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a  b  s  t  r  a  c  t

Alzheimer’s  disease  is  one  of the  most  common  causes  of death  in  today’s  world.  Magnetic  resonance
imaging  (MRI)  provides  an efficient  and  non-invasive  approach  for  diagnosis  of  Alzheimer’s  disease.  Effi-
cient  feature  extraction  techniques  are  needed  for accurate  classification  of MRI  images.  Motivated  by
the work  on  support  vector  machine  based  recursive  feature  elimination  (SVM-RFE)  [16],  we  propose  a
novel  feature  selection  technique  to incorporate  prior  information  about  data  distribution  in the  recur-
sive  feature  elimination  process.  Our method  is  termed  as  universum  support  vector  machine  based
recursive  feature  elimination  (USVM-RFE).  The  proposed  method  provides  global  information  about  data
in the  RFE  process  as compared  to the  local  approach  of  feature  selection  in SVM-RFE.  We  also  present
the  application  of  feature  selection  and  classification  algorithms  on  both  voxel  based  as  well  as  volume
based  morphometry  analysis  of  structural  MRI  images  (ADNI  database).  Feature  selection  is  performed
using  MRI  data  of  brain  tissues  such  as gray  matter,  white  matter,  and  cerebrospinal  fluid. USVM-RFE
provides  improvement  over  SVM-RFE  in  classification  of  control  normal  (CN),  mild  cognitive  impair-

ment  (MCI),  and  Alzheimer’s  disease  (AD)  subjects.  Moreover,  better  accuracy  is obtained  by USVM-RFE
with lesser  number  of  features  in comparison  to  SVM-RFE.  This  leads  to identification  of  prominent
brain  regions  for feature  selection  and  classification  of MRI  images.  The  highest  accuracies  obtained
by  our  method  for classification  of CN  vs AD,  CN vs MCI,  and  MCI  vs  AD are  100%,  90%,  and  73.68%,
respectively.

© 2020  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
isease, primarily affecting the elderly population. It is also a lead-

ng cause of dementia. Currently, 50 million people are affected
orldwide by dementia, and is expected to be 152 million by the
ear 2050 [1]. Diagnosis of AD is a formidable task that requires a
ot of expertise, and a thorough examination of patient data. Exam-
nation of such a vast amount of data is prone to human error.

∗ Corresponding author.
E-mail addresses: phd1701241001@iiti.ac.in (B. Richhariya),

anveergouri@gmail.com, mtanveer@iiti.ac.in (M.  Tanveer), ashrafrashid@iiti.ac.in
A.H. Rashid).

1 Data used in preparation of this article were obtained from the Alzheimer’s
isease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). As such, the

nvestigators within the ADNI contributed to the design and implementation of ADNI
nd/or provided data but did not participate in analysis or writing of this report. A
omplete listing of ADNI investigators can be found at: http://adni.loni.usc.edu/wp-
ontent/uploads/how to apply/ADNI Acknowledgement List.pdf.

ttps://doi.org/10.1016/j.bspc.2020.101903
746-8094/© 2020 Elsevier Ltd. All rights reserved.
The application of machine learning in detection of Alzheimer’s
disease has shown very promising results, and has been a very
active topic of research in the last decade [2]. Different feature
extraction techniques have been utilized by researchers to classify
Alzheimers’ data using machine learning methods [3]. This research
has also been aided by the availability of open source neurological
and genetic data from sources like ADNI (adni.loni.usc.edu), AIBL
(aibl.csiro.au) and OASIS (www.oasis-brains.org).

Feature selection plays an important role in classification of data.
In case of AD classification, many researchers have used voxel based
morphometry (VBM) analysis of MRI  images [3,4]. In Alzheimer’s
disease, there is atrophy in gray matter (GM) and white matter
(WM)  tissues which leads to increase in cerebrospinal fluid (CSF)
volume. However, most of the researchers considered GM and WM
features [5,6] using VBM analysis. The CSF voxel features are used
for classification in few works [7,8]. Volumetric analysis is also used

in many researches on AD classification [9,10].

Support vector machine (SVM) [11] has been a widely used
machine learning technique for classification of AD [3,12,13] and
other diseases [14,15]. SVM classifies data based on the maximum
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Table 1
Subject demographics.

Diagnosis Age Gender MMSE

CN 76.65 ± 4.30 39M/11F 29.02 ± 1.15
 B. Richhariya, M. Tanveer and A.H. Rashid / Biom

argin principle. It utilizes the structural risk minimization (SRM)
rinciple for regularization, while reducing the empirical risk. This

eads to good generalization performance with less overfitting
f data. Also, the optimization problem of SVM gives a globally
ptimal solution in comparison to techniques like artificial neural
etwork (ANN) which suffer from the problem of local minimum.

n 2002, Guyon et al. [16] proposed a feature selection method
or cancer classification, termed as support vector machine based
ecursive feature elimination (SVM-RFE). In SVM-RFE, the feature
eights are assigned on the basis of SVM classification. The features

re selected from the dataset in a recursive manner using weights
rom SVM classifier.

SVM-RFE is a popular feature selection technique, and has been
sed in many applications [4,17]. To reduce the computation cost
f SVM-RFE, twin support vector machine based RFE (TWSVM-RFE)
s proposed in [18]. SVM-RFE for multiclass classification is also
roposed in [19]. An improvement on SVM-RFE based on T-test
nalysis is presented in [20]. However, SVM is agnostic towards
he distribution of data [21]. As a consequence, some important fea-
ures get eliminated in the SVM-RFE process. Moreover, SVM-RFE
ses a greedy approach, and selects features based on information
vailable at each iteration. To encode meaningful information about
he distribution of data, we  used universum samples in the RFE pro-
ess. The universum samples are in the same domain as the problem
t hand, and hence provide prior information about the distribution
f data. Universum samples do not belong to the dataset, but are
elated to the classification problem. For example, in EEG classi-
cation, seizure free data samples have been used as universum

or classification of healthy and seizure samples [22]. Universum
upport vector machine (USVM) [21,23,24] has shown good gen-
ralization performance in comparison to SVM, and is applied in
arious applications [22,25]. The idea of universum is to choose
he complexity of the model as per the data distribution [21]. In
rder to improve SVM-RFE algorithm, we propose a novel univer-
um based recursive feature elimination algorithm (USVM-RFE) for
lassification problems. The main contributions of our work are
isted below:

A novel feature selection technique is proposed, i.e., USVM-RFE
to incorporate prior knowledge about the data distribution in the
feature selection process.
USVM-RFE provides global information about the data distribu-
tion from universum in each iteration of feature selection. This
is in contrast to SVM-RFE which selects features on basis of local
information from each feature set.
We provide a comprehensive analysis of feature selection for
diagnosis of Alzheimer’s disease based on both VBM as well as
volumetric analysis of structural MRI  images.
VBM analysis is presented using DARTEL approach [26,27] on
training and testing data separately. This approach is helpful in
real world scenarios where testing data is not available before-
hand. This procedure is applied for all cases, i.e., control normal
(CN) vs Alzheimer’s disease (AD), CN vs mild cognitive impair-
ment (MCI), and MCI  vs AD using all the three tissue features viz.
GM,  WM,  and CSF voxels.
Moreover, in the available literature, universum learning is
applied on Alzheimer’s disease for classification of CN vs AD only
[28]. So, we present the application of proposed USVM-RFE as
well as SVM-RFE on classification of CN vs AD, CN vs MCI, and
MCI  vs AD.
We present a discussion on the brain regions selected by pro-
posed USVM-RFE for detection of Alzheimer’s disease.
The rest of the paper is organized as follows: Section 2 describes
he materials and methods used in this work, while Section 3 gives

 brief explanation of related work. The proposed algorithm is pre-
MCI  75.23 ± 7.02 26M/24F 26.9 ± 1.96
AD 75.60 ± 6.58 28M/22F 23.62 ± 2.24

sented in Section 4. The experimental results are shown in Section
5, and discussion on results is presented in Section 6. Finally, the
conclusions with future work are given in Section 7.

