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Abstract: White matter lesions (WML) are common in a variety of brain pathologies, including ischemia
affecting blood vessels deeper inside the brain’s white matter, and show an abnormal signal in T1-weighted
and FLAIR images. The emergence of personalized medicine requires quantification and analysis of
differential characteristics of WML across different brain regions. Manual segmentation and analysis of
WDMLs is laborious and time-consuming; therefore, automated methods providing robust, reproducible,
and fast WML segmentation and analysis are highly desirable. In this study, we tackled the segmentation
problem as a voxel-based classification problem. We developed an ensemble of different classification
models, including six models of support vector machine, trained on handcrafted and transfer learning
features, and five models of Residual neural network, trained on varying window sizes. The output
of these models was combined through majority-voting. A series of image processing operations was
applied to remove false positives in a post-processing step. Moreover, images were mapped to a standard
atlas template to quantify the spatial distribution of WMLSs, and a radiomic analysis of all the lesions across
different brain regions was carried out. The performance of the method on multi-institutional WML
Segmentation Challenge dataset (n = 150) comprising T1-weighted and FLAIR images was >90% within
data of each institution, multi-institutional data pooled together, and across-institution training-testing.
Forty-five percent of lesions were found in the temporal lobe of the brain, and these lesions were easier
to segment (95.67%) compared to lesions in other brain regions. Lesions in different brain regions
were characterized by their differential characteristics of signal strength, size/shape, heterogeneity, and
texture (p < 0.001). The proposed multimodal ensemble-based segmentation of WML showed effective
performance across all scanners. Further, the radiomic characteristics of WMLs of different brain regions
provide an in vivo portrait of phenotypic heterogeneity in WMLs, which points to the need for precision
diagnostics and personalized treatment.
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1. Introduction

White matter (WM) hyperintensities or white matter lesions (WMLs) are a common occurrence in
a variety of brain pathologies, including infection, issues in the body’s immune system, small vessel
ischemia, exposure to hazardous chemicals, and more. In many cases, the reason for the development
of WMLs is unknown. These lesions show abnormal intensity signals on magnetic resonance imaging
(MRI) such as T1-weighted (T1) and fluid-attenuated inversion recovery (FLAIR) MRIs. These WMLs
are generally more prevalent in the MRIs of old-age people [1] and accumulating evidence has shown
their association with various old-age diseases such as Alzheimer, cognitive deficit, cerebrovascular
disease, and other psychiatric disorders [2-8]. Therefore, segmentation and quantification of WMLs is
essential to gain an adequate understanding of the relationship between WMLs and old-age disorders.

The quantification of WML load may have diagnostic and prognostic values for individual patients
and may lead to personalized medicine for these patients [9]. There is certainly an immediate need
to develop computerized methods for segmentation of WMLs in clinical radiology and to develop
methods for detecting longitudinal changes in WMLs over the period of time [9,10]. The presence of
new lesions in a patient’s brain MRI that already has WMLs will prompt the neurologist to consider
a change in the regimen of disease-modifying medication. We also note that WML load in specific
regions may have both diagnostic and prognostic value in dementia.

The classical segmentation of WMLs is based on manual labeling, which is a time-consuming
and laborious process: It has higher inter- and intra-observer variability, and heavily depends on the
experience level of the person segmenting the image. Therefore, it is highly advantageous to develop
an automatic, reproducible, and faster WML segmentation method. This has been an active area of
research, and several automatic segmentation methods have been proposed in the past for delineation
of WMLs; some of these automated methods were based on single modality MRI [11,12], whereas
others used multimodal MRI [13,14]. Likewise, a subset of these methods has employed voxel-based
classification approach [15,16], whereas others have utilized intensity distribution of the FLAIR signal
to determine an optimal threshold to segment WMLs [17]. Some recent methods have utilized deep
learning approaches, e.g., Pim et al. used multi-scale convolutional neural network (CNN) on T1,
FLAIR, and T;-weighted inversion recovery image as input to segment WMLs and normal brain
structures [18], and Rachmadi et al. utilized CNN with global spatial information in MRI with none or
mild vascular pathology for delineation of WMLs [19].

