the WM impairments in SIV infection. Future studies
with larger sample size would be expected to further explore
the SIVassociatedWM abnormalities and provide insight into
the WM degeneration occurred in HIV infection.
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