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Abstract
Objective To identify the white matter (WM) impairments of
the antiretroviral therapy (ART)-naïve HIV patients by
conducting a multivariate pattern analysis (MVPA) of
Diffusion Tensor Imaging (DTI) data
Methods We enrolled 33 ART-naïve HIV patients and 32
Normal controls in the current study. Firstly, the DTI metrics
in whole brain WM tracts were extracted for each subject and
feed into the Least Absolute Shrinkage and Selection
Operators procedure (LASSO)-Logistic regression model to
identify the impaired WM tracts. Then, Support Vector
Machines (SVM) model was constructed based on the DTI

metrics in the impairedWM tracts to make HIV-control group
classification. Pearson correlations between the WM impair-
ments and HIV clinical statics were also investigated.
Results Extensive HIV-related impairments were observed in
the WM tracts associated with motor function, the corpus
callosum (CC) and the frontal WM. With leave-one-out cross
validation, accuracy of 83.08% (P=0.002) and the area under
the Receiver Operating Characteristic curve of 0.9110 were
obtained in the SVM classificationmodel. The impairments of
the CC were significantly correlated with the HIV clinic
statics.
Conclusion The MVPA was sensitive to detect the HIV-
related WM changes. Our findings indicated that the MVPA
had considerable potential in exploring the HIV-related WM
impairments.
Key points
• WM impairments along motor pathway were detected
among the ART-naïve HIV patients

• Prominent HIV-related WM impairments were observed in
CC and frontal WM

• The impairments of CC were significantly related to the HIV
clinic statics

• The CCmight be susceptible to immune dysfunction and HIV
replication

• Multivariate pattern analysis had potential for studying the
HIV-related white matter impairments
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WM White Matter
FA Fractional Anisotropy
MD Mean Diffusivity
AD Axial Diffusivity
RD Radial Diffusivity
ROI Regions of Interests
LASSO The Least Absolute Shrinkage and Selection

Operators procedure
SVM Support Vector Machines
ACC Accuracy
ROC Receiver Operating Characteristic
AUC Area under the ROC curve
LOOCV Leave one out cross-validation
CC Corpus Callosum

Introduction

HIV infection affects the brain soon after seroconversion,
bringing about neurodegeneration and subsequently resulting
in cognitive impairments [1]. Though the introduction of an-
tiretroviral therapy (ART) has prevented the death from HIV,
the therapy has been insufficient to eradicate the neurodegen-
eration caused by HIV infection [2]. With the advance of the
disease, the neurodegeneration of the central nervous system
can be exacerbated by the longer exposure to HIVand lead to
HIV-associated neurocognitive impairments [3]. Meanwhile,
the underlying neuropathological changes of these clinical
symptoms are still not completely understood [4, 5]. In recent
years, the non-invasive MRI techniques, including T1-
weighted MRI, functional MRI (fMRI) and diffusion tensor
Imaging (DTI), have shown great effectiveness in studying the
HIV-related neurodegeneration [6].

DTI has been an effective tool for detecting the subtle white
matter (WM) microstructure changes in HIV infection by
measuring the in vivo water molecule diffusion within the
WM fibers [7]. WM changes were revealed by the alterations
of the DTI deprived metrics, including Fractional Anisotropy
(FA), Mean Diffusivity (MD), Axial Diffusivity (AD) and
Radial Diffusivity (RD) [8]. Most of the previous DTI studies
employed the conventional univariate statistical analysis of
the DTI metrics to identify the WM changes due to HIV in-
fection. In the earlier studies, it was found that HIV infection
would cause damage to the callosal [9, 10] and frontal [11, 12]
WM by investigating the DTI metrics changes in the regions
of interests (ROI) [9, 12] and particular WM tracts [10, 11].
While in recent DTI studies employing whole brain voxel-
wise analysis and tract-based spatial statistics analysis, HIV
infection was found to cause damage in more extensive and
variable WM structures, including the corpus callosum (CC)
[13–15], the corona radiate [13], the uncinated fasciculus [16],
the internal capsule [13, 15], the cerebellar peduncles [17], the
cerebral peduncle [15], corticospinal tracts [18], and so on. It

was regrettable that discrepancies existed in the findings of the
previous univariate statistical analysis studies [6, 19].

