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Abstract: A World Health Organization (WHO) Feb 2018 report has recently shown that mortality

rate due to brain or central nervous system (CNS) cancer is the highest in the Asian continent. It is of

critical importance that cancer be detected earlier so that many of these lives can be saved. Cancer

grading is an important aspect for targeted therapy. As cancer diagnosis is highly invasive, time

consuming and expensive, there is an immediate requirement to develop a non-invasive, cost-effective

and efficient tools for brain cancer characterization and grade estimation. Brain scans using magnetic

resonance imaging (MRI), computed tomography (CT), as well as other imaging modalities, are fast

and safer methods for tumor detection. In this paper, we tried to summarize the pathophysiology

of brain cancer, imaging modalities of brain cancer and automatic computer assisted methods for

brain cancer characterization in a machine and deep learning paradigm. Another objective of this

paper is to find the current issues in existing engineering methods and also project a future paradigm.

Further, we have highlighted the relationship between brain cancer and other brain disorders like

stroke, Alzheimer’s, Parkinson’s, and Wilson’s disease, leukoriaosis, and other neurological disorders

in the context of machine learning and the deep learning paradigm.

Keywords: cancer; brain; pathophysiology; imaging; machine learning; extreme learning; deep learning;

neurological disorders

1. Introduction

The fatality rate due to brain cancer is the highest in Asia [1]. Brain cancer develops in the brain or

spinal cord [2]. The various symptoms of brain cancer include coordination issues, frequent headaches,
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mood swings, changes in speech, difficulty in concentration, seizures and memory loss. Brain cancer is

a form of tumor which stays in the brain or central nervous system [2]. Brain tumors are categorized

into various types based on their nature, origin, rate of growth and progression stage [3,4]. Brain

tumors can be either benign or malignant. Benign brain tumor cells rarely invade neighboring healthy

cells, have distinct borders and a slow progression rate (e.g., meningiomas, pituitary tumors and

astrocytomas (WHO Grade-I)). Malignant brain tumor cells (e.g., oligodendrogliomas, high-grade

astrocytomas, etc) readily attack neighboring cells in the brain or spinal cord, have fuzzy borders

and rapid progression rates. Brain tumors can be further classified into two types based on their

origin: primary brain tumors and secondary brain tumors. A primary tumor originates directly in

the brain. If the tumor emerges in the brain due to cancer existing in some other body organ such

as lungs, stomach etc., then it is known as a secondary brain tumor or metastasis. Further, grading

of brain tumors is done as per the rate of growth of cancerous cells, i.e., from low to high grade.

WHO categorizes brain tumors into four grades (I, II, III and IV) as per the rate of growth [2,5–9]

(discussed later). Brain tumors are also characterized by their progression stages (Stage-0, 1, 2, 3 and 4).

Stage-0 refers to cancerous tumor cells which are abnormal, but do not spread to nearby cells. Stages-1,

2 and 3 denote cells which are cancerous and spreading rapidly. Finally in Stage-4 the cancer spreads

throughout the body. It is for sure that many lives could be saved if cancer were detected at an early

stage through fast and cost-effective diagnosis techniques. However, it is very difficult to treat cancer

at higher stages where survival rates are low.

Brain cancer diagnosis can be either invasive or non-invasive. Biopsy is the invasive approach

where an incision is done to collect a tumor sample for examination. It is considered the gold standard

for cancer diagnosis where the pathologists observe various features of cells of the tumor sample

under a microscope to confirm malignancy. The physical examination of the body and brain scanning

using imaging modalities constitute non-invasive approaches. The various imaging modalities such

as computed tomography (CT), or magnetic resonance imaging (MRI) of brain are faster and safer

techniques than biopsy. These imaging modalities help radiologists locate brain disorders, observe

disease progression and in surgical planning [10]. Brain scans or brain image reading to rectify

disorders is however subject to inter-reader variability and accuracy which depends on the proficiency

of the medical practitioner [11].

The advent of powerful computing machines and decreased hardware costs has led to the

development of many computer-assisted tools (CAT) for cancer diagnosis by the research community.

It is projected that CAT may help radiologists in improving the precision and consistency of the

diagnostic results. In this study, various CAT-based intelligent learning methods i.e., machine learning

(ML) and deep learning (DL) for automatic tissue characterization and tumor segmentation has been

discussed. The basic objective of this paper is to highlight state-of-the-art of brain tumor classification

methods, current achievements, challenges, and find the future scope.

The paper is organized as follows: Section 2 provides an overview of the pathophysiology of brain

cancer. Sections 3–6 discuss various imaging modalities, the WHO guidelines on brain cancer grading,

brain cancer tests and characterization methodologies, respectively. Section 7 briefly introduces

different brain diseases and finally, Section 8 provides an overall discussion.

2. Pathophysiology of Brain Cancer

The pathophysiology of brain cancer is discussed here. The reasons of occurrence of brain cancer

are given from the perspective of cellular architecture and its functioning within the human body.

2.1. Cellular Level Architecture

The cell is the basic building block of the human body. It also defines the function of each

organ within the body such as oxygen flow, blood flow and waste materials management. Each

cell has a central control system known as the nucleus which contains 23 pairs of chromosomes

consisting of millions of genes. The instructions for these genes are contained within deoxyribonucleic
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acid (DNA) [12], which is like a blueprint for genes and defines their behavior. The protein of the

gene is like a messenger that communicates between the cells or between the genes themselves.

The message conveyed is defined by its 3D structure [13]. Genes control the continuous process of

the death of unhealthy or unwanted cells besides reproduction of healthy cells. The main cause of

a cancer is uncontrolled growth of cells. A mutation alters this DNA sequence, which is the root

cause of malfunctioning of the genes. There are many factors involved in DNA mutations such as

environmental, lifestyle, and eating habits.

The genes responsible for cancer are divided into three categories. We introduce and define each

category in detail:

(i) The first category is known as tumor suppressors that controls the cell death cycle (apoptosis) [14].

This process has two signaling pathways. In the first pathway, the signal is generated by a cell to

kill itself while in the second, the cell receives the death signal from nearby cells. This process

of cell death is slowed down by a mutation in one of the pathways. It stops completely if this

mutation happens in both pathways, leading to unstoppable cell growth [14,15]. Some examples

of cell suppressor genes are RB1, PTEN, which are responsible for cell death [16].

(ii) The second category of genes is responsible for the repair of the DNA. Example of DNA repair

genes are MGMT and p53 protein. Any malfunctioning in them may trigger cancer.

(iii) The third group known as proto-oncogenes, are in opposition to the function of the tumor

suppressor genes and are responsible for the production of the protein fostering the division

process and inhibiting the normal cell death [17,18]. In healthy cells, the cell division cycle

is controlled by proto-oncogenes via protein signals which are generated by the cell itself or

the connected cells. Once the signal is generated, it goes through a series of different steps,

which is called signal transduction cascade or pathway as shown in Figure 1. This signal may

be generated by the cell itself or from the nearby cells that are directly connected to it. In this

pathway, many proteins are involved to carry the signal from the cell membrane to nucleus

through the cytoplasm. In this process the cell membrane receptor accepts the signal and carries

the message to nucleolus through various intermediate factors. Once, the signal reaches to the

nucleus, the responsible genes for transcription is activated and performs the cell division task.

One of the known proto-oncogenes responsible for the transcription is RAS which acts as a switch

to turn ‘on’ or ‘off’ the cell division process [19]. Mutation alters its functionality which leads to

transform this gene into an oncogene. In this situation the gene is unable to switch off the cell

division signal and unstoppable growth of the cells may begin.

If cancer starts in the body due to any of the above-mentioned reasons, it is known as a primary

tumor which invades other organs directly. If the cancer starts through blood vessels then it known

as secondary tumor or metastasis [20]. Even though the secondary tumor is formed, it needs oxygen,

nutrients and a blood supply to survive. Many genes exist in the body to detect these needs and start

establishing a vascular network for them to satisfy their needs. This process is known as angiogenesis

and is another cause of cancer explosion [21]. The genes discussed above as well as their expended

form has given in Table 1.