An important limitation of existing literature is that ensemble approaches have not been leveraged
extensively and segmentation has been carried out either using conventional learning or deep learning
approaches. Also, to the best of our knowledge, an analysis of WMLSs of different brain regions to
provide an insight into the differential characteristics of WMLs growing in different brain regions has
not been conducted before.

In this paper, we propose a novel ensemble classification-based segmentation approach [20] for
automated segmentation of WMLs (Figure 1). The ensemble combines the strengths of deep learning
and classical machine learning by employing base classifiers from each of the categories. Support
vector machines (SVM) and residual neural network (ResNet) are used from conventional machine
learning and deep learning domains, respectively. Handcrafted and transfer learning-based features
are used to train SVM (linear, radial basis function, and sigmoid) models (six models), whereas patches
extracted in a certain neighborhood of each voxel are used to train ResNet (five models). We also
present a simple post-processing method based on connected-component generation to eliminate
false positives. We have evaluated the proposed ensemble model on a publicly available dataset and
have shown the generalizability of the model by training and testing the model on data of different
institutions. Moreover, we have analyzed the spatial distribution and radiomic characteristics of WMLs
in different brain regions in order to find the underlying differences among them.
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Figure 1. Flowchart of the proposed hybrid model: sequence of steps, starting from the volumetric MRI

images (FLAIR and T1) to final segmentation of WMLs. The ground-truth segmented lesions (red) and
manually-annotated normal (green) regions were given as input to the segmentation algorithm that
uses the features extracted from these regions to train machine learning and deep learning algorithms.
The final output of the algorithm is the image segmented into lesion and normal regions.

2. Materials and Methods

2.1. Dataset

The dataset (T1 and FLAIR images) and the corresponding ground-truth were provided by the
White Matter Hyperintensity Segmentation Challenge, 2017 [21] (Table 1). The 2017 challenge data
comprised 60 training (3 scanners) and 110 testing (5 scanners) images. In this study, we used 60
training and 90 testing images. There were 110 images in the test data; however, we picked only 90
images because they were acquired using the same set of 3 scanners that were used to acquire training
data. These datasets are respectively referred as Dataset-I, Dataset-1I, and Dataset-III in the rest of
the manuscript.

Table 1. Description of the dataset of WMH challenge 2017, as described in the paper summarizing the
challenge [21].

Datasets Site (Institute) Scanner Training Testing
University Medical Center (UMC) - .
Dataset-I Utrecht, Netherland 3 T Philips Achieva 20 30
National University Health System 3 T Siemens
Dataset-II (NUHS), Singapore TrioTim 20 30
VU University Medical Centre (VU)

Dataset-1I1I 3 T GE Signa HDxt 20 30

Amsterdam, Netherland

2.2. Image Preprocessing

The images of each patient were preprocessed using a series of image processing steps, including
(i) smoothing (i.e., reducing high frequency noise variations while preserving underlying anatomical
structures) using an improved version of non-local means denoising algorithm [22,23], (ii) correction
for magnetic field inhomogeneity using N3 bias correction [24], (iii) deformable co-registration of
modalities of each patient using Greedy image registration algorithm provided as part of Cancer
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Imaging Phenomics Toolkit (CaPTk) [25], (iv) skull stripping using the Multi-Atlas Skull Stripping tool
(MUSE) that simultaneously utilizes multiple atlases to strip off the skull region [26], and (v) matching
of intensity profiles (histogram matching) of all MRIs of all patients to the corresponding MRISs of a
reference patient. Figure S1 in the supplementary material shows MR images (one T1 weighted and
one FLAIR image) before and after preprocessing.