In recent years, the multivariate pattern analysis (MVPA)
has been increasingly used in DTI researches [20–24]. This
method uses the DTI metrics as features to estimate the clinic
variables or predict the diagnosis status, and in turn reveal the
disease-related DTI metrics changes. The MVPA took inter-
regional correlations into account and provided increased sen-
sitivity in detecting the subtle neuropathology changes, which
might help to settle the issues in previous univariate statistical
analysis studies of HIV, while there had been only a small
number of researches applying the MVPA in HIV infection.
In a previous study employing the linear mixed-effects model,
it was found that HIV disease severity was associated with the
disrupted DTI metrics in the inferior fronto-occipital, the un-
cinate tracts, and the inferior longitudinal fasciculus [25]. In
another study, Nir et al. ran a voxel-wise linear regression to
test for the effects of HIV diagnosis on WM integrity, and
observed widespread WM impairments agreeing with the
findings of prior univariate statistical analysis studies [26].
The results of these pioneering studies indicated the potential
of the MVPA in studying the HIV-related WM impairments.

Nevertheless, the WM characteristics usually generated a
great number of features, which made it difficult to identify
the DTI metrics changes crucial for HIV infection [25, 26].
There was an urgent need to select the meaningful and infor-
mative features before feeding them into the models. The
Least Absolute Shrinkage and Selection Operators procedure
(LASSO) regression was capable of selecting the features as-
sociated with the dependence variable and forcing the coeffi-
cients of irrelevant features towards zeros, which offered a
possible solution to this problem [27]. In a previous study
employing LASSO regression on several limited brain re-
gions, Bunea et al. found that the DTI metrics changes in the
CC and internal capsule were related to the neurocognitive
dysfunction among HIV patients [28], which indicated that
the LASSO regression was suitable to detect the HIV-related
WM changes.

In the current study, we aimed to employ the LASSO re-
gression to identify the WM tracts impairments associated
with HIV infection. Particularly, the analysis of the current
study was confined to the ART naïve patients to exclude the
possible factor of ART erosion on the WM integrity [29]. To
further ascertain that the identified tracts were truly related to
HIV infection, a Support Vector Machines (SVM) model
based on the selected features was constructed to make the
HIV-control classification. The SVM is an algorithm designed
for binary classification that maximizes the margins between
classes in a high dimensional space, and was well-suited to
distinguish the individuals with WM degeneration disease
[22, 30, 31]. The SVM classification model would be assessed
by classification accuracy (ACC) and the area under the
Receiver Operating Characteristic (ROC) curve (AUC).
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Relatively high ACC and AUC values would further confirm
that the WM impairments identified by the LASSO regression
were substantially associated with HIV infection.

Materials and methods

Subjects and data acquisition

The study was approved by the Ethics Committee of the
Beijing YouAn Hospital, Capital Medical University. 33
HIV patients and 32 age and gender-matched normal control
(NC) subjects were employed in the current study. All the
subjects had provided written informed consent after a de-
tailed explanation of this study. The HIV patients were en-
rolled from the Beijing YouAn Hospital, Capital Medical
University. All the HIV patients were naïve to ART. The ex-
clusion criterion for HIV patients included: history of alcohol
or substance abuse, obvious brain lesion (such as trauma or
tumours), history of neurodegenerative disease other than
HIV (such as diabetes, and Alzheimer's disease), diagnosis
of neurological comorbidities (such as HIV encephalitis or
leukoencephalopathy). The clinical statics, including current
CD4+ cell counts, CD4+/CD8+ ratios, and plasma viral loads
were collected for each patient. The duration of HIV infection
was determined by self-reports of patients. The NC subjects
were enrolled from the same urban areas as the infected sub-
jects. The NC subjects were confirmed to be exclusive of
obvious brain lesion (such as trauma or tumours), any history
of previous neurodegenerative disease (such as diabetes, and
Alzheimer's disease) or systemic disease. The demographic
and clinical information of HIV patients and NC subjects is
provided in Table 1.