About 15 percent of cancers worldwide are caused by viruses [22]. The viruses infect cells

by altering DNA in the chromosomes which are responsible for converting proto-oncogenes into

oncogenes. Only a few cancer causing viruses have been identified i.e., DNA virus and retroviruses or

oncorna viruses (an RNA virus). The four basic DNA viruses responsible for human cancers are human

papillomavirus, Epstein-Barr, Hepatitis B and human herpes virus. The RNA viruses which cause

cancer are Human T lymphotropic type1 and hepatitis C. Several environmental factors also affect

the cells. X-rays, UV light, viruses, tobacco products, pollution and many other daily use chemicals

carry carcinogenic agents. Sunlight may also alter tumor suppressor genes in skin cells leading to skin

cancer. Further, the carcinogenic compounds in smoke alters the lung cells causing lung cancer [23].
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Many studies have shown that tumor cells have unique molecular signatures and

characteristics [24]. Hyperplasia, metaplasia, anaplasia, dysplasia, and neoplasia are the various

stages of the cells that define the cellular abnormality during microscopic analysis. Hyperplasia is the

stage, where abnormal growth of the cell starts but the cell continues to appear normal. The cell first

begins to appear abnormal in metaplasia. In the anaplasia state, cells lose their morphological features

and are difficult to discriminate. The cell appears to be abnormal and little aggressive in dysplasia.

Anaplasia is the most aggressive stage of this abnormal cell growth, where they seem quite abnormal

and invade the surrounding tissues or start flowing through the bloodstream, which is one of the

leading causes of metastasis [25]. The physical changes in cells due to cancer can be captured using

high resolution imaging such as MRI or CT imaging, which are the focus of the next section.
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Table 1. Genomics relevance with Brain Tumor, RKT: Receptor Tyrosine Kinase, TP53 (p53):

Tumor Protein53, RB1: Retino Blastoma1, EGFR: Epidermal Growth Factor Receptor, PTEN:

Phosphatase and Tensin Homolog, IDH1/DH2: Isocitrate Dehydrogenase 1/2, 1p and 19

co-deletion, MGMT: O6-methylguanine DNA methyltransferase, BRAF: B-Raf proto-oncogene,

ATRX: The α-thalassemia-mental retardation syndrome X-linked, HGG: High-Grade Gliomas,

GBM: Glioblastoma.

Gene Type Function Mutation Effect
Relevancy Between Brain Tumor
and Genes [Degree of Mutation]

TP53(p53)
[26]

DNA repair
Initiating Apoptosis

• Genetic Instability

• Reduced Apoptosis

• Angiogenesis

• More relevant to HGG

• Brain Tumor (80%)
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Table 1. Cont.

Gene Type Function Mutation Effect
Relevancy Between Brain Tumor
and Genes [Degree of Mutation]

RB1
[26]

Tumor Suppressor

• Blocks cell
cycle progression

• Unchecked cell
cycle progression

• More relevant to GBM

• Brain Tumor (75%)

EGFR
[27]

Trans-Membrane
Receptor In (RTK)

• Increased Proliferation

• Increased Tumor
Cell Survival

• Primary GBM (Approx. 40%)

PTEN
[27]

Tumor Suppressor
• Increased Cell Proliferation

• Reduced Cell Death

• Primary GBM (15–40%)

• GBM (up to 80%)

IDH1 and DH2
[28]

Control citric acid cycle
• Inhibits the function

of enzymes

IDH1

• Primary GBM (5%)

• GBM Grade II-III (70–80%)

• IDH1 longer survival.

IDH2

• Relevant to
oligodendroglial tumors

1p and 19q
[29]

Prognosis of the disease
or treatment assessment

• Poor prognosis

• Oligodendrogliomas (80%)

• Anaplastic
Oligodendrogliomas (60%)

• Oligoastrocytomas (30–50%)

• Anaplastic Oligoastrocytomas
(20–30%)

MGMT
[30]

DNA repair
predict patient survival

• Cell proliferation • GBM (35–75%)

BRAF
[26]

Proto-oncogene
• Cell Proliferation

• Apoptosis

• Pilocyticastrocytomas
(65–80%)

• Pleomorphic
Xanthoastrocytomas and
Gangliogliomas (25%)

ATRX
[26]

Deposition of
Genomic Repeats.

• Genital Anomalies,

• Hypotonia,

• Intellectual Disability

• Mild-To-Moderate Anemia

• Secondary To α-Thalassemi

• Relevent to oligodendroglial

2.2. Relevancy between Brain Tumor and Genes

As discussed in the last section, mutations in certain types of genes define the cancer. In various

studies, some connection is found between degree of mutation in genes and type of brain tumor,

which we have summarized in Table 1. Tumor protein-53 (TP53) is involved in DNA repair and

initiating apoptosis. Tp53 level is found to be quite abnormal in high-grade gliomas and mutations

have been found in more than 80% of tumors [26]. The retinoblastoma (RB1) gene is a tumor

suppression gene. RB1 mutation is found in approximately 75% of brain tumors and it is more

relevant to glioblastoma [26]. EGFR is a trans-membrane receptor in the receptor tyrosine kinase

(RTK) family. Mutation in EGFR will lead to increased cell cycle proliferation and increased tumor

cell survival. It is generally associated with primary glioblastomas and approximately 40% of the

mutations that caused them are found within it [27]. PTEN is a tumor suppressor gene and are

responsible for about 15–40% of mutations found in primary glioblastomas. The degree of mutation

may be up to 80%, indifferent glioblastoma [27]. IDH1 and IDH2 are enzymes that control the citric

acid cycle. Mutations in them inhibit enzyme activity. Generally, IDH1 mutation is found less in

primary glioblastoma patients (5%), but more in high grade glioblastomas (70–80%). IDH2 mutations

are generally seen in oligodendroglial tumors [28]. Co-deletion of chromosomes 1p and 19q is
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indicative of oligodendroglial lineage and mainly seen in anaplastic oligoastrocytomas (20–30%),

oligoastrocytomas (30–50%), anaplastic oligodendrogliomas (60%) and oligodendrogliomas (80%).

1p/19q helps in prognosis and treatment assessment [29]. MGMT protein is another DNA repair gene,

for which 35–75% abnormality is found in glioblastomas [30]. BRAF is a proto-oncogene encoded

as BRAF protein, which is involved in the cell proliferation cycle, apoptosis process and treatment

assessment. BRAF mutations are generally found in pilocyticastrocytomas (65–80%), pleomorphic

xanthoastrocytomas (about 80%) and gangliogliomas (25%) [26]. A-Thalassemia-mental retardation

syndrome X-linked (ATRX) is a gene that encodes a protein and is associated with TP53 and IDH1

mutations. It is use as a prognostic indicator when tumors have anIDH1 mutation and it distinguishes

between the tumors of oligodendroglial origin [26].

3. Imaging Modality

Medical imaging techniques help doctors, medical practitioners and researchers view inside the

human body and analyze internal activities without incisions. Cancer diagnosis, grade estimation,

treatment response assessment, patient prognosis and surgery planning are the main steps and

challenges in cancer treatment. There are a number of medical imaging techniques used by hospitals

across the world for different treatments. The brain imaging techniques can be categorized into two

types: i.e., structural and functional imaging [31,32]. Structural imaging consists of different measures

related to brain structure, tumor location, injuries and other brain disorders. The functional imaging

techniques detect metabolic changes, lesions on a finer scale and visualize brain activities. This activity

visualization is possible due to metabolic changes in a certain part of the brain which are reflected in

the scans. CT and MRI are used for brain tumor analysis and are able to capture different cross-sections

of the body without surgery [33,34].

3.1. Computed Tomography Imaging

In a CT scan, an X-ray beam circulates around specific part of the body and a series of images

captured from various angles. The computer uses this information to create a series of two-dimensional

(2D) cross-sectional image of the organ and combines them to make a three-dimensional (3D) image,

which provides a better view of the organs. Positron emission tomography (PET) is a variant of CT

where a contrast agents is injected into the body in order to highlight abnormal regions. CT scans are

recommended by doctors in many conditions such as hemorrhages, blood clots or cancer. However,

CT scans use X-rays which emit ionizing radiation and have the potential to affect living tissues,

thereby increasing the risk of cancer. In one study, it is shown that the risk of radiation in CT is

100 times higher than in a normal X-ray diagnosis [35].

3.2. Magnetic Resonance Imaging

MRI is a radiation free and therefore a safer imaging technique than CT and provides finer details

of the brain, spinal cord and vascular anatomy due to its good contrast. Axial, sagittal, and coronal are

the basic planes of MRI to visualize the brain’s anatomy as shown in Figure 2. The most commonly

used MRI sequences for brain analysis are Tl-weighted, T2-weighted, and FLAIR [36]. Tl-weighted

scan provides gray and white matter contrast. T2-weighted is sensitive to water content and therefore

well suited to diseases where the water accumulates inside brain tissues. T1- and T2-weighted

images are also used to differentiate cerebrospinal fluid (CSF). The CSF is colorless and found in the

brain and spinal cord. It looks dark in T1-weighted imaging and bright on T2-weighted imaging.