The mathematical notations used in this work are as follows:
All vectors are assumed as column vectors. X is a matrix containing
the data points belonging to class ‘1’ and ‘−1’ of size p × n and q × n
respectively. U represents universum data points having dimen-
sion r × n. Total number of data points are represented by l  = p + q,
where n is the dimension of each data point. ‖x‖ and ‖X‖ represents
the 2-norm of a vector x and matrix X respectively.

2. Materials and methods

2.1. Data

All data used in this work were obtained from the Alzheimer’s
Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.
edu). ADNI was launched in the year 2003 as a public–private part-
nership, led by Principal Investigator Michael W.  Weiner, MD.  The
main objective of ADNI is to analyze the effectiveness of neuroimag-
ing techniques like magnetic resonance imaging (MRI), positron
emission tomography (PET), other biological markers, and clini-
cal neuropsychological tests to estimate the onset of Alzheimer’s
disease from the state of mild cognitive impairment. For more infor-
mation, visit www.adni-info.org.

2.2. Image acquisition

A total of 150 T1-weighted structural MRI  (sMRI) images are
downloaded from ADNI database. Each of the categories, i.e., CN,
MCI, and AD comprises of 50 subjects. The subjects are within the
age range of 60–90 with mean age of 75.83, and standard devia-
tion of 6.07. The Mini-Mental State Examination (MMSE) score of
subjects is in the range of 17–30 with mean and standard deviation
of 26.51 ± 2.88. The detailed demographics of cohort are given in
Table 1.

Images of the following specifications are acquired from the
ADNI archive: field strength = 1.5 T; description = MP-RAGE; acqui-
sition = 3D; pulse sequence = RM;  slice thickness = 1.2 mm;  flip
angle = 8◦; acquisition plane = sagittal, manufacturer = GE medical
systems.

We also downloaded 817 sMRI images from the ADNI base-
line dataset [29,30] to verify the applicability of the proposed
model.

2.3. Voxel based morphometry (VBM)

A frequently used neuroimaging toolbox, i.e., Statistical Para-
metric Mapping (SPM) version 12 (Wellcome Trust Centre for
Neuroimaging, University College London, UK) is used to perform
the VBM analysis. The preprocessed data is used for three dif-
ferent binary classification tasks, i.e., CN vs AD, CN vs MCI, and
MCI  vs AD. The scans from each subject category were randomly
divided into training and testing sets of 40 and 10 images respec-

tively.

All raw images are aligned in the same coordinate space by
setting the origin of the raw scans manually to the anterior com-
missure (AC), and registering with SPM’s single subject T1 template.

http://adni.loni.usc.edu
http://adni.loni.usc.edu
http://adni.loni.usc.edu
http://adni.loni.usc.edu
http://www.adni-info.org
http://www.adni-info.org
http://www.adni-info.org
http://www.adni-info.org
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he registered images are processed by SPM’s unified segmentation
outine to segment the images into GM,  WM and CSF, and create
he template using DARTEL [26] approach. The template is used
o normalize the images into the Montreal Neurological Institute
MNI) space with modulation. A Gaussian kernel with full width
t half maximum (FWHM) of 8 mm is used for smoothing. All the
mages are transformed to a dimension of 121 × 145 × 121 with a
oxel size of 1.5 mm3.

A two sample T-test is used for finding the statistically signif-
cant voxels by keeping subject age and gender as covariates in
he general linear model (GLM) [31]. The differences of individual
ead sizes are controlled by introducing total intracranial volume
TIV) as a covariate of no interest [32] using the analysis of covari-
nce (ANCOVA)-by-subject approach. The T-test analysis is done by
sing a p-value of 0.05 with family-wise error (FWE) correction, and
n extent threshold of 0 adjacent voxels. The complete approach is
hown in Fig. S.1.

The specified GLM is given in supplementary Fig. S.2. The vox-
ls of interest (VOI) retrieved after statistical analysis of training
mages are used as masks for specifying voxel coordinates that are
ignificantly different between subject groups [33]. Figs. S.3 and
.4 show significant voxels of CN vs AD, and CN vs MCI  analysis
espectively.

In some previous works [34,35], all the acquired MRI  images
ere used for creating DARTEL template. Here, in this work we use
ARTEL pipeline for training and testing phase separately. This pro-
edure is followed in all the cases, i.e., CN vs AD, CN vs MCI, and MCI
s AD with different features, i.e., GM,  WM,  and CSF. As a whole, the
ARTEL approach is used on 18 sets of data (9 training, 9 testing).
his leads to the generation of distinct subject specific templates
or training and testing to take care of real world scenarios where
esting images may  not be available beforehand. The mask from the
raining set is applied on the testing images for feature extraction
33].

.4. Volume based morphometry (VolBM)

For VolBM analysis, Freesurfer’s recon-all pipeline (version
.0.1) [9,36] is used on structural MRI  images. Out of 150 MRI

mages, 1 MCI  image failed to process in Freesurfer. So, feature
election was performed on 149 images. We  extracted 23 sub-
ortical tissue volumes (SCV), 34 WM tissue volumes (WMV), and
4 cortical thickness (CT) measures of every subject. To check the
erformance of our model on an independent dataset, we down-

oaded 817 sMRI images from ADNI baseline dataset [29,30], out of
hich 4 images failed to process through the Freesurfer pipeline.

hus, our baseline dataset includes 228 CN, 398 MCI, and 187 AD
mages.

Thickness measures from both the brain hemispheres are added
ogether to form the cortical thickness features. A similar approach
s used for volumetric features. The volumetric features are nor-

alized by dividing by TIV of the subjects [9,10]. The list of all
he neurological features obtained from Freesurfer is given in sup-
lementary Table S.1, and their variations are illustrated in Fig.
.5.

After extracting significant voxel features from the masked
mages using SPM, PCA [33] and F-score [37] algorithms are
mplemented for dimensionality reduction and feature selection
espectively.
. Related work

In this section we briefly discuss the formulation of SVM, and
escribe the SVM-RFE algorithm.
Signal Processing and Control 59 (2020) 101903 3

3.1. Support vector machine (SVM)

The formulation of SVM [11] is written as follows:

min
w,b,�

1
2

‖w‖2 + c

l∑

i=1

�i

s.t. yi(wT �(xi) + b) ≥ 1 − �i,

�i ≥ 0, ∀i = 1, 2, . . .,  l,

(1)

where l is the total number of data points, c > 0 is penalty param-
eter, �i is slack variable, yi is the class label, and � : Rn → Rp is the
function mapping from n to p dimension where p > n.

The parameters w and b are obtained by solving the dual formu-
lation [11,23] of quadratic programming problem (QPP) (1).

The classifier is given as

f (x) = sign(wT x + b). (2)

3.2. Support vector machine based recursive feature elimination
(SVM-RFE)

SVM-RFE is proposed by Guyon et al. [16] to perform gene selec-
tion for cancer classification. In SVM-RFE, the weight vector w
contains the weightage of each feature of the dataset. Therefore,
SVM-RFE algorithm uses weights of the SVM classifier as a ranking
criteria. Using this approach, the features are eliminated in order
to find the most important features for classification.