2.3. Region Annotation

To train SVM and ResNet classifiers, two classes were required: the lesion class (positive) and
non-lesion class (negative). The lesion class voxels were obtained from the ground-truth white matter
segmentations, and the non-lesion class voxels were considered to be the left over normal brain voxels.
In our case, as the lesion class voxels were significantly smaller in number compared to non-lesion
class voxels. Therefore, to provide a balanced training dataset to the classifiers, instead of using all
the non-lesion class voxels, the neuro-radiologist annotated some regions in the normal brain. In
particular, multiple negative regions (green in Figure 1) were annotated on several tissue types, such
as cerebrospinal fluid, gray matter, white matter, etc., to capture the intensity distribution of all the
normal tissues.

2.4. Feature Extraction and Classification Using Conventional Models

To feed the data to SVM classifiers, features were extracted from T1, FLAIR, and T1-FLAIR images
by using handcrafted and transfer learning approaches. The T1-FLAIR image was obtained after
subtracting FLAIR image from the T1-weighted image.

Handcrafted features: An area of 5 X 5 X 5 was selected around each image voxel and 11 features
including (i) intensity of images (1 feature); (ii) statistical measures such as mean, median, standard
deviation, skewness, and kurtosis (5 features); (iii) gray-level co-occurrence matrix based features,
including contrast, correlation, energy, and homogeneity [27] (4 features); and (iv) distance of each
voxel from the segmented ventricles (1 feature) were extracted. Ventricles were segmented using Otsu’s
method, and distance of each voxel from the ventricles was calculated. These features were extracted
using several window sizes suchas 3 X3 X 3,5x 5% 5,7 X7 x7,and 9 X9 x 9, and segmentation
accuracy was separately calculated for each window size (supplementary material, Table S1). The
segmentation accuracy using window size of 5 X 5 X 5 was higher than that achieved using other
window sizes, therefore, we reported results using window size of 5 X 5 x 5.

Transfer learning features: A CNN model that was pre-trained on 1.2 million 3-channel images
of the ImageNet LSVRC-2010 (imagenet_vgg_f [28]) was adapted. The model was provided by the
VLfeat library [29] as part of their MatLab toolbox (MatConvNet) for computer vision applications.
This CNN utilizes multilayer Perceptrons with hidden layers and is a type of deep feed forward neural
network. To apply the pre-trained model to our data and extract transfer learning features, a 2-step
process was adopted. The first step was to create 3-channel/sliced images using T1, T1-FLAIR, and
FLAIR images for each given patient. For instance, for T1, T1-FLAIR, and FLAIR images of size mxnxk
=180 x 192 x 256, k = 256 3-channel images of size mxnx3 = 180 x 192 x 3, where 3 slices/channels of
each image were obtained from the corresponding slices in T1, FLAIR, and T1-FLAIR images, were
generated. In the second step, window size of 11 x 11 X 3 was considered around each voxel and
MatConvNet model was applied, yielding 4096 features for each 11 x 11 x 3 size window, thereby
resulting in 4096 features per voxel.

2.5. Regional Patch Extraction and Classification Using ResNet Model

A sliding window mechanism was adopted to extract regional patches of varying size (10 x 10
x 10,20 x 20 x 20, ... ,60 x 60 x 60) from MRI, and each patch was assigned the label of its central
voxel, i.e., a positive label was assigned to it if the central voxel belonged to WML, and vice versa.
A deep ResNet architecture was trained to assign WML and normal label to each patch. ResNet is
an advanced artificial neural network, which mimics the working principal of cerebral cortex in the
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brain. ResNet utilizes several skip connections in between the adjacent layers. These skip connections
between layers add the outputs from previous layers to the outputs of stacked layers. This results in
the ability to train much deeper networks than what was previously possible. More detail on ResNet
can be found in the pioneering study [30].

We used a modified version of ResNet with architecture of 50 convolutional layers (3 x 3 kernels,
stride of 1, no padding), a max pooling layer with a stride of 2 after every two convolutional layers,
followed by a fully connected layer of 512 nodes with a ReLu and a dropout rate of 70%. The network
was optimized using stochastic gradient descent optimization method with binary cross-entropy loss.
A differential learning rate starting at 5 x 107> with cosine annealing was adopted in the beginning;
the network kept on varying the learning rate until convergence was achieved or the validation loss
began to increase.

