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HIGHLIGHTS

® We propose a machine learning method for detection of morphometric biomarkers in Parkinson’s disease.

o The multilevel ROI features are constructed by using the low-level ROI features and the high-level correlative features.
® The classification performance of our method is improved compared with other methods using single-level features.

® The morphometric biomarkers that have been detected in our method are useful for assisted diagnosis of the disease.
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Machine learning methods have been widely used in recent years for detection of neuroimaging biomark-
ers in regions of interest (ROIs) and assisting diagnosis of neurodegenerative diseases. The innovation
of this study is to use multilevel-ROI-features-based machine learning method to detect sensitive mor-
phometric biomarkers in Parkinson’s disease (PD). Specifically, the low-level ROI features (gray matter
volume, cortical thickness, etc.) and high-level correlative features (connectivity between ROIs) are inte-
grated to construct the multilevel ROI features. Filter- and wrapper- based feature selection method
and multi-kernel support vector machine (SVM) are used in the classification algorithm. T1-weighted
brain magnetic resonance (MR) images of 69 PD patients and 103 normal controls from the Parkinson’s
Progression Markers Initiative (PPMI) dataset are included in the study. The machine learning method
performs well in classification between PD patients and normal controls with an accuracy of 85.78%, a
specificity of 87.79%, and a sensitivity of 87.64%. The most sensitive biomarkers between PD patients
and normal controls are mainly distributed in frontal lobe, parental lobe, limbic lobe, temporal lobe, and
central region. The classification performance of our method with multilevel ROI features is significantly
improved comparing with other classification methods using single-level features. The proposed method
shows promising identification ability for detecting morphometric biomarkers in PD, thus confirming the
potentiality of our method in assisting diagnosis of the disease.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction complication of neurological disease. The mechanism of PD is

still unclear. The primary symptoms can be classified into motor

Parkinson’s disease (PD) is one of the most common neurode-
generative diseases affecting middle-aged and elderly population
all over the world [1]. The disease can be influenced by differ-
ent factors, including social environment, use of medicine, and
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symptoms and non-motor symptoms. Motor symptoms manifest
as tremor, bradykinesia, rigidity muscles, and abnormal gait [2],
whereas non-motor symptoms show mental disorders, sleep prob-
lems, autonomic dysfunction, and sensory disturbance [3]. How to
assist diagnosis in the early stage of PD is a worldwide problem.
Therefore, detecting morphometric biomarkers and developing
identification technique for analysis of the disease are essential.
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At present, clinical diagnosis of PD is based on UK’s National
Institute for Health and Care Excellence (NICE) Parkinson’s disease
guideline [4], which is dependent on two or more motor symp-
toms, such as resting tremor, bradykinesia, or rigidity. However,
the main symptoms of PD in evaluation of patients’ conditions are
similar to the symptoms that are caused by other factors, including
progressive supranuclear palsy, multiple sclerosis, and Lowy’s body
dementia. In addition, dopamine levels of eighty percent corpus
stratums have decreased when the patients are diagnosed with PD.
These factors make it difficult for clinicians in early identification
of the disease. Effective biomarkers that can reflect the patients’
condition are needed urgently for analysis of the disease.

Neuroimaging technologies are widely used in diagnosis of neu-
rodegenerative diseases. Magnetic resonance (MR) imaging is a
neuroimaging technology that can provide precise information of
brain structure and function with the advantage of imaging soft
tissue in high resolution. In recent years, there has been a growing
interest in using machine learning methods to detect neuroimag-
ing biomarkers of regions of interest (ROIs). Studies show that
machine-learning-based classification algorithms exhibit strong
identification power on neurodegenerative disease, such as Hunt-
ington disease [5], Alzheimer’s disease [6], and mild cognitive
impairment [7]. In researches on PD, previous machine-learning-
based studies reveal that the neuroimaging biomarkers that are
related to PD mainly distribute in caudate nucleus [8], parahip-
pocampal gyrus [9], and thalamus [10]. Machine learning methods
can not only provide accurate biomarkers for better understanding
of the disease but also provide an effective approach for assist-
ing diagnosis of the disease. Nevertheless, existing methods for PD
classification are mostly using single-level features (such as volu-
metric features or cortical features), which misses the high-level
information of the brain.