The SVM-RFE algorithm is an iterative algorithm which elimi-
nates the features and generates datasets with different number of
features. These datasets are then classified by SVM using the stan-
dard cross-validation technique. The feature elimination process of
SVM-RFE is described in [16].

3.3. Universum support vector machine (USVM)

The formulation of USVM [21] is given as follows:

min
w,b,�,�

1
2

‖w‖2 + c

l∑

i=1

�i + cu

2r∑

j=1

�j

s.t. yi(wT �(xi) + b) ≥ 1 − �i,

yj(wT �(xj) + b) ≥ −� − �j,

�i ≥ 0, �j ≥ 0, ∀i = 1, 2, . . .,  l,

∀j = 1, 2, . . .,  2r,

(3)

where l is the total number of data points, c > 0, cu > 0 are penalty
parameters, �i and �j are slack variables, yi,j is class label, � : Rn →
Rp is the function mapping from n to p dimension where p > n, and
r is the number of universum samples.

The dual formulation of QPP (3) is written by applying the K.K.T.
conditions as

max
˛

l+2r∑

i=1

�i˛i − 1
2

l+2r∑

i=1

l+2r∑

j=1

˛i˛jyiyj�(xi)
T �(xj)

s.t. 0 ≤ ˛i ≤ c, �i = 1, ∀ i = 1, 2, . . .,  l,

0 ≤ ˛i ≤ cu, �i = −�,

∀ i = l + 1, l + 2, . . .,  l + 2r,
l+2r

(4)
∑

i=1

˛iyi = 0,

where ˛i ≥ 0 is the Lagrange multiplier [11,21].
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Fig. 1. Universum data.

The classifier is given by Eq. (2), and the weight vector is
btained as w =

∑l+2r
i=1 ˛iyixi.

. Proposed universum support vector machine based
ecursive feature elimination (USVM-RFE)

The SVM-RFE algorithm lacks the knowledge about the distribu-
ion of data. Moreover, in the recursive process, the SVM classifier
liminates features on basis of weights for the maximal margin.
n order to incorporate knowledge about the data distribution, we
se universum samples as shown in Fig. 1. The resulting univer-
um based algorithm uses this prior information about distribution
f data in the recursive elimination of features leading to better
eature selection.

.1. Universum data

The universum data is used to align the classifier with the
ata distribution. As shown in Fig. 1, the classifier generated by
SVM is better aligned to classify the data points. This helps in the
lassification of testing data. Without this knowledge of the data
istribution, the SVM classifier only tries to maximize the margin.
his results in reduced generalization performance of the model. In
his work, we generated universum samples using random averag-
ng of data points [38,22].

.2. Iterative procedure

In our USVM-RFE, we use the universum data points in each
teration. This results in selection of important features due to
ddition of universum constraints. The universum data points are
onstrained to lie within an �-insensitive tube as shown in QPP (3).
ince USVM-RFE is a wrapper [17] method, the process of USVM-
FE is divided into three phases: parameter selection, feature
limination, and classification. Our universum based USVM-RFE
lgorithm is described in Algorithm 1.

We used k-fold cross validation for selecting optimal parame-
ers for feature elimination. Then, the features are eliminated in an
terative manner.

lgorithm 1. Proposed USVM-RFE

: Inputs:
: Training data

T
: X = [x1, x2, . . ., xl]
1: Class labels
: Y = [y1, y2, . . ., yl]

T

:
: Universum data
Signal Processing and Control 59 (2020) 101903

8: U = [u1, u2, . . ., ur ]T

9:
10: Process:
11: Find optimal parameters for recursive process using k-fold cross

validation.
12: Feature set
13: S = [1,  2, . . ., n]
14: Feature ranked list
15: R = [ ]
16: Repeat until S = [ ]
17: Feature selection
18: X = X(:, S)
19: U = U(:, S)
20: Train SVM classifier using parameters obtained in step 11
21:   ̨ = USVMtrain(X, Y, U)
22: Compute the weight vector with dimension of length(S)

23: w =
∑l+2r

i=1
˛iyixi

24: Compute ranking criteria
25: Ci = (wi)

2, i = 1, 2, . . ., length(S)
26: Find feature with smallest rank
27: f = argmin(C)
28: Update feature ranked list
29: R = [S(f ), R]
30: Eliminate the feature with smallest rank
31:  S = [1 : f − 1, f + 1 : length(S)]
32:
33: Output:
34: Feature ranked list R.

Lastly, the classification is performed on each of the feature sub-
sets. For computational efficiency, more than one feature can be
eliminated in one iteration in our proposed USVM-RFE.

Our proposed USVM-RFE provides global information about
data distribution as compared to the greedy approach in SVM-
RFE. However, proper selection of universum is a topic of research
[21,22].

Our universum based feature selection is useful for applications
such as MRI  image classification. In MRI  images, only few voxels
corresponding to specific regions are helpful in the classification.
So, we present the application of USVM-RFE on classification of
Alzheimer’s disease. Feature selection is performed on VBM vox-
els as well as volumetric features for identifying brain regions with
neurodegeneration. USVM is trained on the feature sets obtained
after each iteration using k-fold cross validation, and tested on
testing data. The feature set with highest classification accuracy
is selected as the optimal feature set.

5. Numerical experiments

The experiments are carried out on feature sets obtained from
VBM as well as VolBM analysis. For VBM, SPM version 12 is
used, while for VolBM, Freesurfer version 6.0.1 is used to pro-
cess the images. The softwares used in generation of 2D and
3D brain overlays are: ITK Snap (v3.8.0-beta) [39], Paraview
(v5.6.0) [40], Mricron (www.nitrc.org/projects/mricron) and Mri-
crogl (v1.0.20180623) (www.nitrc.org/projects/mricrogl). We  used
WFU  PickAtlas (v3.0.5b) for selecting ROIs from AAL atlas [41] in
supplementary Fig. S.6. The experiments for classification are per-
formed in MATLAB 2008b environment using MOSEK optimization
toolbox (http://www.mosek.com/).

The image processing is carried out on a workstation with Win-
dows 10 OS, 64-bit, running on 2.30 GHz Intel® Xeon processor,
and 128 GB RAM. The numerical experiments for classification were
carried out on a PC with Windows 10 OS, 64 bit, with 3.60 GHz
Intel® coreTM i7-7700 processor, and 16 GB of RAM. The optimal
parameters for the recursive process are obtained using 5-fold cross
validation in all datasets. Linear kernel is used in both SVM and

USVM for feature extraction as well as classification. The number
of PCA components is chosen so as to account for 99% of variance
in the data. The number of F-score features is selected as 500. In
all cases, the features in training and testing data are normalized

http://www.nitrc.org/projects/mricrogl
http://www.nitrc.org/projects/mricrogl
http://www.nitrc.org/projects/mricrogl
http://www.nitrc.org/projects/mricrogl
http://www.nitrc.org/projects/mricrogl
http://www.mosek.com/
http://www.mosek.com/
http://www.mosek.com/
http://www.mosek.com/
http://www.mosek.com/
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Table  2
Performance comparison of proposed USVM-RFE with SVM-RFE based on classification accuracy (%) for CN vs AD on reduced VBM feature sets. Bold values indicate highest
accuracy for the dataset, and underlined values show highest accuracy of the algorithm.