The third sequence is fluid attenuated inversion recovery (FLAIR) which is similar to T2-weighted

image except for its acquisition protocol. FLAIR is used in pathology to distinguish between CSF and

brain abnormalities. FLAIR can locate an edema region from CSF by suppressing free water signals,

and hence periventricular hyperintense lesions are clearly visible in the images.
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The comparison between the above three sequences is shown in Figure 2. Diffusion-weighted

imaging (DWI) [37] is another MRI sequence that helps to detect the random movements of

water particles inside the brain. As the water movement becomes restricted, an extremely bright

signal on the DWI is reflected, thus the DWI technique is mostly used for acute stroke detection.

Perfusion-weighted MRI (PWI) highlights the specific part of the brain where the blood flow has been

altered. Diffusion-tensor MRI (DTMRI) detects water motion in tissues through a microscopic image

which helps during surgical removal of the brain tumor. Functional magnetic resonance imaging

(fMRI) [38] is another variant of MRI that is used for measuring the changes in blood oxygenation

in order to interpret the neural activity. When a certain part of the brain is more active, it starts

consuming more oxygen and blood. Consequently, an fMRI maps the ongoing activity of the brain by

correlating the mental process and location. Although MRI is very useful for brain image analysis,

it has some limitations compared to CT. The motion artifact effect is inferior in MRI which helps in

acute hemorrhage and brain injury detection, but also causes it to require a greater acquisition time

than many other imaging techniques.

3.3. Biopsy

Biopsies are the gold standard for all cancer diagnosis and grade estimation. In a biopsy, the color,

shape, and size of the cell nuclei of tumor sample are observed. This brings complexity in manual

microscopic biopsy image analysis. The accuracy depends on the experience and expertise of the

pathologist and therefore, computer assisted tools can help pathologist in Digital Pathological Image

(DPI) analysis and may provide better results than manual approach [39]. Hematoxylin & Eosin

(H&E) staining is the most commonly used method for a biopsy sample analysis. Cytopathology is

used to know the cell structure, function and their chemistry. Tissue proteins are assessed by using

immuno-fluorescence imaging.
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3.4. Hyperstereoscopy Imaging

High-grade tumors invade the surrounding normal tissues, which makes them extremely difficult

to differentiate from each other through the naked eyes of surgeon (especially glioma). Incorrect

resection leads to reduced survival rate of the brain cancer patients [40,41]. In this case, hyperspectral

imaging (HSI) can be used. HSI is a minimally invasive, non-ionizing sensing technique. HSI uses a

wider range of the electromagnetic spectrum compared to normal three channel Red, Green and Blue

(RGB) image type [41], which provides detailed information about tissues in the captured scene [42].

Recently, scientists have proposed a novel visualization system based on HSI, which can assist

surgeons to detect the brain tumor boundaries during neurosurgical procedures [40]. This model

uses both supervised (SVM and KNN) and unsupervised (K-Means) machine learning techniques

to differentiate cell classes such as normal, cancerous, blood vessels/hyper-vascularized tissue and

background in the spectral image. The brain cancer detection algorithm is divided into off-line (training

process) and in situ (online) process. In the off-line process, the samples are labeled by experts and

in the in situ process, the HSI are directly acquired from the patient for real-time image analysis in

the operation theater. SVM is adapted for classification during the in situ process to get a supervised

classification map, while the kNN algorithm is used to find the spatial-spectral classification map.

To get the final definitive classification map, image fusion is performed between spatial-spectral

classification map (derived from KNN-supervised) and hierarchical K-means map (unsupervised

strategy). Finally, a majority voting (MV) method is used to fuse both images for superior results.

For dimensionality reduction, a principal component analysis (PCA) algorithm is adapted in the

above settings.

Another study utilizing the hyperspectral paradigm is [43], where, head and neck cancer

classification was done using a deep learning (DL) technique. In this study, the authors demonstrated

that DL techniques have the potential to be used as a real-time tissue classifier (tissue labeling process)

using HS images to identify boundaries of the cancerous and non-cancerous tissues during surgery.

A CNN network was proposed consisting of six convolution layers and three fully connected layers to

classify three types of classes such as head and neck tissue, squamous-cell carcinoma and thyroid cancer.

The database consisted of 50 subjects. The network was trained for 25,000 iterations using a batch size

of 250. Performance was evaluated using leave-one-out cross-validation protocol while computing the

performance parameters giving the accuracy, sensitivity, specificity as 80%, 81% and 78%, respectively.

The CNN strategy was benchmarked against conventional ML methods such as SVM, kNN, logistic

regression (LR), decision tree (DT), linear discriminant analysis (LDA) demonstrating its superiority.

3.5. MR Spectroscopy

MRI is able to visualize the anatomical structure of the brain, whereas, Magnetic Resonance

spectroscopy (MRS) is able to detect small biochemical changes in the brain. This property is useful

for the brain tissue classification in brain tumor, stroke and epilepsy. Here, several metabolites and

their products such as amino acids, lactate, lipids, alanine, etc., where, the frequency can be measured

in parts per million (ppm). There are unique metabolic signatures associated with each tumor type

and their grades [44], therefore, the neurologist measures the changes between normal and cancerous

tissues by the frequency map of ppm of each metabolite. In [45], the authors had proposed a deep

learning-based model for brain tumor diagnosis using MRS imaging techniques. The authors proposed

three deep models for brain tumor classification into healthy, low or high grade tissue types. In another

study [46], the authors proposed a brain tumor grading method using MR spectroscopy. The proposed

method showed that metabolite values/ratios could provide better classification/grading of brain

tumors using, short and long echo times (TEs). A machine learning method was proposed by authors

in [47] for glioma classification into benign and malignant types. Features were extracted from MR

spectroscopy and then classified using popular ML methods such as SVM, random forest, multilayer

perceptron, and locally weighted learning (LWL). The best performance was achieved by random

forest, giving an AUC of 0.91, while a sensitivity of 86.1% was achieved using the LWL-based method.
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Each imaging modality has its own merits and demerits. Occasionally we need to combine the

merits of more than one imaging modality for accurate diagnosis and assessment of various severe

diseases. Combining multiple image modalities is called image fusion which helps in better diagnosis

than when using a single imaging technique. Image fusion improves the image quality and may reduce

randomness and redundancy of the medical images. Some of the popular methods of image fusions

are [48] based on morphology, knowledge, wavelets and fuzzy logic methods.

4. World Health Organization Guidelines for Tumor Grading

Cancer identification and correct grade estimation are crucial part of the diagnosis process. It helps

doctors decide on a personalized treatment plan which may increase the survival expectancy of the

patients. Medical practitioners or histopathologists use WHO guidelines for brain tumor grading.

The WHO proposed five amendments or editions since 1979 for tumor classification, presented in

Table 2. In 1979, the WHO first proposed miotic activity, necrosis and infiltration for the tumor

classification. In 1993, the WHO came up with another amendment, where immune histochemistry

was considered for tumor assessment. After that, a genetic profile was included in the year of 2000.

In the 4th amendment, a genetic profile and histological variation were combined for the tumor

analysis in the year of 2007.Recently, on May 9, 2016 the WHO published an official fifth amendment

to the central nervous system (CNS) tumor classification, which may precisely define the tumor cells

and helps in better tumor classification [49]. All the studies have shown that tumor cells have unique

molecular signatures and characteristics which define their grade and group [50]. The WHO classifies

brain tumors using four basic features such as mitoses, necrosis, nuclear atypia, and microvascular

proliferation [51]. The assigned grades from the least aggressive to the most aggressive (malignant)

tumors are in the range of I to IV [49–52]. Grade-I cells look nearly normal and spread slowly.

Grade-II cells look slightly abnormal and grow slowly and may invade nearby tissues. These are more

life-threatening than Grade-I but can be cured by a suitable treatment. In Grade-III, tumor cells seem

abnormal and invade the nearby healthy brain tissues. These tumors may be treated. Grade-IV cells

look completely abnormal and grow and very rapidly. Eventually, it is very difficult to sub-grade

tumor due to the fuzzy difference in cell structure microscopically. Therefore, grade estimation of

tumor is challenging for a pathologist.

Table 2. WHO recommendations for tumor assessment in different editions.

Edition Year Recommended Parameters for Tumor Assessment

I 1979 Miotic Activity, Necrosis and Infiltration
II 1993 Immunohistochemistry (IHC)
III 2000 Genetic Profile
IV 2007 Genetic Profile and Histological Variation
V 2016 Molecular Features and Histology

5. Brain Tumor Tests

In neurological examination, the doctor asks about the patient’s health and checks vision, hearing,

alertness, muscle strength and reflexes. The doctor may also examine the eyes of a patient to see any

swelling. Brain scans, tumor biopsy and biomarkers are major tests to confirm cancer and its grade.