The innovation of this study is to propose a multilevel-ROI-
features-based machine learning method to detect morphometric
biomarkers of PD on structural brain MR images. Specifically,
we combine low-level ROI features (gray matter volume, cortical
thickness, etc.) and high-level correlative features (connectivity
between ROIs) to construct the multilevel ROI features, and use
the filter- and wrapper- based features extraction approache and
the multi-kernel support vector machine (SVM) for classification
between PD patients and normal controls. The use of the low-level
and the high-level features can integrate both structural informa-
tion and brain connectivity for more accurate classification of PD.
The validation of the classifier is performed on the Parkinson’s Pro-
gression Markers Initiative (PPMI) dataset.

2. Materials and methods
2.1. Data

In this study, 69 PD patients and 103 normal controls from the
Parkinson’s Progression Markers Initiative (PPMI) dataset [11] are
included. All participants have conducted neuropsychological tests,
including Benton Judgment of Line Orientation, Total immediate
recall (HVLT), Delayed recall (HVLT), Letter and number sequenc-
ing, Montreal Cognitive Assessment (MoCA) total score, Phonemic
fluency, Semantic fluency, and Symbol Digit Modalities Test. All
study procedures and ethical aspects were approved by the institu-
tional review board. Written informed consents are obtained from
all subjects.

The T1-weighted brain MR images are acquired by 3T SIMENS
MEDICAL SYSTEM with the following parameters: repetition
time (TR)=2300 ms; echo time (TE)=2.98 ms; flip angle (FA)=9°;
slice thickness=1mm; field of view (FOV)=256mm; matrix
size =240 x 256.

2.2. The multilevel-ROI-features-based machine learning method

The framework of the multilevel-ROI-features-based machine
learning method is shown in Fig. 1. Before applying the machine
learning method, all brain MR images are processed to extract
the low-level ROI features and the high-level correlative features.
Multilevel ROI features are constructed based on the low-level
and high-level features. After that, feature extraction and feature
selection are performed for the low-level and high-level features
respectively. The kernel matrixes are constructed respectively for
each feature type using radial basis function (RBF) kernel function
before combining them into the final multi-kernel matrix.

2.2.1. Image processing

The original images are converted from DICOM format to
ANALYZE format using the MRICron software (http://www.
mccauslandcenter.sc.edu/mricro/mricron/). After that, the image
processing procedures in BrainLab software [12] are performed,
including five steps: (1) Image preprocessing: The input images
are resampled and reoriented to standardize format. Then the
N3 algorithm is used to correct the intensity of the images. (2)
Brain extraction: Scalp, skull, and dura are removed as well as the
non-brain tissues [13]. (3) Tissue segmentation: gray matter (GM),
white matter (WM), and cerebrospinal fluid (CSF) are separated
respectively [14]. (4) Brain label: The tissue segmented images
are nonlinearly registered to the brain atlas. (5) Cortical surface
reconstruction: The inner, middle, and outer surfaces of the cortex
are reconstructed [15]. An anatomical parcellation of the Montreal
Neurological Institute (MNI) based Automated Anatomical Label-
ing (AAL) template is used [ 16]. Because we focused on cortical gray
matterregions, 12 subcortical ROIs are ignored [ 17]. After the whole
processing, the morphometric measurements of GM volume, WM
volume, CSF volume, cortical thickness, and cortical surface area of
each ROI are obtained for all subjects.

2.2.2. Feature extraction

The low-level ROI features and the high-level correlative fea-
tures are used to construct the multilevel ROI features. (1) The
low-level ROI features that are extracted from the brain MR images
using BrainLab software include GM volume, WM volume, CSF
volume, cortical thickness, and cortical surface area. In order to
decrease individual differences, the volumetric measurements of
each ROI are normalized by dividing the intracranial volume of the
subject. As for the cortical measurements, the cortical thicknesses
of each ROI are normalized by dividing the respective standard
deviation, and the cortical surface areas are normalized by divid-
ing the total surface area of the brain. (2) The high-level correlative
features are constructed by computing the correlation index of cor-
tical thickness values between ROIs. A 78 x 78 correlative matrix
is obtained for each subject, which conveys information of struc-
tural connectivity of the brain. Specifically, the correlation index
between i-th and j-th ROl is defined as

. )
c(i,j):exp{—%} (1)

where t(i) and t(j) denote cortical thickness value of the i-th
and j-th RO, and o; and o; denote the standard deviation of
cortical thickness of the i-th and j-th ROI. Only 3003 elements
(N x (N —1)/2),with N=78)in the upper triangle of the correlative
matrix are used on account of the similarity of the matrix.