2.6. Ensemble Learning

Handcrafted and transfer learning-based features were used to train different kernels of SVM
(linear, radial basis function, and sigmoid), thereby leading to six classification models. Similarly,
the patches extracted in a certain neighborhood of each voxel were used to train five ResNet models.
A majority voting-based ensemble was proposed to combine the outputs of individual SVM and
ResNet classifiers.

2.7. Post-processing

A post-processing step was applied at the end to remove false positives. Connected components
were generated in the segmented image using 8-neighborhood connectivity, and the components less
than 20 voxels in size were subsequently removed. There were few lesions smaller than 20 voxels in
size; however, there were many false positives smaller than 20 voxels. Therefore, there was a tradeoff
between the model’s ability to minimize false positives and to exclude real white matter lesions. To find
optimal threshold, the dice score was calculated with an increasing threshold from 5 to 50 voxels. Dice
score was gradually improved with increasing threshold and began to drop at 20 voxels. Accordingly,
20 was set as a threshold to remove the false positives.

2.8. Regional Analysis of White Matter Lesions

For analysis of regional characteristics of WMLs, each WML image was mapped to a standard
reference template, comprising several delineated brain regions, namely, frontal lobe, temporal lobe,
parietal lobe, brain stem, CC fornix, and occipital lobe. To understand the underlying differences
between the lesions pertaining to different brain regions, we investigated morphological, intensity,
and texture properties of the lesions. We limited our analysis to major brain regions for simplicity.
Moreover, frequency distribution of lesions at each voxel of the template was calculated as the ratio of
the number of lesions intersecting at that voxel to the total number of subjects.

3. Results

Considering the multi-institutional nature of the dataset, we applied conventional, deep learning,
and ensemble models under three different configurations. In the first configuration (scanner-specific
configuration), segmentation experiments were conducted using 10-fold cross-validation on data of
one scanner at a time. In the second configuration (scanner-agnostic configuration), data from all the
scanners was combined pooled/together by ignoring the scanner where the data was coming from, and
segmentation training/testing experiments were performed within the pooled dataset using 10-fold
cross-validation. In the third configuration (across-scanner configuration), models were trained on
data of two scanners at a time and tested on the third scanner. The segmentation experiments in 1st
and 2nd configuration were repeated 100 times and average values were reported in the results section.
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3.1. Segmentation Performance of Conventional Models

The final segmentation rates obtained using the conventional models are summarized in terms
of segmentation accuracy, sensitivity, specificity, Dice score coefficient, and AUC (Table 2, Figure 2).
Our model’s dice score in scanner-specific configuration on Dataset-I, Dataset-1I, and Dataset-1II was
80.23%, 81.43%, and 79.12% for linear kernel; 81.34%, 82.65%, and 81.23% for RBF kernel; and 79.23%,
80.43%, and 80.54% for sigmoid kernel, respectively, on handcrafted features. The cross-validated dice
score with linear, RBF, and sigmoid kernels was 78.98%, 78.98%, and 77.34%, respectively, when data
from different institutions was pooled together (scanner-agnostic configuration).

Table 2. Performance of conventional models on handcrafted and transfer learning features in
scanner-specific and scanner-agnostic configurations. I, II, and III correspond to Dataset-I, Dataset-II,
and Dataset-III.