If the doctor finds any symptoms of brain cancer then they may suggest any one of them depending

on the patient condition to confirm the malignancy of the brain tumor. Some of the tests are given in

the following subsections.

5.1. Biomarker Test

Mutation in the genes is the root cause of cancer and the degree of this mutation in specific genes

can be measured through biomarker tests. Some of the genes responsible for specific brain cancers
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are given in Table 1. This test diagnoses tumors, helps to find its type and may help in tumor growth

measurement, treatment response and personalized treatment therapy [53].

5.2. Biopsy

Biopsy is the primary test for diagnosis and stage conformation [54] for all types of cancer. This is

an invasive cancer diagnosis approach. In this test, a sample of the brain tumor is taken out through

surgery and the procedure may take several hours. The collected biopsy samples go through a

laboratory test where the histopathologists look for the cellular patterns and characteristics to estimate

the grade of the brain tumor. The low and high-grades of tumor are difficult to differentiate as their

cellular structures are similar. Accurate diagnosis is an important step to analyze the behavior of

the tumor and make the correct treatment plan. The estimation of the grade of the tumor is subject

to inter-reader variability and correct analysis of the DPI depends on the training and experience

of the histopathologists [55]. Image features that grade tumors are not always clear or difficult to

determine by different observers. The computerized image analysis can partially overcome these

shortcomings [56]. Complexity in clinical features representation, large size single histopathology

image and insufficient images for training are the major barriers in the automatics classification

techniques development [56]. Computerized image analysis include image registration, preprocessing,

feature selection, the region of interest (ROI) identification, segmentation and image classification

which are discussed later.

For many years, The Medical Image Computing and Computer Assisted Intervention (MICCAI)

Society has been organizing many conferences and open challenges that foster to develop computer

assisted tools or medical inventions in medical image analysis. Recently, many digital histopathology

image analysis challenges were organized worldwide to boost the tumor histopathology among

researchers community. We have summarized some of the MICCA challenges in Table 3.

Table 3. Overview of some open challenges in digital pathology images analysis worldwide.

Year Challenges Reference

2012 ICPR Mitosis Detection Competition [57]

2012
EM segmentation challenge 2012

2D segmentation of neuronal processes
[58]

2013 MICCAI Grand Challenge on Mitosis Detection

[59]2014
MICCAI Brain Tumor Digital Pathology

Challenge

2014
MICCAI Brain Tumor Digital Pathology

Challenge
2015 MICCAI Gland Segmentation Challenge Contest

2016 Tumor Proliferation Assessment Challenge 2016 [60]

2017 CAMELYON17 challenge [61]

2018
Medical Imaging with Deep Learning

(MIDL-2018)
[62]

5.3. Imaging Test

Imaging modalities such as CT, MRI, PET, and SPECT are popular brain imaging techniques

to confirm the presence of tumors without using surgery. Amongst them, MRI is the most popular

diagnostic imaging modality. MRI is mainly used for neural disorder or abnormality detection

because of its good contrast resolution for different tissues and lack of radiation. Automatic brain

tumor detection and classification is a challenging task due to overlapping intensities, anatomical

inconsistency in shape, size and orientation, noise perturbations and low contrast of images [63].

Some of the open challenges proposed worldwide for brain image analysis have been summarized

in Table 4. Our main focus of this review is to highlight the challenges involved and find the future
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scope in a non-invasive procedure of brain tumor detection and classification using the ML and

DL approaches. In the next section, we have discussed various ML and DL methods for the brain

image segmentation, tumor detection, and classification and point out limitations and future scope for

the enhancements.

Table 4. Overview open challenges of brain image analysis worldwide.

Challenge Objective Modality Reference

BraTS 2012 Brain Tumor Segmentation MRI [64]
BraTS 2013 Brain Tumor Segmentation MRI [65]
BraTS 2014 Brain Tumor Segmentation MRI [66]
BraTS 2015 Brain Tumor Segmentation MRI [67]

BraTS 2016
Quantifying longitudinal changes: evaluate the accuracies of the

volumetric changes between any two time points.
MRI [68]

BraTS 2017
Segmentation of gliomas in pre-operative scans.

Prediction of patient overall survival (OS) from pre-operative scans.
MRI [69]

BraTS 2018
Segmentation of gliomas in pre-operative MRI scans.

Prediction of patient overall survival (OS) from pre-operative scans.
MRI [70]

MICCAI 2018
The segmentation ofgray matter, white matter, cerebrospinal fluid,

andother structureson multi-sequence brain MR images with and without
(large) pathologies. (large) pathologies on segmentation and volumetry.

MRI [71]

HC-18
To design an algorithm that can automatically measure the fetal head

circumference given a 2D ultrasound image.
Ultrasound Image [72]

6. Classification Methods

Machine learning can be defined as a situation where a machine is given a task in which the

machine performance improves with experience [73]. ML algorithms are divided into two types:

supervised learning and unsupervised learning [74,75]. In supervised learning, ML algorithms learn

from already labeled data. In unsupervised learning, the ML algorithms try to understand the

inter-data relationship from unlabeled data. In the case of brain image analysis, ML has been used

in characterizing brain tumors [75,76]. The inner workings of ML algorithms consist of two stages:

feature extraction and application of ML algorithm for characterization. The process model is shown

in Figure 3.Cancers 2019, 11, x 12 of 32 
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The feature extraction algorithms are generally mathematical models based on various image

properties such as texture, brightness, contrast. Sometimes, several features from different extraction

models are fused together to increase the discrimination power of ML algorithms [77]. Some of the

most common algorithms for classification and segmentation of brain images are: K-Nearest Neighbors

(KNN) [78], Support Vector Machines (SVM) [79], Artificial Neural Networks (ANN) [80] etc. The KNN

classification is based on the premise that features of the same class cluster together. The KNN assigns
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an unknown instance the most common label amongst its K nearest neighbors. The SVM applies two

approaches for characterization: at first it tries to find the largest separating hyper-plane between two

classes. In the second approach, if the features are not separable in one dimension, they are mapped

to higher dimension where they are linearly separable, by using the kernel approach. ANN forms

hierarchical network of computing nodes capable of learning from features. ANNs are classified into

many types depending on their architecture, number of hidden layers, connection weight updating

algorithms, etc. The most common ANN models are extreme learning machines (ELMs) [81], recurrent

neural networks (RNN) [82], restricted Boltzmann machine (RBN) [83] etc. ELM is single-layer

feed-forward neural network (SLFFNN), RNNs apply feedback mechanism in the network connections

and RBN is a stochastic neural network.

The advent of high performance computers, as well as lower hardware costs have led to the

emergence of models with multiple layers of abstraction and millions of computing nodes which has

enabled characterization/segmentation with a high degree of accuracy. These models are collectively

called DL methodologies [84]. The most common DL models for brain image characterization are

convolution neural networks (CNN) [85], auto encoders [86] and deep belief networks (DBNs) [87].

DL-based tools for brain images are rapidly finding interest amongst the research community.

6.1. Machine Learning

KNN, SVM, DT, the naive Bayes (NB) classifier, expectation maximization (EM), random forest

(RF) etc. are the most popular ML techniques for medical image analysis. Many of them were

used alone or in combination by various researchers for brain image analysis. Some of them are

discussed in Table 4. We provide different brain cancer classification techniques using ML in the

following subsections.

6.1.1. ANN-Based MRI Brain Tumor Classification Using Genetic Features

The artificial neural network (ANN)-based approach for brain tumor classification using MRI

was proposed in [63]. The method is able to characterize normal (N), benign (B) and malignant (M)

tumor. The N, B and image example is shown in Figure 4.Cancers 2019, 11, x 13 of 32 
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Figure 4. Brain MR images: (a) normal brain, (b) benign tumor (7 O’ clock arrow) and (c) malignant

tumor (7 O’ clock arrow) (reproduced from [63] with permission).

For the purpose of characterization, 100 brain MR images (N = 35, B = 35, M = 30) were collected.

A semi-automatic method was applied to extract the region-of-interest (ROI). A wavelet-based feature

selection was performed to extract the features. A genetic-based feature selection algorithm along

with principal component analysis (PCA) and classical sequential algorithm was applied for feature

selection. Finally, all the features are input into the ANN. The ANN classifier is a three-layer feed

forward neural network with a single hidden layer. The process model of the approach is shown in

Figure 5. It’s found that the genetic approach using only four of the available 29 features attained a
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classification accuracy of 98%. Similar approaches such as PCA and other classical algorithms required

a large feature set to achieve a similar accuracy level.
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6.1.2. A Hybrid Characterization System for Brain Cancer Tumors

In [88], a hybrid system consisting of two ML algorithms has been proposed for brain cancer

tumor characterization. A total of 70 brain MRI images (abnormal: 60, normal: 10) were considered

for this purpose. The features were extracted from the images using DWT [89]. The total numbers of

features were reduced using PCA [90]. After feature extraction, two classifiers were used separately on

the reduced features (i.e., feed forward back propagation based artificial neural network (FP-ANN)

and KNN). FP-ANN applies to the back-propagation learning algorithm for weight updating [91].