2.2.3. Feature selection
In our method, mixed feature selection method is used to
reduce the feature dimension, including filter-based approach and
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Fig. 1. Framework of the multilevel-ROI-features-based classification method.

wrapper-based approach. The dimension of the original ROI fea-
tures is 390 (78 GM volume, 78 WM volume, 78 CSF volume, 78
cortical thickness, and 78 cortical surface area). The dimension-
ality of the original correlative feature is 3003 (upper triangular
matrix of the 78 x 78 correlative matrix). The mixed feature selec-
tion method is used on each feature type respectively. First, t-test
is used to choose the features whose p values are smaller than the
threshold (p <0.05). Then, the minimum redundancy and max-
imum relevance (mRMR) approach [18] is employed to further
reduce the dimension of features. After these two steps, 30 features
are retained for each feature type. Finally, a SVM based recursive
feature elimination (SVM-RFE) method [19] is adopted to select the
optimal features that are used to construct the classifier. Finally, 15
features are selected as the discriminative features for each feature
type respectively. In order to ensure that the low-level ROI features
and the high-level correlative features are within the same scale,
all features are scaled to range [-1,1] before performing feature
selection.

2.2.4. Classification algorithm

Because two types of features are included in our study: low-
level ROI features and high-level correlative features, multi-kernel
SVM is used to integrate these two types of featuresand provide
a more comprehensive way of characterizing the whole feature
space. Before we integrate these two types of features together, we
first construct a single kernel matrix for each feature type respec-
tively using radial basis function (RBF) kernel function. Suppose
that we have N training samples x;”” € R,n=1,...,N,m=1, ...,
M with M types of features and the corresponding labels y, <
{—1, l}. The purpose of the multi-SVM classifier is to estimate

the decision function for a new test sample (x(’"), y). The decision
function F (x) is defined as

N M
Fo)=sign | > onyny fim (x7.5) ()
n=1 m=1

where N is the number of samples; M is the number of feature
types; Bm >0 is the weighting factor of the M types of features; oy
N

is defined as Zanyn =0withO<an<Cn=1,..., Nand Cis the
n=1

model parameter that controls the amount of constraint violations.

In this way, the multi-kernel SVM classifier is able to determine

that the new test sample is belonging to one or the other of the

binary labeled training class (PD patient verses normal control).

2.3. Validation of the classifier

In our experiment, we randomly divided the whole data into
two sets with similar number of subjects from each class in each
set: one for training and the other one for testing. Two layer nested
crossvalidation is employed to validate the classification algorithm.
The aim of the inner crossvalidation is to determine the parameters
that are used in construction of the classifier, while the outer cross-
validation is used to evaluate the generalizability of the classifier on
the testing set. This procedure is conducted using a 10-fold cross-
validation. The classifier that performs best in the two layer nested
cross-validation is considered to be the optimal classifier and the
corresponding parameters will be used in the final SVM model to
classify the new test sample.

3. Results
3.1. Demographic and clinical studies

Demographic and clinical information of PD patients and nor-
mal controls is listed in Table 1. Although no significant differences
are found between the two groups in demographic information, PD
patients are characterized by higher scores in clinical information,
including Total immediate recall of Hopkins Verbal Learning Test
(HVLT), Delayed recall of HVLT, Montreal Cognitive Assessment
(MoCA) total score, Semantic fluency, and Symbol Digit Modalities
Test.
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Table 1
Demographic and clinical information of PD patients and normal controls.
Normal controls(N=103) PD patients(N=69) Statistical test Pvalue
Variables
Age, year, mean (SD) 60.57 (9.16) 59.78 (11.26) t=0.51 0.61
Female/male 32/71 25/44
Education, year, mean (SD) 15.85(2.71) 15.49 (3.05) t=0.82 0.42
Neuropsychological test results
Benton Judgment of Line Orientation, mean (SD) 12.99 (2.02) 13.23(1.78) t=-0.81 0.42
Total immediate recall of HVLT, mean (SD) 24.24 (5.57) 26.20(5.55) t=-2.27 0.03
Delayed recall of HVLT, mean (SD) 8.49 (2.48) 9.25 (2.46) t=-1.98 0.04
Letter and number sequencing, mean (SD) 10.19 (2.87) 10.78 (2.42) t=-1.40 0.16
MoCA total score, mean (SD) (range) 27.35(2.44) 28.03 (1.60) t=-2.04 0.04
Phonemic fluency (MoCA), mean (SD) 13.70 (4.52) 14.88 (4.57) t=-1.68 0.10
Semantic fluency, mean (SD) 51.31(9.93) 55.72(10.09) =-2.84 <0.01
Symbol Digit Modalities Test, mean (SD) 4042 (11.21) 46.20 (8.39) t=-3.65 <0.01