Performance Linear RBF Sigmoid
Measures
Handcrafted Features
Scanner- Scanner- Scanner- Scanner- Scanner- Scanner-
Specific Agnostic Specific Agnostic Specific Agnostic
I I 111 Combined I I 111 Combined 1 I 111 Combined
Dice score 80.23 8143 79.12 78.98 81.34 8265 81.23 78.98 79.23 8043 80.54 77.34
Accuracy 7821 8132 79.87 77.45 81.76 8134 79.23 77.23 77.12 80.12 79.34 76.32
Sensitivity 8243 7823 80.12 79.45 7843 8332 8243 80.32 80.54 79.65 81.54 79.12
Specificity 83.12 80.78 81.90 7843 8343 80.56 80.56 79.23 77.32 81.87 80.87 76.32
AUC 0.810 0.801  0.805 0.771 0.811 0.807 0.799 0.771 0.721 0791 0.786 0.789
Transfer learning Features
I I il Combined I I I Combined I I 111 Combined
Dice score 8234 8176 8254 7823 80.54 8143 80.12 79.76 81.45 8276  81.67 79.43
Accuracy 83.32 82,65 81.65 79.56 81.56 80.23 80.54 76.23 82.43 81.67 8043 76.45
Sensitivity 8142 8176  80.78 80.23 79.56 7943  79.67 79.43 80.54 79.32  80.76 79.43
Specificity 81.65 82.87 81.23 7743 7843 8145 8198 78.12 81.98 81.65 81.78 7743
AUC 0.823 0.829 0.816 0.812 0.797 0812 0814 0.789 0.818 0.823  0.812 0.796

= P

Dataset-1 Dataset-II Dataset-I11

Figure 2. Representative segmentation results of the proposed method. Rows show different subjects,
whereas columns show data from different institutions.

Moreover, the model yielded dice score of 82.34%, 81.76%, and 82.54% for linear kernel, 80.54%,
81.43%, and 80.12% for RBF kernel, and 81.45%, 82.76%, and 81.67% for sigmoid kernel, respectively, on
Dataset-1, Dataset-II, and Dataset-IIl by using transfer learning features in scanner-specific configuration.
Similarly, the cross-validated dice score using transfer learning features with linear, RBF and sigmoid
kernels were 78.23%, 79.76%, and 79.43% in scanner-agnostic configuration. No statistically significant
differences of the classification methods among the given datasets by McNemar Test were noted.
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3.2. Segmentation Performance of Deep Learning Model

The ResNet model was trained and tested on the patches extracted in the neighborhood of
voxels. The cross-validated dice score obtained using ResNet model was 81.93%, 81.65%, and 82.65%,
respectively, for Dataset-1, Dataset-1I, and Dataset-III in scanner-specific configuration, whereas the dice
score of 82.65% was achieved when data from multiple sites was pooled together in scanner-agnostic
configuration (Table 3).

Table 3. Performance of ResNet model in terms of various performance measures in scanner specific
and scanner-agnostic configurations. I, II, and III correspond to Dataset-I, Dataset-II, and Dataset-III.

Performance Scanner-Specific Scanner-Agnostic
Measures I I | Combined
Dice score 81.93 81.65 82.65 82.65
Accuracy 80.76 82.65 80.76 79.76
Sensitivity 79.23 80.32 83.34 82.34
Specificity 82.87 82.65 81.87 81.87

AUC 0.816 0.815 0.809 0.813

3.3. Segmentation Performance of Ensemble of Conventional and Deep Learning Models

The output of ensemble of SVM models, trained on handcrafted and transfer learning features,
and ResNet models was obtained using majority voting (Table 4). The cross-validated accuracy of
segmentation was 90.54%, 92.75%, 91.03%, and 92.02%, respectively, on Dataset-I, Dataset-1I, Dataset-IlI,
and the combined dataset. Although a reasonably good performance was shown by individual
classifiers, higher and statistically significant (p < 0.01) accuracy at 95% confidence interval was
achieved by the ensemble model. Moreover, comparison of the results of individual models with the
multivariate results of combined features and classifiers highlights that the subtle individual features
can be synthesized in an index of higher distinctive performance.

Table 4. Performance of the ensemble model in terms of various performance measures in
scanner-specific, scanner-agnostic, and across-scanner configurations.