Features (%) Number of features Proposed USVM-RFE SVM-RFE

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity

Gray matter
1 264 80 80 80 70 70 70
5  1323 75 90 60 70 70 70
10  2628 85 90 80 70 70 70
15  3952 85 90 80 75 60 90
20  5304 90 90 90 75 70 80
30  7953 90 90 90 80 80 80
50  13,045 90 90 90 75 70 80

White  matter
1 26 70 60 80 60 40 80
5  133 70 60 80 75 80 70
10  265 75 80 70 75 80 70
15  398 70 70 70 70 70 70
20  534 70 70 70 70 70 70
30  794 70 80 60 75 80 70
50  1333 70 70 70 70 80 60

CSF
1  18 70 50 90 65 40 90
5  90 65 40 90 65 40 90
10  180 65 40 90 65 40 90
15  269 65 40 90 65 40 90

t
p

5

s
f
G
e
t
s
d
f

a
f

w

f
t
t
c

20  359 65 40 

30  535 60 40 

50  895 65 50 

o a mean of 0 and standard deviation of 1 using Z-score [10]. The
arameter selection is performed based on the following settings.

.1. Parameter settings

In some previous works, fixed value of c is chosen for feature
election [7,16]. However, in this work we used different types of
eatures with varying dimensions. So, in all the VBM features, i.e.,
M,  WM,  and CSF grid search is used for obtaining optimal param-
ters. The values of penalty parameters c = cu are selected from
he range {10−6, 10−5, . . .,  100} for SVM and USVM. This range is
elected to avoid overfitting of classifier [42] for high dimensional
atasets. For USVM, number of universum samples, i.e., u is selected
rom the set {0.1, 0.2}, and � is selected from {0.3, 0.5, 0.7}.

In the RFE phase of VBM, the features are reduced by percent-
ge (per) of feature size for computational efficiency [16] using the
ollowing criteria:

Repeat until (No of features ≥ ceil (0.01 ∗ Total feature))

{
No of features = per ∗ No of features

if (No of features < ceil (0.1 ∗ Total feature))

per = 0.995;

else if (No of features < ceil (0.5  ∗ Total feature))

per = 0.99;

else (No of features < ceil (0.7 ∗ Total feature))

per = 0.98;

}

here ceil is the ceiling function.
In all VolBM feature sets, i.e., CT, SCV, and WMV,  c = cu is chosen
rom {10−6, 10−5, . . .,  104} in both feature selection and classifica-
ion phase. For USVM, for parameter selection, u is selected from
he set {0.1, 0.3, 0.45}, and � is selected from {0.6, 0.7, 0.8}. In the
lassification phase, to take care of features of different dimensions
90 65 40 90
80 60 40 80
80 75 80 70

u is selected from the set {0.1, 0.15, 0.35, 0.45}, and � is selected
from {0.3, 0.5, 0.6, 0.8}. In the RFE process, the features are reduced
one at a time, due to less size of VolBM feature set.

To check the performance of proposed USVM-RFE on other
applications, we performed experiments on two UCI [43] biomed-
ical datasets, i.e., Wpbc (Breast Cancer Wisconsin Prognostic), and
Wdbc (Breast Cancer Wisconsin Diagnostic). The parameters c, cu

are selected by varying values from the set {10−5, 10−4, . . .,  105}
for SVM and USVM. For USVM, the values for u and � are set as 0.3
and 0.5 respectively.

5.2. Results

Experimental results on classification of different subject
groups, i.e., CN, MCI, and AD are shown for different features sets
in the following subsections.

5.2.1. VBM features
We performed experiments on feature selection from VBM fea-

tures obtained from SPM toolbox for both SVM-RFE and proposed
USVM-RFE.

CN vs AD: The comparison of classification accuracy for CN vs
AD is presented in Table 2 for GM,  WM,  and CSF features sets. It is
observable that for GM features, proposed USVM-RFE outperforms
SVM-RFE w.r.t. accuracy and sensitivity in all the 7 reduced fea-
ture sets. This is a result of prior knowledge in USVM-RFE about
the data distribution. However, the accuracy of USVM-RFE reached
a maximum of 90% for 20% features, and then declined in lower
dimensional features due to loss of informative voxels. For WM,
both methods have similar performance. In case of CSF, USVM-RFE
performed better for lower dimensional feature set (1% features),
while SVM-RFE is having high accuracy for high dimensional fea-
ture set (50% features).

The classification accuracy of SVM and USVM for full feature

sets of VBM is shown in Table 3. The optimal parameters for RFE
process are also shown. These parameters are utilized to perform
the feature elimination process. Moreover, Table 3 also shows the
accuracies obtained after feature reduction by PCA, and F-score.
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Table 3
Performance comparison of USVM with SVM is shown based on classification accuracy (%) for CN vs AD on VBM features. The optimal parameters are shown in parentheses.

USVM SVM

Features Number of features Accuracy (c = cu, �, u) Sensitivity Specificity Accuracy (c) Sensitivity Specificity

Gray matter
All features 26,524 85 90 80 70 80 60

(10−3, 0.3, 0.2) (10−6)
PCA  59 75 80 70 80 90 70

(100, 0.3, 0.2) (10−1)
F-score 500 70 70 70 70 70 70

(10−4, 0.5, 0.2) (10−4)

White matter
All features 2675 75 90 60 75 90 60

(10−5, 0.3, 0.2) (10−5)
PCA  26 60 40 80 65 50 80

(10−2, 0.3, 0.2) (10−1)
F-score 500 70 70 70 70 70 70

(10−4, 0.3, 0.2) (10−4)

CSF
All  features 1802 70 60 80 75 70 80

(10−4, 0.3, 0.1) (10−4)
PCA  23 60 30 90 60 30 90

(100, 0.5, 0.1) (102)
F-score 500 60 40 80 60 40 80

(10−4, 0.5, 0.1) (10−4)

Table 4
Performance comparison of proposed USVM-RFE with SVM-RFE is shown based on classification accuracy (%) for CN vs MCI  on reduced feature sets of VBM. Bold values
indicate highest accuracy for the dataset, and underlined values show highest accuracy of the algorithm.

Proposed USVM-RFE SVM-RFE

Features (%) Number of features Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity

Gray matter
1 64 70 80 60 65 70 60
5  322 75 90 60 70 80 60
10  647 70 80 60 70 80 60
15  969 70 80 60 75 90 60
20  1285 70 80 60 70 80 60
30  1925 70 80 60 70 80 60
50  3179 70 80 60 70 80 60

White  matter
1 26 50 20 80 45 10 80
5  133 60 60 60 60 60 60
10  265 65 60 70 65 60 70
15  398 55 30 80 65 60 70
20  534 40 10 70 55 40 70
30  794 50 20 80 45 20 70
50  1333 55 30 80 45 10 80

CSF
1  14 90 100 80 80 100 60
5  70 85 100 70 85 100 70
10  140 85 100 70 80 100 60
15  212 80 100 60 85 100 70

F
b

s
a
a
e
f
w
h
s
h
S

20  281 80 100 

30  424 85 90 

50  700 85 100 

rom Table 3, one can observe that proposed USVM-RFE performs
etter than PCA and F-score in the feature selection.

CN vs MCI: For CN vs MCI, the results for feature selection are
hown in Table 4. It is visible that in case of GM,  USVM-RFE gives
ccuracy of 75% with sensitivity of 90% for lesser features, i.e., 5%,
s compared to SVM-RFE (15% features). However, for CSF vox-
ls, highest accuracy of 90% is obtained by proposed USVM-RFE
or 1% features, whereas SVM-RFE obtains lower accuracy (85%)
ith a higher feature size (5%). In case of WM also, USVM-RFE

as outperformed SVM-RFE in most cases. Table 5 shows the clas-
ification results on full feature sets. One may  notice that USVM
as performed better than SVM for full features on CSF features.
VM and USVM have also shown lesser accuracies than PCA and
60 85 100 70
80 85 100 70
70 80 100 60

F-score in some cases. This may  be attributed to overfitting of SVM
and USVM for high dimensional feature sets [42]. However, both
algorithms have shown improvement on accuracy in the RFE pro-
cess.