KNN is discussed earlier. This method achieves 97% and 98% accuracy using FP-ANN and KNN,

respectively. The process model of the proposed method is shown in Figure 6.
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6.1.3. A Characterization System for Grading Brain Cancer Tumors

A fully automated brain tumor classification scheme using conventional MRI and rCBV maps

calculated from perfusion MRI was proposed in [92]. The method classifies meningioma, glioma

grades (II, III, IV), and metastasis brain images as shown in Figure 7. Earlier, researchers used linear

discriminant analysis (LDA) as a model based on principle component regression (PCR) [93]. In this

method, a linear SVM model is used for characterization. A total of 102 MRI brain scans were used for

the purpose of characterization. The images were pre-processed and ROIs were extracted. Several

features were extracted such as tumor shape characteristics, image intensity characteristics and Gabor

features. In order to reduce the features, selection algorithms were applied (i.e., Ranking-based

and SVM-recursive feature elimination (SVM-RFE)). Finally, SVM is applied. A process model of

the methodology is shown in Figure 8. The highest classification accuracy obtained for metastasis

was 91.7%, while for low-grade gliomas it was 90.9%. The highest accuracy of 97.8% was achieved

when distinguishing grade II gliomas from metastasis. The lowest accuracy of 75% is obtained when

distinguishing grade II from grade III gliomas. This showed that grade II and III gliomas are difficult

to distinguish.Cancers 2019, 11, x 15 of 32 
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images and its corresponding texture images, respectively. The images are pointed to by arrow are

as follows: a1 (T1ce) and a2 (Texture): meningioma; b1 (T1ce) and b2 (Texture): Grade-II; c1 (T1ce),

c2 (Texture): Grade-III; d1 (T1ce) and d2 (Texture): Grade-IV; e1 (T1ce) and e2 (Texture): metastasis

(reproduced from [92] with permission).
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6.1.4. A Multi-Parametric Tissue Characterization System for Brain Neoplasm

A characterization system was developed for identifying neoplastic tissue from healthy tissue,

as well as the classification of different tumor components and edema-like areas [94]. Data was

collected from 14 patients recently diagnosed with brain cancer. The images were pre-processed and

voxel-wise intensity feature vectors were collected. Bayesian [95–97] and SVM were used to distinguish

neoplastic tissue from healthy tissue, as well as the classification of different tumor components and

edema-like areas. The results show that the Bayesian classifier obtains higher accuracy for classifying

edema, enhancing neoplasm and non-enhancing neoplasm at 97.03%, 96.39% and 93.05%, respectively.

SVM obtained highest accuracy for cerebrospinal fluid at 91.34%. The process model is shown in

Figure 9.
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6.1.5. Extreme Learning Machine

Extreme learning machine (ELM) is another emerging area which is less computationally

expensive compared to neural networks. It is based on the single-layer feed-forward neural network

(SLFFNN) which is used for real-time classification or regression. ELM chooses randomly initialized

weights in the input-to-hidden layer, whereas, hidden-to-output layer weights are trained using

Moore-Penrose inverse form [97] to generate least square solution. This feature minimizes network

complexity, training time, learning speed, and improves classification accuracy. Moreover, the weights

in the hidden layer give a multi-tasking capability to the network as in other ML methods like SVM,

KNN and Bayesian network. The ELM network consists of three layers as shown in Figure 10 and all

the layers are fully connected. The weight between input and hidden layer are fixed at random initially

and unchanged throughout the training process and weights between hidden and output are only

allowed to change. Therefore it learns the weights in a single pass and reaches a global optimum [98].

There is a claim of researchers [98,99] that due to its simpler architecture and one shot training makes

this network better and faster as compared to SVM.
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6.2. Deep Learning

DL is most extensively used for the brain image analysis in several applications such as normal

or abnormal brain tumor classification, segmentation (edema, enhancing and non-enhancing tumor

region), stroke lesion segmentation, Alzheimer diagnosis, etc. A convolution neural network (CNN)

is the most popular DL model used widely for classification and segmentation of medical images.

The CNN learns the spatial relationship between pixels in a hierarchical manner. This is done by using

convolving the images using learned filters to build a hierarchy of feature maps. This convolution

function is done in several layers such that the features obtained are translation and distortion invariant

resulting in high degree of accuracy. The basic layers of CNN network are described below.

6.2.1. Input Image Format

The input image is considered as an array of pixel values which depends on the resolution and

size of the image. For example, a sample colored input image is represented by a 3 × m × n array of

numbers (the 3refers to red, green and blue color values in case of color image with the pixel value for

each color ranging from 0–255; m and n are the dimensions of the image). In the case of a grayscale

image, the image size is defined by 2D array (m × n), where the intensity of the pixels also ranges

from 0–255.
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6.2.2. Convolution Layer

The first layer of CNN architecture is the convolution layer, which extracts features from the given

input image using the convolution filters. The filter is a square array of numbers which are weights or

parameters. These filters can loosely be thought of as the neurons of an ANN or the kernel. The first

position of the filter corresponds to the top left corner of the image in the convolution operation.

This operation is described in Equation (1), which shows an example of an image (R) being convolved

with the kernel (S), where ⊗ denotes the convolution operation. Essentially operation can be thought

of as a series of multiplications of the image pixel matrix and the filter matrix and then a summing

of these multiplications. Important to note in Equation (1) is that the kernel is size of m × m and

the operation is performed at the center pixel (x, y), and nearby, where the p and q are the dummy

variables. This process repeated by sliding filter to the right. The number of cell shifts to the right in

each step defines the stride (number of cells sliding right in each step). The CNN architecture is shown

in Figure 11. CNN learns and updates filters or kernel values during the training.

f (x, y) = R(x, y)⊗ S(p, q) =
m/2

∑
p=−m/2

m/2

∑
q=−m/2

R(x + p, y + q)× S(p, q) (1)
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6.2.3. Activation Function

In ANNs, the training progress is measured by gradient-based methods where the gradient is

considered as a learning parameter, which reflects the changes in the training process. Since the

changes in gradient are very small during training then learning is not effective and this phenomenon

is known as vanishing gradient problem. This problem is more severe in DL because of large number

of layers. It can be avoided by using suitable activation function which, don’t have this property of

suppressing the input space into a small region. ReLu is very simple and computationally inexpensive

activation function which performs the non-linear operation and replaces all negative values in the

feature map by zero using a simple formula [max (0, x)], whereas, x is an input parameter [100].

6.2.4. Pooling Layer

To make the method computational inexpensive, a pooling layer is introduced between

convolution layers to reduce the dimensionality of each feature maps but retain the most important

feature information. Average pooling and max-pooling are the two popular pooling operations.
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In average pooling; selected patch features are replaced by the single average value of patch in next

layer, whereas, for max pooling only maximum value of patch features move further.

6.2.5. Fully Connected Layer

The first three operations i.e., convolution, ReLu, and pooling are used for extracting high-level

image features. For features classification, a fully connected network appended at the end of the CNN,

which convert last 2D layers into a one-dimensional feature vector. The output of the FC layer defines

by N-dimensional vector which refers to the number of output classes. Only one of the output class

chosen from the vector by using probabilistic methods such as softmax.

6.3. Brain Image Analysis Using Deep Learning

As discussed earlier, DL algorithms are used in brain image analysis in different application

domains like Alzheimer’s disease identification, segmentation of lesion (e.g., tumors, white matter

lesions, lacunes, micro-bleeds) and brain tissue classification [101]. Much of the ongoing research is

limited to brain segmentation and only little work has been done for the tumor grading. Hence,

there are a lot of potentials to explore the grade estimation for brain tumor using ML and DL

approaches. In this section, we have discussed some recently existing DL based brain image

segmentation methods.

6.3.1. DL-Based Inter-Institutional Brain Tumor Segmentation

A CNN-based brain tumor segmentation method was proposed in [102]. In the experiment,

three CNNs were used for training on multi-institutional data. Each CNN consisted of four convolution

layers followed by two fully connected layers. Data of 68 patients were collected from two institutes.

Patching-based segmentation was used. The equal sized patches extracted from images were annotated

into three classes: tumor patches, healthy patches surrounding the tumor and other healthy patches.