Performance Scanner-Specific Scanner-Agnostic Across-Scanner
Measures I 11 Il  Combined I 11 1
Dice score 90.54 92.75 91.03 92.02 90.34 91.36 90.25
Accuracy 89.65 91.98 89.63 91.78 88.76 90.87 89.87
Sensitivity 88.78 93.39 92.89 93.98 92.43 93.69 92.59
Specificity 90.23 90.68 90.87 90.65 87.43 88.36 91.78
AUC 0.916 0.917 0.899 0.907 0.891 0.907 0.799

To verify the generalizability of the proposed ensemble, we evaluated its performance in
across-scanner setting, where the model was trained on data of two scanners at a time and tested on
the third scanner. A model tested on Dataset-I, Dataset-II, and Dataset-III yielded dice scores of 90.34%,
91.36%, and 90.25%, respectively.

3.4. Analysis of the Effect of Post-processing

The post-processing method was designed to eliminate the connected components (in the
segmentation yielded by the previous step) smaller than a certain threshold. To evaluate the effect of
post-processing routines, we compared the segmentation performance obtained before and after the
post-processing step. The ensemble model performed reasonably well in all the experiments; however,
post-processing step further improved the segmentation (Figure 3).
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Figure 3. Performance analysis of the proposed method before and after post-processing steps in terms
of segmentation accuracy and dice score. The results are provided for the final ensemble model of
conventional and deep learning architectures.

3.5. Analysis of the Robustness of Ensemble Model

We also did an assessment of the variation in the predicted labels of each voxel corresponding
to all the individual models (Figure 4). The main aim here was to determine the number of cases
where the labels predicted by the individual models were matching with the correct label. The y-axis
in Figure 4 shows the number of models that provided the same label for a given voxel whereas the
x-axis shows correctness count of final label assigned by the ensemble classifier after majority voting.
The results show that as the number of models providing the same label for the voxels increase, the
correctness of the final label, which is achieved after adding the predictions of all these labels also
increases, thereby underscoring the robustness of the proposed ensemble methodology. Only 7 (out of
the 11) models are shown here for simplicity.
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Figure 4. A quantitative evaluation of how many times the individual models provided the same

output and whether the consensus of that output was correct or incorrect. The total number of models

was 11, however results are shown only for 7 models.

3.6. Analysis of Lesions in Different Brain Lobes

Spatial distribution maps were calculated by mapping the WMLs to a standard atlas template.

The maps reveal that most of the lesions are found closer to sub-ventricular zone, i.e., deep within
the white matter. The spatial frequency of the lesions goes on decreasing as we move away from the
sub-ventricular zone (Figure 5b), and lesions are rarely seen at the edges of white matter. The actual
percentage distribution of the lesions in different brain regions (Figure 5a) indicates that most of the
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lesions are prevalent in temporal and parietal lobes. A fair number of lesions show predilection to
frontal and occipital lobes as well, whereas lesions are less frequently found in fornix and brainstem.

Sagittal Coronal

Brain stem
6%

Others
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Occipital
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8% 9567 |
9259 |Mag 09 || 90.34
E 75 E':EmRegluns
5] | | BrainStem
& ]| 65.65 B "
o | 60.58 | |: CCFornix
g 50 | l:l Frontal
3 [ ] occipttal
8 | D Parietal
= 257 | =
2 | Temporal
0-
BrainStem CCFornix Frontal Occipital Parietal Temporal
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(a) ()

Figure 5. The distribution of lesions in different brain regions. (a) Percentage spatial distribution. (b)
Spatial distribution of lesions mapped to a standard reference template; color bar shows the probability
of distribution at each voxel of the reference template. (c) Performance analysis of the proposed method
in terms of dice score in different brain regions.

An analysis of the segmentation performance in all the brain regions revealed that lesions in
temporal and frontal regions of the brain are better segmented compared to lesions of other regions
(Figure 5c). The possible reason of the better segmentation performance may be attributed to the
overall appearance/shape, signal strength and heterogeneity of the lesions, as reflected by FLAIR and
T1 images, in these brain regions.