Abbreviations: N=number of participants; SD =standard deviation; PD = Parkinson’s disease; HVLT = Hopkins Verbal Learning Test; MoCA = Movement Disorders Society.
Comparisons between groups are performed using Student ¢ test or x? test. Significant at p <0.05.

3.2. Classification performance

The multilevel ROI features are used in the classification frame-
work, consisting of the low-level ROI features (GM volume, WM
volume, CSF volume, combination of GM, WM, and CSF volume,
cortical thickness, and cortical surface area) and the high-level cor-
relative features. The classification performance is compared in
Table 2 with the classification accuracy, area under receiver oper-
ating characteristic curve (AUC), sensitivity, specificity, Youden’s
index, F-score, Balanced Accuracy (BAC), and p values obtained from
paired t-test on accuracy.

The classifier performs the worst among all feature types when
using features of WM volume. For cortical thickness, the classifica-
tion performance is significantly improved by using the high-level
correlative feature comparing with the use of the low-level ROI
features in cortical thickness, which indicates that the internal
relationship between ROIs are reflected in the high-level correl-
ative features. It is interesting to find that the combination of gray
matter (GM), white matter (WM), and cerebrospinal fluid (CSF)
volume performs similarly to the high-level correlative features.
The multilevel ROI features perform the best in the classification
with a relatively high accuracy of 85.78%. The statistically signifi-
cant(p<0.0001)results indicate that the multilevel ROI features are
superior in characterizing the brain structural alterations and brain
connections for PD patients. Moreover, the AUC, sensitivity, speci-
ficity, and other statistical evaluation measurements are also higher
using the multilevel ROI features than using other features, which
shows the potentiality of the classifier in classification between PD
patients and normal controls.

3.3. The most sensitive features

TOP 15 of the most sensitive low-level ROI features and high-
level correlative features are listed in Table 3. The sensitive
low-level ROI features that include GM volume, WM volume, CSF
volume, and cortical surface area are mainly distributed in both
left and right hemisphere, which reveals the coordinative activi-
ties of the left and right brain. The low-level ROI features that are
contributed the most in PD classification include frontal lobe (left
orbitofrontal cortex (inferior), right middle frontal gyrus, left para-
central lobule, and left orbitofrontal cortex (medial)), parietal lobe
(right supramarginal gyrus, left superior parietal gyrus, right angu-
lar gyrus, and left precuneus), central region (bilateral postcentral
gyrus), occipital lobe (right fusiform gyrus), temporal lobe (right
inferior temporal gyrus), and limbic lobe (left ParaHippocampal
gyrus). Fig. 2(a)illustrates the most sensitive low-level ROI features
that are mapping onto cortical surface.

The most sensitive high-level correlated features are drawn
on the connection diagram (Fig. 2(b)), generating using an inter-
relationship displaying tool called Circos (www.cpan.org/ports)
[20]. It can be found that pairs of ROIs (connected with smooth
curve in the connection diagram) that are sensitive for PD clas-
sification are located in multiple lobes and both the left and
right hemisphere, including left frontal lobe (left superior frontal
gyrus (dorsal), left inferior frontal gyrus (triangular), left supple-
mentary motor area, and left olfactory), right frontal lobe (right
middle frontal gyrus, right orbitofrontal cortex (middle), right
inferior frontal gyrus (opercular), right inferior frontal gyrus (tri-
angular), right supplementary motor area, right superior frontal
gyrus (medial), right orbitofrontal cortex (medial), and right rec-
tus gyrus), left limbic lobe (left anterior cingulate gyrus and left
ParaHippocampal gyrus), right limbic lobe (right temporal pole
(superior)), left central region (left precentral gyrus), right central
region (right rolandic operculum), right temporal lobe (right supe-
rior temporal gyrus and right middle temporal gyrus), and right
Insula. It can be observed that most of the TOP 15 high-level cor-
related features are located in right frontal lobe with thicker and
darker lines as shown in Fig. 2(b).