The tumor images were further divided into five classes based on patient data i.e, class-0: normal,

class-2: enhancing region, class-3: necrotic region, class-4: T1-abnormality, class-5: FLAIR abnormality,

class-1: ground truth region based on combination of classes 2–5. The various classes of tumor are

shown in Figure 12.Cancers 2019, 11, x 19 of 32 
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The first CNN was trained for the institution-1 data set, second for the institute-2 dataset and

third CNN was trained for patients from both institutions. Dice similarity coefficients and Hausdorff

distance were used for the assessment between the ground truth and automatic segmentation. Ten-fold

cross-validation scheme was applied to compare the performance between different approaches.

They observed that performance of the model decreased when network is trained and tested on

different institutional data (dice coefficients: 0.68 ± 0.19 and 0.59 ± 0.19) in comparison with same

institutional data (dice coefficients: 0.72 ± 0.17 and 0.76 ± 0.12) and concluded that the reasons behind

this effect require extra comprehensive investigation. The process model is shown in Figure 13.
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6.3.2. Brain Tumor Segmentation Using Two-Pathway CNN

Two-pathway based fully automated segmentation method was proposed for brain tumors [103].

The method segments glioblastomas (low grade glioma/LGG and high grade glioma/HGG) from MR

images. The two pathways are executed using a small convolution filter for local segmentation and

large filter for global segmentation. At last the feature maps from both pathways are concatenated

to give us the segmented image. Based on this approach three cascaded networks were developed:

Input Cascade CNN, MF Cascade CNN and Local Cascade CNN. The Input Cascade CNN obtained

the highest Dice similarity of 0.89. The segmented results are shown in Figure 14. The architecture of

the model is shown in Figure 15.
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6.4. Plausible Solution for Brain Cancer Classification

Gliomas are the most common brain tumor in adults, and are generally divided into two categories:

HGG and LGG. The WHO further divides LGG into I-II grade tumors and HGG into III-IV grade.

Features such as shape and size of cell and its nuclei and cellular distribution are used to measure

the degree of malignancy of the tumor microscopically. Differentiating HGG and LGG is somewhat

easier than further sub-classification between LGG grade-I and II or HGG grade-III and IV, due to their

uneven structure of the cell in this state. Grade estimation of the cancer is a very important parameter

to decide targeted therapy and assessment of prognosis. Although biopsy is the gold standard, it is

inherently invasive, along with its sampling errors and variability in interpretation, therefore, most

doctors prefer MRI (T1, T2, and FLAIR) test in case surgical resection is difficult due to the location of

tumor or patient condition, because of its good contrast and radiation-free nature from brain scans

(MRI, CT, etc.). Most of the medical practitioners manually measure the degree of aggressiveness

(grade) of the tumor. The accuracy of grade estimation depends on the proficiency of the practitioners

and subjected to inter-reader variability studies. In this case, computer-assisted tools may help for

better accuracy.
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There are some automatic brain tumor grading methods which were proposed by researchers

based on texture analysis using ML techniques [92,104,105]. Most of them use MRI (T1, T2, FLAIR, etc.).

Recently many DL architectures (especially CNN) have shown remarkable performance in medical

image analysis such as brain tumor segmentation and tissue classification on brain MRI. However,

tumor grading utilizing DL methods is unexplored so far and there is a lot of research scope to explore

further. We have provided a plausible solution for the tumor grading as shown in Figure 16. The model

is described vividly in the discussion section.
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7. Brain Cancer and Other Brain Disorders

7.1. Stroke

There are two major classes of stroke: ischemic and hemorrhagic stroke [106]. Ischemic strokes

happen when blood supply is interrupted in the brain, while hemorrhagic strokes results from blood

vessel damage or abnormal vascular structure. Although stroke and brain cancer are two different

diseases, the relationships between them have been examined by some researchers. A study was done

on longitudinal risk of developing brain cancer in stroke patients [107]. For this study, they have

selected 35 cases of malignant gliomas with or without stroke cases using brain MRI. They observed

that the stroke patients have a higher risk of developing brain cancer than other forms of cancers with a

hazard ratio of 3.09 (95% Confidence Interval (CI): 1.80–5.30). Another interesting finding of the study

is that the old stroke patients and females between 40–60 age groups have more risk of developing

brain cancer.

7.2. Alzheimer’s Disease

Alzheimer’s disease (AD) is a chronic neurodegenerative disease, where the short term memory

loss is an initial symptom which may become worse over the time as disease advances i.e., language

problem, behavioral issues, and the inability of self-care, etc [107]. Although, AD and cancer are two

different diseases there is relationship between them in some studies. It is found that there is an inverse

relationship between cancer and Alzheimer’s disease in their study. Over a mean follow-up of 10 years
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of patients, they found that the cancer survivors have a 33% decreased risk of Alzheimer’s disease as

compared to the people without cancer. Another interesting outcome came out of the study is that the

patients who have AD had risk of cancer decreased by 61%.

7.3. Parkinson’s Disease

Parkinson’s disease (PD) mainly affects the motor system of the brain resulting in tremors, rigidity,

and slowness in movement and difficulty in walking. Sometimes thought process and behavioral

changes are also observed [108]. A meta-analysis for demonstrating the relationship between PD and

brain found a positive connection between them. Eight groups were involved in the study where

329,276 patients had participated. The study revealed that occurrence of brain tumor was relatively

higher after the diagnosis of PD (odds ratio 1.55, 95% CI 1.18 ± 2.05), but not statistically significant

before PD diagnosis (odds ratio 1.21, 95% CI 0.93 ± 1.58).

7.4. Leukoaraiosis

Leukoaraiosis is an abnormal change in the appearance of white matter near the lateral ventricles.

It is often seen in old age, but sometimes also found in young adults. Leukoaraiosis may be the initial

stage of Binswanger’s disease but this may not always happen [109]. We cannot find any direct relation

between brain cancer and Leukoaraiosis.

7.5. Multiple Sclerosis

Multiple sclerosis (MS) is a brain and spinal cord disease. In this disease, the immune system

attacks the protective sheath (myelin) that covers nerve fibers which hampers communication system

from the brain to rest of the body. The severity of the disease is measured by the quantity of nerve

damage. Signs and symptoms of the disease may differ person to person. The symptoms are partial or

complete loss of vision, double vision, speech slur, tingling in different parts of the body and losing

walking ability at a higher stage. There is no permanent cure available for MS. In a recent study, it was

shown that the MS patients have an increased risk of brain cancer [110,111].

7.6. Wilson’s Disease

Wilson’s Disease (WD) is caused by genetic disorder which is inherited from the parents. In this

disease, copper builds up in the body and generally affects the brain and liver. Vomiting, weakness,

fluid buildup in the abdomen, swelling of the legs, yellowish skin, and itchiness are some common

liver related symptoms. Brain-related symptoms are tremors, muscle stiffness, trouble in speaking,

personality changes, anxiety and seeing or hearing things [112]. A comparison of the differences in

brain diseases is shown in Figure 17.
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Figure 17. Comparison of brain tumor with other brain disorders (image permission

requested from sources). (a) Normal Brain [AtheroPointTM]; (b) Multiple Sclerosis [113];

(c) Stroke [114]; (d) Leukoaraiosis [115]; (e) Alzheimer’s Disease [116]; (f) Parkinson’s Disease [117];

(g) Wilson’sDisease [118]; (h) Brain Tumor [119].

8. Discussion

Brain tumor analysis using medical imaging is a complicated and challenging task, which can

be broadly categorized into pre-processing, classification and post-processing steps. There are many

challenges associated with the aforementioned steps, which make this task complicated. No ideal

computer assisted tools available so far to conform, tumor malignancy and its degree of aggressiveness.

Thus doctors rely on the biopsy test [54,55] only for all types of cancer. The manual microscopic

biopsy image analysis is done by pathologists and medical practitioners by observing cell or tissue

structure under the microscope. The analysis is a challenging issue for them and subject to inter-reader

variability tests. Therefore, DPI analysis is a growing area of research. In DPI, some common features

include the shape and size of cells, shape and size of cell nuclei and distribution of the cells which are

used to measure the degree of malignancy of the tumor. Characterizing benign and malignant cells is

easier than sub-classifying malignant tumor due to uneven structure of the cell in this state. Staining

variations, usage of different scanners and colors variations of the tissues may appear in DPI which

may lead to wrong interpretation. Another challenge with DPI is that most of the whole slide image

(WSI) scanner generates only 2D image, whereas the depth information is unavailable in 2D image,

which is an important parameter for pathologists to confirm certain tissue class. It is anticipated that

the design of 3D WSI scanners may be available soon [120]. Since biopsies are time-consuming and

more risk-prone in the case of the brain tumor, therefore, various brain scans such as CT, MRI, etc. are

used to confirm tumors and the degree of malignancy. Again, this analysis depends on the proficiency

of the medical practitioners and is subject to inter-reader variability.