MCI vs AD: Table 6 shows the classification accuracies for MCI
vs AD on reduced VBM feature sets. One can notice that USVM-
RFE performs better than SVM-RFE for lower dimensional features
of GM.  In case of WM,  SVM-RFE performed better than USVM-
RFE. This may  be attributed to improper universum data generated

using random averaging scheme. Since, the MCI  vs AD dataset is
non-linear in nature, random averaging may generate improper
universum data. In case of CSF, both SVM-RFE and USVM-RFE have
shown low classification accuracy. However, USVM-RFE has per-
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Table  5
Performance comparison of USVM with SVM is shown based on classification accuracy (%) for CN vs MCI  on VBM features. The optimal parameters are shown in parentheses.

USVM SVM

Features Number of features Accuracy (c = cu, �, u) Sensitivity Specificity Accuracy (c) Sensitivity Specificity

Gray matter
All features 6478 70 80 60 70 80 60

(10−5, 0.3, 0.1) (10−4)
PCA  37 65 50 80 70 50 90

(101, 0.3, 0.2) (101)
F-score 500 75 90 60 70 80 60

(10−4, 0.7, 0.1) (10−3)

White matter
All features 2675 45 10 80 45 10 80

(10−3, 0.7, 0.1) (10−3)
PCA  28 55 10 100 55 10 100

(101, 0.3, 0.1) (101)
F-score 500 60 60 60 60 60 60

(10−3, 0.3, 0.1) (10−3)

CSF
All  features 1416 85 100 70 80 90 70

(10−4, 0.3, 0.2) (10−4)
PCA  22 60 70 50 65 70 60

(101, 0.7, 0.1) (101)
F-score 500 75 80 70 85 100 70

(10−4, 0.3, 0.1) (10−3)

Table 6
Performance comparison of proposed USVM-RFE with SVM-RFE is shown based on classification accuracy (%) for MCI  vs AD on reduced feature sets of VBM. Bold values
indicate highest accuracy for the dataset, and underlined values show highest accuracy of the algorithm.

Tissue features (%) Number of features Proposed USVM-RFE SVM-RFE

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity

Gray matter
1 264 60 50 70 55 40 70
5  1323 65 60 70 55 40 70
10  2628 65 60 70 60 50 70
15  3952 60 50 70 60 50 70
20  5304 60 50 70 60 50 70
30  7953 55 50 60 60 50 70
50  13,045 60 50 70 60 50 70

White  matter
1 26 45 50 40 50 60 40
5  133 55 70 40 50 60 40
10  265 50 100 0 50 60 40
15  398 50 100 0 65 100 30
20  534 50 100 0 65 90 40
30  794 50 90 10 60 100 20
50  1333 55 90 20 65 90 40

CSF
1  18 45 0 90 35 40 30
5  90 40 0 80 40 40 40
10  180 45 0 90 40 50 30
15  269 45 0 90 45 60 30

f
t
p
c
U
t
M
p
i

R
o

20  359 40 0 

30  535 50 40 

50  895 55 50 

ormed better in comparison to SVM-RFE. Moreover, Table 7 shows
he performance on full features sets. It can be seen that USVM
erforms better than SVM in most cases. Moreover, in Table 6 the
lassification accuracy of MCI  vs AD is low in both SVM-RFE and
SVM-RFE. This is attributed to the relatively difficult classifica-

ion problem of MCI  vs AD in comparison to CN vs AD, and CN vs
CI  [33]. The discriminating regions in CN vs AD are more as com-

ared to MCI  vs AD. This is due to similar distribution of data points
n MCI  and AD subjects [44].
emark. No significant voxels were found in case of WM features
f CN vs MCI, and all cases of MCI  vs AD. Thus, the masks obtained
80 45 70 20
60 45 70 20
60 45 50 40

from CN vs AD experiments were used to select region of interests
(ROI) in these cases [33].

5.2.2. VolBM features
For comprehensive analysis of MRI  data, VolBM analysis is also

used in this work for extracting features from the MRI  images.
Experiments are performed on volumetric and thickness measures
obtained from Freesurfer toolbox. Table 8 shows the accuracy and
optimal parameters of USVM and SVM on classification of CN vs AD,

CN vs MCI, and MCI  vs AD on VolBM features. The set of all VolBM
features, i.e., CT, SCV, and WMV  are used for feature selection. It is
clearly visible from Table 8 that for all the VolBM features, USVM
outperforms SVM in terms of accuracy.
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Table 7
Performance comparison of USVM with SVM is shown based on classification accuracy (%) for MCI  vs AD on VBM features. The optimal parameters are shown in parentheses.

USVM SVM

Features Number of features Accuracy (c = cu, �, u) Sensitivity Specificity Accuracy (c) Sensitivity Specificity

Gray matter
All features 26,524 70 60 80 60 60 60

(10−6, 0.7, 0.2) (10−5)
PCA  60 50 30 70 50 30 70

(10−6, 0.5, 0.1) (10−2)
F-score 500 65 60 70 60 50 70

(10−4, 0.3, 0.1) (10−3)

White matter
All features 2675 55 70 40 65 90 40

(10−5, 0.3, 0.2) (10−3)
PCA  26 40 50 30 40 50 30

(100, 0.5, 0.2) (10−1)
F-score 500 40 80 0 50 100 0

(102, 0.3, 0.1) (100)

CSF
All  features 1802 45 0 90 35 40 30

(10−1, 0.3, 0.2) (10−3)
PCA  24 35 10 60 35 10 60

(10−2, 0.3, 0.2) (100)
F-score 500 55 10 100 40 50 30

(101, 0.3, 0.2) (10−2)

Table 8
Performance comparison of USVM with SVM is shown based on classification accuracy (%) for VolBM features. Bold values indicate highest accuracy for the dataset. The
optimal parameters for RFE process using SVM and USVM are shown in parentheses.

USVM SVM

Features Number of features Accuracy (c = cu, �, u) Sensitivity Specificity Accuracy (c) Sensitivity Specificity

(a) CN vs AD
CT 34 75 50 100 75 50 100

(10−2, 0.7, 0.45) (10−2)
SCV  23 90 90 90 90 90 90

(10−2, 0.6, 0.1) (10−2)
WMV  34 50 50 50 40 30 50

(101, 0.6, 0.45) (102)
CT  + SCV + WMV  91 85 70 100 80 60 100

(10−2, 0.6, 0.3) (10−2)

(b)  CN vs MCI
CT 34 68.42 77.78 60 68.42 77.78 60

(10−2, 0.6, 0.1) (10−2)
SCV  23 78.95 88.89 70 78.95 88.89 70

(100, 0.8, 0.45) (100)
WMV  34 84.21 100 70 78.95 100 60

(100, 0.8, 0.3) (100)
CT  + SCV + WMV  91 84.21 88.89 80 84.21 88.89 80

(100, 0.6, 0.1) (100)

(c)  MCI  vs AD
CT 34 57.89 40 77.78 57.89 30 88.89

(10−2, 0.6, 0.3) (10−2)
SCV  23 73.68 80 66.67 68.42 80 55.56

(10−2, 0.6, 0.45) (10−2)
WMV  34 63.16 60 66.67 57.89 40 77.78

1 −1

50 

f
a
t
R
t
s
s
a
f

(10 , 0.6, 0.45) 