4. Discussion

Accurate and efficient PD classification with neuroimaging
biomarkers has attracted intensive attention in recent years. So
far, the biomarkers are based on either volumetric information
[21] or cortical information [22,23]. It has been shown that these
biomarkers are utilized in classification of PD patients from normal
controls. However, these features cannot reflect synthesize infor-
mation of the disease. For this reason, the multilevel ROI features
that provide integrated information of the brain are essential for
detecting PD-related morphometric biomarkers and increasing our
understanding of the disease.

Machine learning methods have been widely used for identify-
ing sensitive biomarkers in analysis of neurodegenerative diseases
[24]. While most studies concentrate on measuring morphomet-
ric abnormalities in single ROIs, our study reveals that multilevel
ROI features can be utilized to provide extra information at the
whole brain level. In this study, we propose a multilevel-ROI-
features-based machine learning method using multi-kernel SVM
classifier. Improved classification performance is achieved using
the PPMI dataset (accuracy = 85.78%, specificity = 87.79%, and sensi-
tivity = 87.64%), which indicates the promising generalizability and
identification power of our method to apply to similar problems.
The proposed classification method is also compared with other
approaches using PPMI dataset and SVM (Table 4). The classifica-
tion accuracy is improved comparing with Chen’s method [25].
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Table 2

Classification performance using different feature types.
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Feature types

Low-level ROI features

High-level correlative features

Multilevel ROI features

Statisticalmeasures GM WM CSF GM + WM+CSF Thickness Area Correlative
ACC 65.2732 66.4250 66.7343 71.6133 68.2488 67.4469 73.6816 85.7816
AUC 0.6437 0.6497 0.6433 0.7556 0.6745 0.6541 0.8158 0.8363
SEN 0.6527 0.6640 0.6673 0.7056 0.6829 0.6747 0.7368 0.8764
SPE 0.6384 0.6482 0.6451 0.7263 0.6697 0.6508 0.7385 0.8779
Y 0.7604 0.7726 0.7834 0.8509 0.8002 0.7947 0.8475 0.8674
F 0.3426 0.3796 0.3841 0.4127 0.3982 0.3941 0.4529 0.6744
BAC 0.6763 0.6948 0.6803 0.7306 0.6913 0.6886 0.7557 0.8357
p value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 -
Table 3

TOP 15 of the most sensitive low-level ROI features and high-level correlative features.

No. Low-level ROI features High-level correlative features

1 Orbitofrontal cortex (inferior)_L_.C Anterior cingulate gyrus_L — Superior temporal gyrus_R

2 Postcentral gyrus_R_.C Rolandic operculum-R — Supplementary motor area_L

3 Middle frontal gyrus_R-A Supplementary motor area_R —Olfactory_L

4 Supramarginal gyrus_R_A Superior frontal gyrus (dorsal)_L — Insula_R

5 Inferior temporal gyrus.R-W ParaHippocampal gyrus_L — Middle temporal gyrus_R

6 Superior parietal gyrus_L_.G Supplementary motor area_R — Orbitofrontal cortex (medial)-.R
7 Angular gyrus_R-A Superior frontal gyrus (dorsal)_L — Supplementary motor area_L
8 Paracentral lobule L_.G Olfactory_L — Rectus gyrus_R

9 Precuneus_L-A Middle frontal gyrus_R — Inferior frontal gyrus (triangular)_-R

10 Postcentral gyrus_L_A Orbitofrontal cortex (middle) R — Inferior frontal gyrus (opercular)-R
11 ParaHippocampal gyrus_ LG Precentral gyrus_L — Orbitofrontal cortex (middle)_R