For each subject, structural T1-weighted MRI and DTI
were obtained on a 3.0T Siemens scanner (Allegra, Siemens
Medical System, Erlangen, Germany) using a 32-channel
phased array coil. A standard birdcage head coil and
restraining foam pads were used to minimize head motion.
Structural T1-weighted MRI was acquired with a spoiled gra-
dient recall sequence. For DTI, we used single shot echo-
planar imaging (EPI) sequences in contiguous axial planes
covering the whole brain. Detailed acquisition parameters
are listed in Table 2. All the MRI were reviewed by an expe-
rienced neuroradiologist and confirmed exclusive of visible
brain damages.

Whole brain WM characteristics

We employed the ROI-based analysis to investigate the whole
brain white matter characteristics. The ROI-based analysis
was performed based on the International Consortium for
Brain Mapping DTI-81 (ICBM DTI-81) WM labels atlas
[32], which identified 50 main WM tracts in the Montreal

Neurological Institute (MNI) 152 space. The FMRIB
Software Library (FSL, FMRIB, Oxford, UK) [33–35] and a
Pipeline for analyzing brain diffusion images (PANDA) [36]
(http://www.nitrc.org/projects/panda) were employed for DTI
data processing. Firstly, the maps of FA, MD, AD and RD
were obtained by DTI preprocessing in a similar procedure
with the previous DTI studies [37–40]. Then, the FA, MD,
AD and RD maps in the native space were non-linearly reg-
istered to the FMRI58-FA template (http://fsl.fmrib.ox.ac.uk/
fsl/fslwiki/FMRIB58_FA) in the MNI 152 space.
Subsequently, the mean FA, MD, AD, and RD values in
each WM tract were calculated for each subject. The 200
DTI metrics of FA, MD, AD, and RD values representing
the whole brain WM characteristics were used as features in
the following process.

Feature selection

In the current study, the feature selection was realized using
the LASSO-Logistic regression model implemented within
the Glmnet [41] (http://statweb.stanford.edu/~tibs/lasso.
html). The LASSO regression selected the features most
related to HIV infection by shrinking the coefficients of
unrelated features towards zero with the regulation
parameter λ. The regulation parameter λ tuned the sparsity
of the model: a larger λ would lead to a sparser model. By
choosing appropriate λ, the LASSO regression reduced the
chance of model overfitting, and simultaneously achieved
the goodness of model fitting. We chose the regulation
parameter λ with the cyclical coordinate descent method,
where the minimal λ was set as 0.1; and the number of λ
was set as 100. We obtained the mean misclassification rate
for each λ with the leave-one-out cross-validation (LOOCV)
method. The λ obtaining the minimummean misclassification
rate in the LASSO-Logistic regression model was chosen as
the optimal regulation parameter. The features in the model
with optimal regulation parameters were regarded as selected
features.

The selected features represented the HIV-related DTI met-
rics alterations, revealing the microstructure degenerations in
different WM tracts. To investigate the statistical significance
of the DTI measures changes, two sample T tests were con-
ducted on all the selected features between the HIV group and
the NC group with SPSS18 (http://www.ibm.com/analytics/
us/en/technology/spss/). Significance was set as P<0.05.

HIV-control group classification

Based on the features selected by LASSO regression anal-
ysis, we employed the SVM with linear kernel to con-
struct the HIV-control group classification model. Due to
the limited sample size in the current study, we employed
the LOOCV strategy to assess the classification
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performance of the SVM model. Based on the results of
LOOCV, we plotted the ROC curve, and calculated the
AUC and the classification ACC. In addition, we also
obtained the weight value of each feature in constituting
the hyperplane of the SVM model. The weight value of
each feature was calculated by summing the weight coef-
ficients assigned to the feature across the 65 LOOCV
loop, and subsequently dividing the maximal coefficients
across all the selected features. The SVM parameters were
set to acquire the best classification performance.