CT  + SCV + WMV  91 63.16 

(10−2, 0.6, 0.3) 

The accuracy of USVM for CN vs AD classification for different
eature sets of RFE process is shown in Fig. 2. One can see that
ccuracy of proposed USVM-RFE is better than SVM-RFE. Moreover,
he variation in accuracy of proposed USVM-RFE is less than SVM-
FE. This is the result of universum data, which helps the classifier
o follow the data distribution. The classification accuracy and F1

cores on reduced VolBM features using optimal parameters are
hown in Figs. 3–5. One may  observe in Fig. 3(a) that USVM-RFE
chieves 100% accuracy in 5 feature sets for CN vs AD, with lowest
eature set having 5% of total features.
(10 )
77.78 63.16 50 77.78

(10−2)

Also, the variation of accuracy looks similar in both algorithms
with higher accuracy in proposed USVM-RFE. The F1 scores follow
similar trend as accuracy in Fig. 3(b). For CN vs MCI  in Fig. 4(a)
proposed USVM-RFE achieves highest accuracy of 84.21% for 5%
features, while SVM-RFE requires 100% features for achieving the
same accuracy. Fig. 4(b) shows the corresponding F1 scores.
In case of MCI  vs AD in Fig. 5, the accuracy of proposed USVM-
RFE is not better than SVM-RFE in all the cases. This is the result
of non-linear nature of MCI  vs AD data shown in supplementary
Fig. S.7. This leads to generation of improper universum data not
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Fig. 2. Comparison of classification accuracy of SVM-RFE and proposed USVM-RFE on different feature sets obtained in RFE process on VolBM features for CN vs AD.

Table 9
Performance comparison of USVM with SVM is shown based on classification accu-
racy (%) for UCI datasets. Bold values indicate highest accuracy for the dataset.

Dataset USVM SVM
(Train size, Test size) Accuracy Accuracy

(c, cu, �, u) (c)
Time (s) Time (s)

Wpbc 79.69 78.13
(130 × 33, 64 × 33) (10, 1, 0.5, 0.3) (1)

0.36443 0.13955
Wdbc 98.43 97.81

l
s
1
a

R
a

S

w
l
o

f
s
v
i

5

U
A
p
S

s
t
r
b
t

R
s

(250 × 30, 319 × 30) (0.01, 0.001, 0.5, 0.3) (1)
1.35046 0.51699

ying between the two classes. However, proposed USVM-RFE has
hown highest classification of 73.68% for MCI  vs AD with 13% and
5% features. This is better than SVM-RFE which achieved highest
ccuracy of 68.42% on 30% features.

We  present a formula for calculating score for feature ranking in
FE based methods. The feature score of the ith feature is calculated
s per the following:

core (i) =
f∑

j=1

(rlowest − rij), (5)

here rij is the rank of ith feature in jth feature set, rlowest is the
owest rank value in largest feature set, and f is the total number
f features.

By using above mentioned formula, more weightage is given to
eatures which survive up to the smallest feature sets. Tables 14–16
how scores of different features for classification of CN vs AD, CN
s MCI, and MCI  vs AD respectively. The discussion on these scores
s presented in Section 6.2.

.2.3. ADNI baseline dataset
In order to verify the comparative performance of proposed

SVM-RFE with existing algorithms, we conducted experiments on
DNI baseline dataset [29,30]. The VolBM features are used to com-
are the classification performance of proposed USVM-RFE with
VM-RFE and TWSVM-RFE.

The comparative performance of proposed USVM-RFE for clas-
ification CN vs AD is shown in Table 10. It is clearly observable
hat proposed USVM-RFE is performing better than existing algo-
ithms in most of the feature sets. The highest accuracy obtained
y USVM-RFE is 89.2% with a sensitivity of 84.87% for 15% fea-

ures.

In case of CN vs MCI  in Table 11, again the proposed USVM-
FE outperfomed SVM-RFE and TWSVM-RFE in most of the feature
ets. Moreover, the highest accuracy of proposed USVM-RFE, i.e.,
Fig. 3. Plot showing comparison of (a) accuracy, and (b) F1 score of SVM-RFE, and
proposed USVM-RFE for classification of CN vs AD using VolBM features.

72.61% is obtained for just 3% of total features. Also, for MCI  vs

AD in Table 12, proposed USVM-RFE performed better than other
algorithms in many of the feature sets. However, the highest accu-
racy obtained by proposed USVM-RFE is same as TWSVM-RFE,
i.e., 71.88%, but with higher sensitivity. However, USVM-RFE is
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Table 10
Comparison of performance of proposed USVM-RFE in terms of accuracy (%) with existing algorithms on ADNI baseline dataset for CN vs AD using VolBM features. Bold
values indicate highest accuracy for the dataset, and underlined values show highest accuracy of the algorithm.

Tissue features (%) Proposed USVM-RFE SVM-RFE TWSVM-RFE

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity

CN vs AD
3 83.6 71.43 94.66 83.2 72.27 93.13 84 72.27 94.66
5  86.4 78.99 93.13 86.4 78.99 93.13 85.2 82.35 87.79
8  84.4 74.79 93.13 82.8 71.43 93.13 84.4 78.15 90.08
10  86.4 78.99 93.13 84.8 77.31 91.6 85.2 77.31 92.37
13  86.8 80.67 92.37 87.2 79.83 93.89 85.2 80.67 89.31
15  89.2 84.87 93.13 86.8 78.15 94.66 83.6 78.99 87.79
20  84.4 76.47 91.6 87.2 78.99 94.66 83.2 73.95 91.6
25  86.8 77.31 95.42 85.2 77.31 92.37 81.6 82.35 80.92
30  86.4 78.15 93.89 86.4 74.79 96.95 82 73.95 89.31
35  88.8 83.19 93.89 85.2 73.95 95.42 81.2 73.95 87.79
40  86.4 74.79 96.95 84.8 73.11 95.42 78.8 79.83 77.86
45  86.8 74.79 97.71 84.4 71.43 96.18 79.6 77.31 81.68
50  86 74.79 96.18 85.6 74.79 95.42 79.2 78.15 80.15

Table 11
Comparison of performance of proposed USVM-RFE in terms of accuracy (%) with existing algorithms on ADNI baseline dataset for CN vs MCI  using VolBM features. Bold
values  indicate highest accuracy for the dataset, and underlined values show highest accuracy of the algorithm.

Tissue features (%) Proposed USVM-RFE SVM-RFE TWSVM-RFE

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity

CN vs MCI
3 72.61 86.67 47.79 69.41 75.83 58.09 71.28 67.08 78.68
5  72.34 84.58 50.74 71.28 86.25 44.85 69.68 86.25 40.44
8  69.41 82.08 47.06 71.01 86.25 44.12 69.95 82.5 47.79
10  70.74 76.25 61.03 70.21 82.92 47.79 70.21 82.5 48.53
13  70.74 81.25 52.21 69.95 80.83 50.74 70.74 79.17 55.88
15  72.07 82.92 52.94 69.95 80 52.21 68.35 75.83 55.15
20  72.34 81.25 56.62 70.74 82.5 50 68.62 73.75 59.56
25  70.74 85.42 44.85 71.54 84.17 49.26 68.09 73.33 58.82
30  69.41 82.92 45.59 70.74 87.08 41.91 67.82 86.67 34.56
35  68.88 73.33 61.03 70.74 86.25 43.38 66.49 78.75 44.85
40  69.41 76.25 57.35 69.41 86.67 38.97 67.02 62.08 75.74
45  70.21 78.75 55.15 69.41 86.25 39.71 68.09 76.67 52.94
50  71.28 80.42 55.15 68.62 85.42 38.97 68.88 81.25 47.06

Table 12
Comparison of performance of proposed USVM-RFE in terms of accuracy (%) with existing algorithms on ADNI baseline dataset for MCI  vs AD using VolBM features. Bold
values  indicate highest accuracy for the dataset, and underlined values show highest accuracy of the algorithm.