12 Fusiform gyrus_R-W Superior frontal gyrus (dorsal).L — Middle frontal gyrus_R

13 Orbitofrontal cortex (medial)_L-W Precentral gyrus_L — Temporal pole (superior)-R

14 Middle frontal gyrus R-W Superior frontal gyrus (medial)_R — Rectus gyrus_R

15 Fusiform gyrus_R_A Inferior frontal gyrus (triangular).L — Rectus gyrus_R

*R=right, L=left, G =gray matter, W = white matter, C= cerebrospinal fluid, A= cortical surface area.
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Fig. 2. Feature map of the most sensitive multilevel ROI features. (a) Low-level ROI features that are mapping onto cortical surface. (b) High-level correlative features. Red
color lines indicate connections between ROIs in the same hemisphere, and gray color lines indicate connections between ROIs in the two sides of the brain. Thickness of
each line reflects its selection frequency, e.g., thicker line indicates higher selection frequency. The labeled numbers on (a) are corresponding to the sequence numbers of the
most sensitive ROI features in Table 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Although the classification accuracy of our method is similar to
that of Salvatore’s method [26], the specificity and sensitivity of
our method are improved, which indicates that the multilevel ROI

features have better ability in characterizing PD related brain mor-
phometry.

The brain regions that are associated with PD pathology have
already been reported in previous researches. These regions include
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Table 4
Comparison with other approaches based on PPMI dataset.
Chen [25] Salvatore [26] Our method
Dataset PPMI PPMI PPMI

Sample number
Data description

18 PD patients 21 normal controls
Brain MR images

Features Scale invariant feature transform (SIFT) features
Machine learning method SVM
Accuracy 80.0%
AUC 0.7800
Specificity -
Sensitivity -

Principal Component Analysis (PCA) features

28 PD patients 28 normal controls
Brain MR images

69 PD patients103 normal controls
Brain MR images
Multilevel ROI based features

SVM Multi-kernel SVM
85.8% 85.8%

- 0.8363
86.0% 87.8%
86.0% 87.6%

hippocampal [27], amygdalar [28], caudate [29], prefrontal cortex
[30], and temporal lobe [31], most of which are also found in our
results. The high-level correlated features are mainly located in
the frontal lobe. It is interesting to find that there are more corre-
lated features in the right hemisphere than in the left hemisphere.
The right hemisphere has a special role in emotion regulation [32],
which preliminarily shows the relationship between depression
and structural connection in PD. Freezing of gait is a symptom
of PD that is associated with dysfunction in processing cognitive
information while walking [33]. Researchers find that structural
connectiive abnormalities between different parts of the brain are
one of the reasons for freezing of gait [34]. Our findings on brain
connection are consistent with the previous studies, confirming the
validity of the correlated features in our study.

Although most researches focus on morphometric features in
single ROIs or distinct brain regions, our research shows that the
multilevel ROI features integrating both structural information
and brain connectivity can improve the classification performance
between PD patients and normal controls. According to our results,
PD-related abnormalities mainly locate at frontal lobe, parental
lobe, limbic lobe, temporal lobe, and central region, which indicates
that structural alterations are not located at specific regions but
widespread over the whole brain. The proposed method can detect
not only regions in low-level ROIs but also changes in high-level
structural connections between ROIs. Since abnormalities gener-
ally appear in relevant brain regions, it is important to propose a
method that can reflect the entire pattern of the alterations related
to PD throughout the whole brain. The multilevel ROI features in our
classification method convey synthetic and supplemental informa-
tion, which provides a comprehensive approach for exploring the
data of PD.

5. Conclusions

In this study, we propose a multilevel-ROI-features-based
machine learning method using brain MR images to detect PD
related morphometric biomarkers and improve the identification
power of the disease. The low-level ROI features are extracted
using BrainLab. Then the high-level correlated features are con-
structed by computing the similarity value of the cortical thickness
between ROIs. The multilevel ROI features are integrated using both
the low-level ROI features and the high-level correlative features.
The classification performance of our method is improved by using
our multilevel-ROI-features based classification method compar-
ing with using other methods, which confirms the potentiality of
the multilevel ROI features. The promising results demonstrate that
our approach can provide comprehensive information that is useful
foridentification and analysis of PD and even for other neurodegen-
erative diseases.
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