A permutation test was conducted to assess the sta-
tistical significance of the ACC obtained by the SVM
model with a framework implemented in previous stud-
ies [42–44]. Firstly, the label of each subject was ran-
domly permutated for 500 times and assigned to all the
subjects. Then, the SVM classification model was re-
constructed based on the permutated labels to obtain
the permutated ACCs. The P-value was defined as be-
low, indicating how likely the classification performance
of the SVM model was observed by chance:

P ¼ 1þ Ngreater ACC

1þ N
ð1Þ

where N was the number of permutations, which was
500 here; Ngreater ACC was the number of the permuta-
tions which obtained greater ACC than the non-
permutation ACC. The classification ACC of the SVM
model was considered as statistical significant on the
condition that the non-permutated ACC was greater than
95% of the permutated ACC, corresponding to P <0.05.

Correlation analysis

To investigate the association between the HIV-related WM
changes and the clinical statistics, we carried out Pearson cor-
relations analysis of the selected features with the current
CD4+ cell counts, plasma viral loads, and CD4+/CD8+ ratios.
The plasma viral loads were not normally distributed, and
were log transformed (10 based) prior to statistical analysis.
The correlation analysis was conducted within the patient
groups. Pearson correlation analysis was conducted with
SPSS18. Significance was set as P<0.05. The P values were
Bonferroni-corrected for the number of the clinical statistics
(the current CD4+ cell counts, plasma viral loads, and CD4+/
CD8+ ratios).

Table 2 Acquisition parameters
for Structural T1-weighted MRI
and DTI

Structural T1-weighted MRI DTI
Scan parameters
(TI/TR/TE)

900ms/1900ms/2.52ms -/3300ms/90ms

Field of view 250 × 250mm 230 × 230mm

Acquisition matrix 256 × 246 128 × 128

Number of slices 176 25

Slice thickness 1mm 4mm

Flip angle 9° 90°

Scan time 4 min 18s 3 min 39s

Non-collinear Directions - 20

Max b-value - 1000 s/mm2

Number of b0 volume - 3

TI Inversion time; TR Repetition Time; TE Echo Time

Table 1 Demographic and
clinical information of the
subjects enrolled in the current
study

Items HIV patients NC subjects P-value

Age (Year) 31.12±6.39 31.81±7.42 0.688

Gender (Male/Female) 24/9 17/15 0.102

Current CD4+ cell counts (Cell/μL) 256.86±198.57 - -

CD4+/CD8+ ratios 0.52±1.37 - -

Plasma viral loads (log10 copies/mL) 4.34±1.03 - -

Disease duration (Months) 25.18±18.23 - -

Data are presented as mean ± standard deviation. P-values are calculated by independent-samples T test for age
and Chi-square test for Sex
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Results

WM impairments among ART naïve HIV patients

Eighteen features associated with HIV infection were selected
by LASSO regression analysis, indicating that HIV-infection
brought about DTI metrics changes in the selected WM tracts

(Table 3). As shown in Table 3, HIV-infection led to alter-
ations in all the four DTI metrics of FA, MD, AD and RD.
WM impairments were found in the tracts crucial to motor
function, including the corticospinal tracts, the inferior cere-
bellar peduncle, the cerebral peduncle, and the posterior limb
of the internal capsule. Specially, the WM along the descend-
ing motor pathway on the left lateral (the left posterior limb of

Table 3 The impairedWM tracts
identified in LASSO regression
analysis

Impaired WM tracts Group Differences between HIVand NC Weight values

t value P value

FA CP.R -1565 0.123 0.578
CP.L -2.254 0.028* 0.147
ALIC.R 1.412 0.163 1.000
ACR.R 0.570 0.571 0.686
TAP.R -2.237 0.029* 0.499

MD GCC 4.481 <0.001* 0.237
ICP.R 2.318 0.024* 0.366
PLIC.L -1.190 0.239 0.724
FX/ST.L 3.376 0.001** 0.287

AD GCC 4.665 <0.001* 0.426
BCC 3.698 <0.001* 0.484
ACR.R 3.393 0.001* 0.250
SS.L 3.580 0.001* 0.683
SFO.L 2.702 0.009* 0.643
UNC.R 3.126 0.003* 0.525
TAP.R 0.224 0.823 0.466