Tissue features (%) Proposed USVM-RFE SVM-RFE TWSVM-RFE

Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity Accuracy Sensitivity Specificity

MCI  vs AD
3 70.45 36.7 85.6 68.47 24.77 88.07 69.03 0 100
5  70.17 38.53 84.36 69.32 55.05 75.72 63.64 64.22 63.37
8  70.17 40.37 83.54 69.6 39.45 83.13 70.74 17.43 94.65
10  71.88 41.28 85.6 71.59 40.37 85.6 71.88 25.69 92.59
13  71.59 42.2 84.77 68.18 42.2 79.84 68.75 34.86 83.95
15  70.17 46.79 80.66 68.47 44.95 79.01 67.05 33.95 81.89
20  70.74 54.13 78.19 69.89 40.37 83.13 63.92 53.21 68.72
25  71.02 55.05 78.19 66.76 40.37 78.6 62.5 51.38 67.49
30  68.75 54.13 75.31 67.33 38.53 80.25 60.23 52.29 63.79
35  69.89 52.29 77.78 67.05 39.45 79.42 62.5 54.13 66.26

h
s

T
t
c
p
u

40  70.45 52.29 78.6 67.61 

45  71.02 54.13 78.6 68.18 

50  70.74 49.54 80.25 68.18 

aving higher accuracy than TWSVM-RFE in lesser sized feature
ets.

The results for the classification performance of USVM, SVM and
WSVM for all the features are shown in Table 13. One can observe
hat USVM is performing better than the other algorithms for all the

ases. This is due to the introduction of universum samples, which
rovide prior information about AD data. The optimal parameters
sed in the RFE process are selected from Table 13.
39.45 80.25 65.34 49.54 72.43
44.95 78.6 65.06 52.29 70.78
48.62 76.95 61.65 49.54 67.08

5.2.4. UCI datasets
Experimental results on classification of cancer patients in Wpbc

and Wdbc are shown in Fig. 6. The optimal parameters for RFE
process are shown in Table 9.

One can notice in Fig. 6(a) that proposed USVM-RFE per-

forms better than SVM-RFE for lower dimensional feature sets.
Also, it can be observed that USVM-RFE recovers to 82.81% accu-
racy for 13% features immediately after a decline to accuracy
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Fig. 4. Plot showing comparison of (a) accuracy, and (b) F1 score of SVM-RFE, and
proposed USVM-RFE for classification of CN vs MCI  using VolBM features.

of 65.63%. This is better than SVM-RFE for the same feature
sets. Similarly, better performance is shown by USVM-RFE for
Wdbc dataset in Fig. 6(b). The comparison of training time is
shown in Table 9. It can be seen that USVM takes more time
than SVM. This is due to the inclusion of universum data. The
addition of universum data leads to better generalization per-
formance. So, the training time is a tradeoff for classification
accuracy.

6. Discussion

In this section, we present the discussion on reduced features
obtained from VBM and VolBM analysis by SVM-RFE, and proposed
USVM-RFE for CN vs AD, CN vs MCI, and MCI  vs AD cases. The differ-
ent regions of brain affected in Alzheimer’s disease are illustrated
in supplementary Fig. S.6.

6.1. VBM feature selection
The features selected from VBM analysis are shown in Figs. 7–9,
and the region names of the clusters are given in supplementary
Figs. S.8–S.13.
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In case of CN vs AD, our proposed USVM-RFE has shown bet-
er classification accuracy for less number of voxels as compared
o SVM-RFE. The feature set with least size and highest accuracy
s illustrated in Fig. 7 for both the algorithms. For SVM-RFE, the

ost overlapping GM regions with AAL atlas from supplementary
ig. S.8 are: amygdala (left), amygdala (right), hippocampus (left),
arahippocampal (left), parahippocampal (right), and hippocam-
us (right).

For proposed USVM-RFE, the regions from supplementary Fig.
.9 are: amygdala (left), hippocampus (left), parahippocampus
left), parahippocampus (right), and temporal pole mid  (left). This
s in accordance with previous studies [45].

For CN vs MCI, Fig. 8 shows the regions of increased CSF. The
rain regions proximal to area of increased CSF are given in supple-
entary Figs. S.10 and S.11 for SVM-RFE and proposed USVM-RFE

espectively. The regions selected by SVM-RFE are: cingulate ante-
ior (left), temporal pole mid  (left), hippocampus (left), temporal
ole superior (right), and parahippocampal (right). For proposed

SVM-RFE, the regions are: cingulate anterior (left), temporal pole

uperior (right), temporal pole mid  (left), temporal pole mid  (right),
nd parahippocampal (right). This is a result of atrophy in the tem-
oral regions [46]. The CSF volumes of our cohort also support this
Fig. 6. Plot showing comparison of classification accuracy of SVM-RFE, and proposed
USVM-RFE for (a) Wpbc, and (b) Wdbc datasets.

finding. The mean and standard deviation of CSF volume (mm3)
of CN, MCI, and AD are 1306.43 ± 410.93, 1493.98 ± 388.67 and
1652.78 ± 634.80 respectively.

This indicates that CSF voxels are useful for classification of CN
vs MCI. Moreover, the number of CSF voxels selected by proposed
USVM-RFE for highest accuracy are lesser than SVM-RFE. This helps
in localizing the regions with change in CSF volume.

In MCI  vs AD, there is significant atrophy in the left tempo-
ral lobe as compared to right in both SVM-RFE and USVM-RFE
features as shown in Fig. 9. The regions for voxels selected by SVM-
RFE are: amygdala (left), parahippocampal (left), fusiform (left),
hippocampus (left), temporal pole superior (left), and temporal
inferior (left) (For details, refer supplementary Fig. S.12). Proposed
USVM-RFE selected fewer voxels with higher classification accu-
racy as compared to SVM-RFE. The corresponding regions are:
amygdala (left), parahippocampal (left), fusiform (left), temporal
pole superior (left), and hippocampus (left) (For details refer Fig.
S.13). Moreover, voxels selected by proposed USVM-RFE are mostly
in the left side of brain. This is due to asymmetric atrophy of left

and right side of brain in AD [47,48]. The variation of amygdala and
hippocampus volume in left and right side of brain in our cohort is
shown in supplementary Fig. S.14.
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Fig. 7. Illustration of reduced GM voxels (VBM) obtained after feature elimination process of (a) proposed USVM-RFE and (b) SVM-RFE for CN vs AD. The variation of weights
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s  shown using heat map.

In most of the cases, GM features provided better accuracy due to
ignificant atrophy of GM regions in the brain [49]. Fig. 10 illustrates
he variation of accuracy with feature set for SVM-RFE and proposed
SVM-RFE. It can be seen that proposed USVM-RFE selects features

rom all the regions of brain as compared to SVM-RFE for CN vs
D. This shows that SVM-RFE is having local information about the
ataset in every iteration, while proposed USVM-RFE has global

nformation, i.e., distribution of data. This results in the selection
f discriminative voxels from different regions of brain. This illus-
rates the fact that for classification of Alzheimer’s disease, optimal
eatures are needed from different regions of brain.