As discussed above, many automatic brain image analysis methods were proposed by various

researchers for brain segmentation and tissue classification. Most of them use MRI (T1, T2, and FLAIR),

due to its good contrast and radiation-free nature. As discussed earlier, brain image analysis consists

of image registration, image enhancement, features reduction, feature extraction and classification.

The image registration is the first and most important step in medical imaging. Image acquisition
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is not always consistent because of the effects of noise and blurring due to organ movements.

The performance of the medical image analysis highly depends on several parameters such as modality,

similarity measures, transformation, image contents, optimization of algorithm and implementation

mechanism. Generally medical images suffer from low contrast which leads to deterioration of image

quality. Gaussian (high-pass, low-pass) filter, histogram equalization, contrast starching are most

commonly used image enhancement techniques for medical images. Large numbers of features are

computationally expensive and make classification complex. Therefore, principal component analysis

(PCA), linear discriminant analysis (LDA), and genetic algorithm (GA) are the most popular methods

for feature reduction. SVM, DT, naive Bayes classifier, Bayesian classifier, KNN, ANNs etc. are

the most commonly used ML methods for brain image classification and have achieved high-level

accuracy in classification. In ML, features are first extracted by using hand-made techniques and then

input to the ML-based characterization system. The difficulty of image classification using ML-based

algorithms is that there lies continuous variability within image classes. Further, the contemporary

distance measures used by feature extraction methods are unable to compute similarity between

images. Nowadays, DL methods (CNN’s, ResNets) are gaining more popularity than ML techniques

for the brain image classification. In DL, the images are directly input to the system. DL models such

as CNN produce features from images which are translation invariant and stable to deformations

leading to more accurate characterization/segmentation. In addition to characterization/segmentation

of brain, it is suggested to utilize DL models for grading of brain tumor. A proposed DL-based model

is already shown in Figure 16. There are four CNNs (CNN-1, 2, 3 and 4) employed for brain cancer

characterization and grading. Brain MR Images are first pre-processed and tumor part is segregated.

The tumor part is characterized as normal, benign or malignant. If the tumor is malignant CNN2 is

employed to characterize it as LGG or HGG. LGG is further characterized as tumor grade-I or grade-II

using CNN3. Similarly, HGG is classified as tumor grade-III and grade-IV by CNN4. This model can

effectively diagnose brain cancer and do its grading.

Although DL methods are widely popular among the research community, there are many

challenges involved with DL architectures. DL models are quite computationally expensive because of

additional hardware (GPUs) requirements to run the models. The memory and processing requirement

of DL models are huge. It is also not necessary that increasing the number of layers in DL architecture

will improve the performance of the architecture.

8.1. A Note on Biomarkers for Cancer Detection

Various tests have been suggested for diagnosing brain cancer: (a) including the one stated

earlier in the section of imaging modalities, such as MRI, MRS, CT, etc., and (b) laboratory sampling

of brain tumor i.e., biopsy. The inclusion of intelligence-based techniques such as ML or DL for

imaging modalities are very likely to increase the effectiveness of the diagnosis and enhance the

radiologists’ capability towards accurate diagnosis for brain cancer in a timely manner. In addition to

the computer-aided diagnosis using imaging modalities and biopsy methodologies, spread of cancer

in the nervous system can be detected using a sample of cerebrospinal fluid from the spinal cord.

This technique is called lumbar puncture or spinal tap [121]. In this methodology, several biomarkers

related to brain tumor were detected [122]. In addition, molecular tests on brain tumor sample can be

carried out to identify specific genes, proteins, and cells related to the particular tumor. Doctors can

look into these biomarkers to assess the grade, type of tumor and decide treatment options. Further,

examining these biomarkers can help in early treatment before the symptoms begin. Inclusion of ML

and DL techniques in assessing these biomarkers can lead to accurate diagnosis that can save both

time and cost, proving to be more economical.

8.2. Benchmarking

The benchmarking of several ML-based brain cancer classification system has been provided in

Table 5. Sasikal et al. (Row #1) applied ANN-based classifier on featured extracted using DWT from
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100 T2W MRI images. The accuracy obtained is 98%. In 2008, Verma et al. (Row #2) applied Bayesian

and SVM on 14 DWI, B), FLAIR, T1 and GAD images and achieved sensitivity of 91.84% and specificity

of 99.57% for SVM. Zacharaki et al. achieved 97.8% accuracy using NL-SVM on SVM-RFE features

from 102 T1,2 FLAIR, rCBV images (Row #3). EL Dahashanet al. (Row #4) in 2009, applied FP-ANN

and KNN on features extracted using DWT from 70 MR images and obtained highest accuracy of 98.0%.

Similarly, Ryu et al. (Row #5) applied entropy histogram techniques on GLCM features extracted

from 42 DWI, ADC images and achieved accuracy of 84.4%. Further, Skogen et al. (Row #6) applied

standard deviation on 95 patients from 95 T1W, T2 and FLAIR images and also achieved an accuracy

of 84.4%.
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Table 5. Overview of Brain Tumor Classification Methods.

Sno Reference Tissue Classes MRI Subtype Data Size
Feature

Processing
Feature

Reduction
Architecture for

Classification
Highest

Performance

1
Sasikala et al.

2008
[63]

N, ABN, B, M T2W
100,

(N = 35, B = 35, M = 30)
DWT GA ANN

ACC = 98%; SEN = NA;
SPC = NA; AUC = NA

2
Verma et al.

2008
[94]

Neoplasms,
edema, and

healthy tissue

DWI, B0, FLAIR,
T1, and GAD

14
(G-3 = 8, G-4 = 7)

Bayesian, and SVM
ACC = NA; SEN = 91.84;
SPC = 99.57; AUC = NA

3
Zacharaki et al.

2009 [92]

Metastasis,
meningiomas

gliomas (G-2-3)
GBM

T1W, T2W,
FLAIR, rCBV

102
(Metastasis (24), meningiomas (4),
gliomas (G-2) (22), gliomas (G-3)

(18), GBM (34))

SVM, RFE Feature Ranking
LDA, KNN,

NL-SVM
ACC = 97.8%; SEN = 100%;
SPC = 95%; AUC = 98.6%

4
El-Dahshan et al.

2010 [88]
N, ABN T2W

60,
(N = 60, ABN = 10)

DWT PCA FP-ANN, KNN
ACC = 98.6%; SEN = 100;

SPC = 90; AUC = NA

5
Ryu et al. 2014

[123]
Glioma

(G-2,3,4)
DWI, ADC

42
Glioma (G2(N = 8)), G-3 (N = 10)

and G-4 (N = 22))
GLCM Entropy, Histogram

ACC = 84.4%; SEN = 81.8%;
SPC = 90%; AUC = 94.1%

6
Skogenet al.
2016 [105]

LGG (G-2),
HGG (G-3-4)

T1W, T2W,
FLAIR

95
(LGG = 27 (G-2I)

HGG = 68 (G-3 = 34 and G-4 = 34)

Statistical
Analysis

Standard Deviation
ACC = 84.4%; SEN = 93%;
SPC = 81%; AUC = 91%

GLCM: Gray Level Co-Occurrence Matrix, NL-SVM: Nonlinear SVM, MDF: Most Discriminent Factor, LDA: Linear Discriminant Analysis, ADC: Apparent Diffusion Coefficient, GLCM:
Gray Level Co Occurrence Matrix, GA: Genetic Algorithm, DWT: Discrete Wavelet Transform, SVM: Support Vector Machines, RFE: Recursive Feature Elimination, N: Normal, ABN:
Abnormal, GBM: Glioblastomas, LGG: Low grade Glioma, HGG: High Grade Glioma, B: Benign, M: Malignant, T1W: T1-Weighted, T2W: T2 Weighted, FLAIR: Fluid-attenuated inversion
recovery, rCBV: Relative cerebral blood volume, G: Grade, ANN: Artificial Neural Network, DWT: Discrete Wavelet Transform, FP-ANN: Feedforward, Back Propagation-ANN, ACC:
Accuracy, SEN: Sensitivity, SPC: Specificity, AUC: Area Under Curve,. ROC: Receiver Operating Characteristic.
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9. Conclusions