RD CST.R 1.415 0.162 0.604
FX/ST.L 3.208 0.002* 0.447

The abbreviations of the tracts are: GCC Genu of Corpus callosum; BCC Body of Corpus callosum; CST
Corticospinal tracts; ICP Inferior cerebellar peduncle; CP Cerebral peduncle; ALIC Anterior limb of internal
capsule; PLIC Posterior limb of internal capsule; ACR Anterior corona radiate; SS Sagittal stratum; FX/ST
Fornix and stria terminalis; SFO Superior fronto-occipital fasciculus; UNC Uncinate fasciculus; TAP Tapetum.
R, L represented right and left lateral, respectively. * indicated P<0.05. The weighted values were obtained from
the weight coefficients of each feature in constituting the hyperplane of the SVM model

Fig. 1 The impaired WM tracts
identified in LASSO regression
analysis (Red represents the tracts
of FA changes; Cyan represents
the tracts of MD changes; Light
Blue represents the tracts of AD
changes; Dark Blue represents the
tracts of RD changes; Green
represents the tracts of multi DTI
metrics changes)
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the internal capsule, the left cerebral peduncle, and the right
corticospinal tracts) was involved in HIV infection. Apart
from the WM tracts associated with motor function, most of
the WM impairments were observed in the CC and the frontal
WM. The 3-D views of the impaired WM tracts in HIV infec-
tion are illustrated in Fig. 1. The illustration of the λ obtaining
the minimum mean misclassification rate and the coefficients
of the selected features are provided in the Electronic
Supplementary Material (Fig.S1 and Fig.S2).

In the group difference analysis of selected features, 12 out
of the 18 features were found significantly different between
the HIV group and NC group (Table 3). In comparison with
the NC group, a pattern of increased FAvalues, and decreased
MD, AD, RD values were observed in the HIV group.

HIV-control group classification results

Based on the features selected by the LASSO regression anal-
ysis, AUC of 0.9110 and ACC of 83.08% were achieved by
the SVM classification model with LOOCV strategy. The
ROC curve of the classification model was plotted (as showed
in Fig. 2a). The ACC was confirmed to be statistically signif-
icant (P=0.002) as no superior ACC was observed in the 500
permutations (Fig. 2b). The weight values of the selected fea-
tures in the SVM model are provided in Table 3.

Correlation analysis results

After Bonferroni-correction, the increased MD values in the
genu of CC were found significantly correlated with the lower
current CD4+ cell counts (r= -0.495; P=0.009), the lower

CD4+/CD8+ ratios (r= -0.462; P=0.021), and the higher plas-
ma viral loads (r= 0.418; P= 0.048). The increased AD values
in the genu of the CC were significantly correlated with the
lower current CD4+ cell counts (r= -0.454; P=0.024) after
correction. The scatter diagrams are illustrated in Fig. 3.

Discussion

In the current study, we employed the MVPA method on DTI
data to investigate the impaired WM tracts among the ART
naïve HIV patients. LASSO regression analysis was
employed to select the DTI metrics associated with HIV diag-
nosis status, revealing the impaired WM tracts in HIV infec-
tion.We found widespread impairments in the motor function-
related WM tracts, the CC and the frontal WM. The DTI
measures in the impairedWM tracts were also found effective
to distinguish the HIV patients from NC individuals, as indi-
cated in the SVM analysis.

We found that HIV infection would lead to WM impair-
ments in the tracts crucial to motor function. Especially, the
WM impairments were observed in the left posterior limb of
the internal capsule, the left cerebral peduncle, and the right
corticospinal tracts, which rightly constituted the descending
motor pathway. The descending motor pathway was respon-
sible for conveying the motor commands from the precentral
gyrus to the lower motor neurons in order to conduct muscular
movements. Our results of WM impairments on the descend-
ing motor pathway agreed with the findings in previous stud-
ies which reported that the motor impairments were highly
prevalent among HIV-infected patients, especially among the

Fig. 2 a) The ROC curve of the HIV-Control group classification model
based on leave-one-out cross-validation, AUC=0.9110; b) the
distribution of the permutated ACC values. The red line indicates the
non-permutation ACC value (83.08%). Each bar represents the number

of permutations which obtained the ACCwithin the corresponding range.
As can be seen from the illustration, no better classification ACC was
observed in the 500 permutations
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individuals naïve to ART [45–47]. It was interesting to note
that WM impairments in the internal capsule [13, 48, 49], the
cerebral peduncle [15, 26] and the corticospinal tracts [18, 50]
had been respectively observed in previous univariate analysis
studies. However, it had not been reported that the three tracts
were simultaneously involved in HIV infection. We supposed
this might be due to the MVPA being sensitive to the subtle
neuropathology changes, thus detection of the WM integrity
changes were not observed in previous studies.