.2. VolBM feature selection

The volumetric features selected by SVM-RFE and proposed
SVM-RFE for CN vs AD are shown in Table 14. It can be seen that
mygdala volume is having highest rank in both SVM-RFE and pro-
osed USVM-RFE. This is due to atrophy of amygdala in AD subjects
50].

Other highest ranking features for SVM-RFE and USVM-RFE
re parahippocampal thickness, entorhinal thickness, hippocam-
us volume, and inferior parietal thickness which are in accordance
ith other studies [51,52]. This also correlates with our VBM based

eature analysis. The decrease in measures of these regions is also
llustrated as box plots in supplementary Fig. S.14.

However, one can see that proposed USVM-RFE assigned higher
ank to hippocampus volume than inferior parietal thickness as
ompared to SVM-RFE. This justifies better feature selection by pro-

osed USVM-RFE, as hippocampus is one of the prominent features
or CN vs AD classification [53]. For CN vs MCI, Table 15 shows that
nferior parietal thickness is the most discriminative feature for
VM-RFE, while USVM-RFE ranked parahippocampal thickness as
the most optimal. Other studies also suggested thinning of parahip-
pocampal gyrus [45] in MCI  patients.

For MCI  vs AD, Table 16 shows the most significant features as
superior temporal and entorhinal thickness by proposed USVM-
RFE and SVM-RFE respectively. This was also shown in previous
studies [52,54]. One can observe that parahippocampal thickness
is selected as discriminative feature in all cases, i.e., CN vs AD,
CN vs MCI, and MCI  vs AD. The reason for this is the fact that
parahippocampal region encloses the brain structures affected in
Alzheimer’s disease [55].

From the results, it is evident that proposed USVM-RFE gives
higher classification accuracy than SVM-RFE due to its prior knowl-
edge about the distribution of data. Moreover, the features selected
by proposed USVM-RFE are also in accordance with the literature
which justifies its applicability.

7. Conclusions and future work

We proposed a universum based technique for feature selec-
tion. This provides an improvement over SVM-RFE algorithm by
giving prior information about data. On the basis of our analysis
on Alzheimer’s disease, proposed USVM-RFE has performed better
than SVM-RFE in most of the cases for classification of CN, MCI, and
AD subjects. Moreover, we presented an approach of using VBM on
training and testing phase separately. This is useful in real world
scenarios. We  provided an analysis of the feature extraction meth-
ods for MRI  images, i.e., voxel based and volume based features.
On the basis of our work on VBM and VolBM features, USVM-RFE
achieved relatively better classification accuracy of CN vs AD and

MCI  vs AD in VolBM as 100% and 73.68% respectively. For CN vs MCI,
VBM features provided highest accuracy of 90% with CSF measures.
According to our feature analysis, amygdala volume is a prominent
discriminative feature for detection of Alzheimers.
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Fig. 8. Illustration of reduced CSF voxels (VBM) obtained after feature elimination process of (a) proposed USVM-RFE and (b) SVM-RFE for CN vs MCI. The variation of weights
is  shown using heat map.

Fig. 9. Illustration of reduced GM voxels (VBM) obtained after feature elimination process of (a) proposed USVM-RFE and (b) SVM-RFE for MCI  vs AD. The variation of weights
is  shown using heat map.
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Table 14
Comparison of feature sets selected by proposed USVM-RFE with SVM-RFE from VolBM features on classification of CN vs AD. The features are represented by their feature IDs from supplementary Table S.1.

Proposed USVM-RFE SVM-RFE

Features (%) 13 10 8 5 3 Overall Score Feature name Features (%) 13 10 8 5 3 Overall Score Feature name
Accuracy  (%) 90 100 100 100 85 Accuracy (%) 100 100 100 85 85

Feature rank Feature rank
1  48 48 48 48 48 48 50 Amygdala volume 1 48 48 48 48 48 48 50 Amygdala volume
2  53 20 20 20 11 20 35 Parahippocampal thickness 2 20 20 13 20 11 20 35 Parahippocampal thickness
3  20 53 53 11 11 35 Entorhinal thickness 3 53 53 20 11 11 35 Entorhinal thickness
4  71 71 11 13 53 25 Hippocampus volume 4 11 13 53 13 13 29 Inferior parietal thickness
5  11 13 71 13 23 Inferior parietal thickness 5 13 12 11 53 23 Hippocampus volume
6  13 11 13 71 20 WM entorhinal volume 6 71 11 12 12 14 Fusiform thickness
7  12 12 12 12 12 Fusiform thickness 7 5 71 5 5 11 Temporal pole thickness
8  10 10 10 6 Precuneus thickness 8 12 5 71 9 WM entorhinal volume
9  5 5 5 4 Temporal pole thickness 9 57 57 57 4 Cortex volume
10  15 15 1 Isthmus cingulate thickness 10 8 8 1 Caudal middle frontal thickness
11  57 57 0 Cortex volume 11 36 36 0 Fourth ventricle volume

Table 15
Comparison of feature sets selected by proposed USVM-RFE with SVM-RFE from VolBM features on CN vs MCI classification. The features are represented by their feature IDs from Table S.1.

Proposed USVM-RFE SVM-RFE

Features (%) 13 10 8 5 3 Overall Score Feature name Features (%) 13 10 8 5 3 Overall Score Feature name
Accuracy (%) 78.95 78.95 78.95 84.21 73.68 Accuracy (%) 73.68 73.68 78.95 73.68 68.42

Feature rank Feature rank
1  50 20 50 20 20 20 47 Parahippocampal thickness 1 13 13 13 13 48 13 49 Inferior parietal thickness
2  20 50 3 3 50 50 46 Cerebellum WM volume 2 63 50 48 48 13 48 42 Amygdala volume
3  34 3 20 50 3 31 Middle temporal thickness 3 40 40 40 50 40 31 Ventral DC volume
4  17 47 17 47 47 21 Accumbens area volume 4 48 48 50 40 50 30 Cerebellum WM volume
5  77 17 47 17 20 Lateral orbitofrontal thickness 5 50 63 63 63 21 WM middle temporal volume
6  3 77 82 34 15 Insula thickness 6 9 20 9 9 14 Cuneus thickness
7  13 6 34 77 11 WM lingual volume 7 20 9 20 20 13 Parahippocampal thickness
8  82 34 82 10 WM pars opercularis volume 8 16 67 16 5 Lateral occipital thickness
9  84 82 6 4 Transverse temporal thickness 9 67 16 67 5 WM temporal pole volume
10  47 13 4 Inferior parietal thickness 10 88 88 1 WM rostral anterior cingulate volume
11  6 84 2 WM pericalcarine volume 11 68 68 0 WM transverse temporal volume
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One of the important advantages of our universum based algo-
rithm is the global or holistic approach in feature selection as
compared to SVM-RFE. This provides robustness to our USVM-RFE
in each iteration of feature elimination. Moreover, we found that
there is significant atrophy in left side of brain in Alzheimer’s dis-
ease. This result can be used to develop neuropsychological tests
which require functions performed by left hemisphere of brain. This
may  result in early detection of Alzheimers through a non-invasive
approach.

The proposed USVM-RFE has the limitation of higher training
time due to the universum. Also, more research is needed in the
proper selection of universum, as it is dependent on the classi-
fication problem. Moreover, our USVM-RFE can be modified for
multiclass classification problems, and used on various other real
world applications.
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