To reveal the underlying differences in the lesions of different brain regions, we did an analysis of
the important radiological characteristics of their lesions. The lesions were supposed to belong to a
certain region if their centroid calculated through the morphological operations lied in that region.
The extracted radiological measures include average and standard deviation of the FLAIR and T1
intensity, sphericity, normalized volume calculated by the ratio of the number of voxels occupied by a
lesion to the total brain size, and texture in FLAIR images as quantified by the measures of entropy
and homogeneity (Figure 6). The main characteristics of lesions include the following.

1.  Temporal and parietal lobes: These lesions showed highest signal strength, irregular shape,
largest size, and were moderately heterogeneous.

2. Frontal lobe: These lesions were characterized by moderate signal strength, irregular shape,
medium size, and moderate heterogeneity.

3. Occipital lobe: These lesions had moderate signal strength, moderate irregularity, medium size,
and were highly heterogeneous.

4.  CCFornix and Brain stem: These lesions were characterized by the least signal strength, high
sphericity, smallest size, and had the least heterogeneity.
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Figure 6. Radiological measures of the lesions of different brain regions. (a) Average strength of lesion
(FLAIR signal), (b) heterogeneity of the lesion (FLAIR), (¢) entropy/randomness in FLAIR signal, (d)
shape/appearance of the signal (sphericity), (e) size of the lesion, and (f) homogeneity in FLAIR signal.
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4. Discussion

In this study, we presented a robust WML segmentation method. The final segmentation results
are quite encouraging and suggest that the method can be used as an effective tool on an ongoing basis
in the clinical routine. The proposed method seems to have a good generalization capability as shown
by the testing on completely independent test sets. The ensemble model showed superior performance
compared to either of the individual models, thereby highlighting the importance of better results
achieved by consensus-based advanced learning approaches. Overall, our methods achieved a high
dice score in scanner-specific (Dataset-I = 90.54%, Dataset-II = 92.75%, and Dataset-III = 91.03%),
scanner-agnostic (92.02%), and across-scanner configurations (Dataset-I = 90.34%, Dataset-II = 91.36%,
and Dataset-III = 90.25%) for WML segmentation. The proposed post-processing step further improved
the performance in all the experiments (Figure 3). This highlights that a powerful post-processing
step may enhance the segmentation power quite effectively by removing the false positives in such a
classification-based segmentation algorithm [31].

It has been shown in the past that radiomic characteristics extracted from MRI may provide
important phenotypic/radiographic characteristics of various diseases [32,33]. We also utilized
advanced feature extraction and machine/deep learning techniques to comprehensively capture the
radiographic characteristics of WMLs using T1 and FLAIR signals. Notably, our approach identified
selected radiomic features that are significantly different across lesions of different brain regions, thereby
offering noninvasive means of understanding the differences among lesions of different brain regions.

4.1. Importance and Clinical Applicability of the Study

The computational method described in this paper addresses many of the current barriers in clinical
radiology. This method offers a standardized approach to resolve intra- and inter-observer variability
amongst radiologists in the assessment and quantification of WMLs and is easily implemented even in
low resource settings. It is likely that, in the near future, reporting WML load in clinical neuroradiology
reports will become standard, at least in certain pathologies such as multiple sclerosis and dementia, as
this information has diagnostic and prognostic value [34]. For example, in multiple sclerosis, one could
track the load of WML over time to get a temporal assessment of drug efficacy. One could also measure
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lesion load in specific white matter structures, e.g., the corpus callosum. The spatial distribution of
white matter lesions could have both diagnostic and prognostic value in mild cognitive impairment
(MCI) and dementia, for example, WML load in the temporal regions may predict progression to MCI
or dementia in asymptomatic patients. Moreover, the amount and size of WML in the periventricular
and subcortical regions may predict severity of dementia [35]. As these techniques become more robust,
the referring physicians will probably demand this kind of quantification from neuro-radiologists.
Importantly, although this study is focused on WML, the same approach could also be used for similar
lesion types.