Apart from the tracts associated with motor function, most
of the observed WM impairments were located in the CC and
frontal lobe. Our findings of HIV-related WM impairments in
the genu and body of CC [14, 51–53], the anterior corona

radiate [13, 15, 54], the anterior limb of internal capsule [26,
48], the superior fronto-occipital fasciculus [49, 55], and the
uncinate fasciculus [16, 17, 25] agreed with the results of
previous univariate statistical analysis studies of HIV.
Though we also found impaired white matter tracts distant
from the frontal lobe (the fornix and stria terminalis, sagittal
stratum and tapetum), it can be observed that most of the
impaired white matter tracts exhibited a pattern of centering
on the frontal lobe. It might be inferred that the frontal WM
was especially vulnerable to HIV infection.

In the correlation analysis, we found that the in-
creased MD values in the genu of CC were significantly
correlated to the lower current CD4+ cell counts, the

Fig. 3 The WM impairments in the genu of CC were significantly
correlated with the HIV clinical characteristics. a) The increased MD
values in the genu of CC were negatively correlated with the current
CD4+ counts; b) The increased MD values in the genu of CC were
negatively correlated with the CD4+/CD8+ ratios; c) The increased MD

values in the genu of CC were positively correlated with the viral load; d)
The increased AD values in the genu of CC were negatively correlated
with the current CD4+ counts. GCC, genu of corpus callosum. The P
values were Bonferroni-corrected for the number of the clinical statistics
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lower CD4+:CD8+ ratios and the higher plasma viral
loads. Clinically, the lower current CD4+ cell counts
indicated the immune suppression in HIV infection
[56], and the lower CD4+:CD8+ ratios implied
immunosenescence [57]. The higher plasma viral loads
represented the HIV activity and replication in the
body’s internal environment. Our result might indicate
that the WM microstructure in the genu of CC was
susceptible to the immune dysfunction and viral replica-
tion in HIV infection. We also found that the increased
AD values in the genu of CC were significantly corre-
lated to the lower current CD4+ cell counts. As indicat-
ed in previous study, the abnormalities of AD values
were related to axonal injury [58]. It might imply that
the immune suppression emerged among the ART naïve
HIV patients would accelerate the axonal injury in the
genu of CC.

In the SVM model based on the DTI metrics in the im-
paired WM tracts, we achieved AUC of 0.9110 and ACC of
83.08% in making the HIV control group classification.
Furthermore, no better classification ACC was observed than
the non-permutated ACC in the permutation test. The results
further confirmed that the impaired WM tracts identified in
LASSO regression analysis were substantially associated with
HIV infection.

The current study has several limitations. First, the sample
size of the study was relatively small. Sixty-five subjects
might be an adequate sample for a neuroimaging study, but
it is a small sample for the construction of a HIV-control
classification model. Though we employed cross-validation
in the current study to settle the issue, it will be still important
to verify the classification results by independent validation
with a larger sample size cohort. Secondly, the data of the
current study was cross-sectional, which limited us from ex-
ploring the longitudinal WM changes due to HIV infection.
Future longitudinal study with a larger sample size will still be
needed to provide deeper insight into the WM degenerations
in HIV infection.

In conclusion, we found widespread WM impairments
among the ART naïve HIV patients by employing the
MVPA method on DTI data. The MVPA method was sensi-
tive to subtle WM changes, and detected the compromise of
the WM along the motor pathway in HIV infection. With the
MVPA of DTI data, prominent WM impairments agreeing
with the previous studies were observed in the CC and frontal
WM. Our findings implied that the MVPA had considerable
potential in exploring the HIV-related WM changes.
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