4.2. Analysis of Regional Characteristics

The regional analysis (Figure 6) shows differential characteristics of lesions of different brain
regions. According to the current standard practice, all the WMLs are treated the same way, despite
their anatomical location and differences in the radiological measures. We believe that the differences
in the characteristics of different lesions can provide an insight into the understanding of this disease
and may lead towards precision treatment where treatment can be increasingly tailored based on the
radiological measures and anatomical location of the lesions. Further, it opens a new direction of
research for treatment and care planning of WMLs.

Similar to existing studies in neuro-oncology [33,36,37], the analysis of the radiological measures
revealed contrasting differences among the lesions of different brain regions. Most of the WMLs show
predilections to temporal part of the brain, especially closer to the subventricular zone, are bright as
indicated by the FLAIR signal, moderately heterogeneous, irregular in shape, and heavily diffused
and migratory. It is also intriguing to notice that segmentation performance varies across different
brain regions; the segmentation accuracy of the lesions in CC fornix and brain stem is lowest, which
may be attributed to the lowest signal strength as indicated by the FLAIR signal and the diffused
nature of lesions in these regions. The lesions of the temporal and parietal regions are highly bright,
whereas the lesions of the CC fornix and brain stem are least bright, thereby showing that the lesions
of temporal and parietal regions have more water concentration compared to the lesions of CC fornix
and brain stem. Another important finding is the respective size/shape of lesions of different brain
regions. For instance, the lesions of temporal and parietal regions, along with being watery, are very
diffused, migratory and ill-shaped compared to the lesions of CC fornix and brain stem, which are not
only very small in size but also have well-defined boundaries and shape.

4.3. Validation of the Proposed Method across Different Datasets

To attest that our methods would be applicable across multiple institutions, our training and
testing datasets were picked from different institutions (across-scanner configuration). The assumption
that the combination of features and machine/deep learning classification proposed here allows robust
segmentation of WMLs is also supported by the findings in Table 4. Based on the validation of our
methods across datasets, our method may perform well in routine clinical settings having much more
diverse samples than in controlled experimental settings.

4.4. Limitations and Future Work

One of the limitations of our study is that we used retrospective data; a prospective dataset
comparing our methods to standard radiological review would lend further validity to our model. The
other limitation is that the sample size is very small. As the strength of deep learning methods often
improves with an increase in the number of subjects, having a higher sample size would improve our
model. The limited number of patients relative to the number of features utilized in deep learning
methods may increase the risk of overfitting. We addressed this potential pitfall by cross-validation
of all steps. Prospective validation of our signature on a larger cohort is necessary to establish
further reproducibility.
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In the future, we aim to develop a deep learning-based method that can tailor the segmentation
methodology depending upon the lesions of different brain regions. We also believe that a systematic
analysis of the characteristics of lesions of different brain regions via an automatic image analysis
framework could lead to a better understanding of the relevant underlying biology, and thus help in
precisely and accurately assessing the prediction of the outcomes of lesions.

5. Conclusions

Analysis on MRI has become an important parameter to study diseases with WMLs such as
multiple sclerosis. Manual WML segmentation is time-consuming, bears the risk of considerable
inter- and intra-rater bias, and may be compromised due to varying WML contrast, particularly
when they are subtle. This study presents a new ensemble method for segmentation of WMLs that
utilizes the strengths of classical and deep learning paradigms by employing robust base classifiers
from each category. The results were fine-tuned in a post-processing step in order to reduce the
number of false positives. The proposed rich ensemble was successfully applied to delineate WMLs
from FLAIR and T1-weighted images acquired across multiple institutions, thereby emphasizing the
generalizability of the proposed ensemble methodology. Lesions in different brain regions showed
differential characteristics in terms of signal strength as measured in FLAIR and T1 images, size and
shape measures, heterogeneity, and texture, thereby suggesting that lesions in different brain regions
arise as a result of different biological process. These results provide a noninvasive portrait of the
heterogeneity across the lesions of different brain regions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/6/1903/s1,
Figure S1: Preprocessing steps applied on MRI scans, Table S1: Performance of conventional models on
hand-crafted features in scanner-specific and scanner-agnostic configurations for varying window sizes.
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