Our main focus of the review is to provide state of art in brain cancer area that includes

pathophysiology of cancer, imaging modality, WHO guidelines for tumor classification, primary

diagnosis methods, and existing computer-assisted algorithms for brain cancer classifications using

the machine and deep learning techniques. Finally, we have compared brain tumor with other brain

disorders. We have concluded that due to automatic feature extraction capability of DL based methods,

recently it is getting more attention and accuracy compared to conventional classification techniques

for medical imaging. It is for sure that many lives can be saved if cancer detected and suitable grade

estimated through fast and cost-effective diagnosis techniques. Therefore, there is dare need to develop

fast, non-invasive and cost effective diagnosis techniques. Here, DL methods can play a major role for

the same. In best of our knowledge, very less work has done for the automatic tumor grading using

DL techniques and their full potential, yet to be explored.
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24. Swartling, F.J.; Čančer, M.; Frantz, A.; Weishaupt, H.; Persson, A.I. Deregulated proliferation and

differentiation in brain tumors. Cell Tissue Res. 2015, 359, 225–254. [CrossRef]

25. Montes-Mojarro, I.; Steinhilber, J.; Bonzheim, I.; Quintanilla-Martinez, L.; Fend, F. The Pathological Spectrum

of Systemic Anaplastic Large Cell Lymphoma (ALCL). Cancers 2018, 10, 107. [CrossRef]

26. Mabray, M.C.; Barajas, R.F.; Cha, S. Modern brain tumor imaging. Brain tumor research and treatment 2015,

3, 8–23. [CrossRef]

27. Hegi, M.E.; Murat, A.; Lambiv, W.L.; Stupp, R. Brain tumors: Molecular biology and targeted therapies.

Ann. Oncol. 2006, 17, x191–x197. [CrossRef]

28. Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.;

Riggins, G.J.; et al. IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 2009, 360, 765–773. [CrossRef]

[PubMed]

29. Hu, N.; Richards, R.; Jensen, R. Role of chromosomal 1p/19q co-deletion on the prognosis of oligodendrogliomas:

A systematic review and meta-analysis. Interdiscip. Neurosurg. 2016, 5, 58–63. [CrossRef]

30. Lee, E.; Yong, R.L.; Paddison, P.; Zhu, J. Comparison of glioblastoma (GBM) molecular classification methods.

In Seminars in Cancer Biology; Academic Press: New York, NY, USA, 2018. [CrossRef]

31. Amyot, F.; Arciniegas, D.B.; Brazaitis, M.P.; Curley, K.C.; Diaz-Arrastia, R.; Gandjbakhche, A.; Herscovitch, P.;

Hindsll, S.R.; Manley, G.T.; Pacifico, A.; et al. A review of the effectiveness of neuroimaging modalities for

the detection of traumatic brain injury. J. Neurotrauma 2015, 32, 1693–1721. [CrossRef] [PubMed]

32. Pope, W.B. Brain metastases: Neuroimaging. Handb. Clin. Neurol. 2018, 149, 89–112. [CrossRef] [PubMed]

33. Morris, Z.; Whiteley, W.N.; Longstreth, W.T.; Weber, F.; Lee, Y.; Tsushima, Y.; Alphs, H.; Ladd, S.C.; Warlow, C.;

Wardlaw, J.M.; et al. Incidental findings on brain magnetic resonance imaging: Systematic review and

meta-analysis. BMJ 2009, 339, b3016. [CrossRef] [PubMed]

34. Lagerwaard, F.; Levendag, P.C.; Nowak, P.J.C.M.; Eijkenboom, W.M.H.; Hanssens, P.E.J.; Schmitz, P.M.

Identification of prognostic factors in patients with brain metastases: A review of 1292 patients. Int. J. Radiat.

Oncol. Biol. Phys. 1999, 43, 795–803. [CrossRef]

35. Smith-Bindman, R.; Lipson, J.; Marcus, R.; Kim, K.P.; Mahesh, M.; Gould, R.; de González, A.B.;

Miglioretti, D.L. Radiation dose associated with common computed tomography examinations and the

associated lifetime attributable risk of cancer. Arch. Intern. Med. 2009, 169, 2078–2086. [CrossRef] [PubMed]

36. Dong, Q.; Welsh, R.C.; Chenevert, T.L.; Carlos, R.C.; Maly-Sundgren, P.; Gomez-Hassan, D.M.; Mukherji, S.K.

Clinical applications of diffusion tensor imaging. J. Magn. Reson. Imaging 2004, 19, 6–18. [CrossRef]

37. Khoo, M.M.Y.; Tyler, P.A.; Saifuddin, A.; Padhani, A.R. Diffusion-weighted imaging (DWI) in musculoskeletal

MRI: A critical review. Skelet. Radiol. 2011, 40, 665–681. [CrossRef]

38. Savoy, R.L. Functional magnetic resonance imaging (fMRI). In Encyclopedia of Neuroscience; Elsevier:

Charlestown, MA, USA, 1999.

39. Gurcan, M.N.; Boucheron, L.; Can, A.; Madabhushi, A.; Rajpoot, N.; Yener, B. Histopathological image

analysis: A review. IEEE Rev. Biomed. Eng. 2009, 2, 147. [CrossRef]

http://dx.doi.org/10.1002/j.1460-2075.1987.tb02655.x
http://www.ncbi.nlm.nih.gov/pubmed/3877054
http://dx.doi.org/10.1016/S0360-3016(02)02770-0
http://dx.doi.org/10.1016/S0098-2997(00)00007-8
http://dx.doi.org/10.1101/gad.314849.118
http://www.ncbi.nlm.nih.gov/pubmed/29945886
http://dx.doi.org/10.1007/s00441-014-2046-y
http://dx.doi.org/10.3390/cancers10040107
http://dx.doi.org/10.14791/btrt.2015.3.1.8
http://dx.doi.org/10.1093/annonc/mdl259
http://dx.doi.org/10.1056/NEJMoa0808710
http://www.ncbi.nlm.nih.gov/pubmed/19228619
http://dx.doi.org/10.1016/j.inat.2016.06.008
http://dx.doi.org/10.1016/j.semcancer.2018.07.006
http://dx.doi.org/10.1089/neu.2013.3306
http://www.ncbi.nlm.nih.gov/pubmed/26176603
http://dx.doi.org/10.1016/B978-0-12-811161-1.00007-4
http://www.ncbi.nlm.nih.gov/pubmed/29307364
http://dx.doi.org/10.1136/bmj.b3016
http://www.ncbi.nlm.nih.gov/pubmed/19687093
http://dx.doi.org/10.1016/S0360-3016(98)00442-8
http://dx.doi.org/10.1001/archinternmed.2009.427
http://www.ncbi.nlm.nih.gov/pubmed/20008690
http://dx.doi.org/10.1002/jmri.10424
http://dx.doi.org/10.1007/s00256-011-1106-6
http://dx.doi.org/10.1109/RBME.2009.2034865


Cancers 2019, 11, 111 29 of 32

40. Fabelo, H.; Ortega, S.; Lazcano, R.; Madroñal, D.; M Callicó, G.; Juárez, E.; Salvador, R.; Bulters, D.;

Bulstrode, H.; Szolna, A.; et al. An intraoperative visualization system using hyperspectral imaging to aid in

brain tumor delineation. Sensors 2018, 18, 430. [CrossRef] [PubMed]

41. Petersson, H.; Gustafsson, D.; Bergstrom, D. Hyperspectral image analysis using deep learning—A review.

In Proceedings of the IEEE 2016 6th International Conference on Image Processing Theory Tools and

Applications (IPTA), Oulu, Finland, 12–15 December 2016; pp. 1–6. [CrossRef]

42. Lu, G.; Fei, B. Medical hyperspectral imaging: A review. J. Biomed. Opt. 2014, 19, 010901. [CrossRef] [PubMed]

43. Halicek, M.; Lu, G.; Little, J.V.; Wang, X.; Patel, M.; Griffith, C.C.; El-Deiry, M.W.; Chen, A.Y.; Fei, B. Deep

convolutional neural networks for classifying head and neck cancer using hyperspectral imaging. J. Biomed. Opt.

2017, 22, 060503. [CrossRef] [PubMed]

44. Nelson, S.J. Multivoxel magnetic resonance spectroscopy of brain Tumors1. Mol. Cancer Ther. 2003, 2, 497–507.

[PubMed]

45. Olliverre, N.; Yang, G.; Slabaugh, G.; Reyes-Aldasoro, C.C.; Alonso, E. Generating Magnetic Resonance

Spectroscopy Imaging Data of Brain Tumours from Linear, Non-linear and Deep Learning Models.

In International Workshop on Simulation and Synthesis in Medical Imaging; Springer: Cham, Switzerland,

2018; pp. 130–138.

46. Hamed, S.A.I.; Ayad, C.E. Grading of Brain Tumors Using MR Spectroscopy: Diagnostic value at Short and

Long. IOSR J. Dent. Med. Sci. 2017, 16, 87–93. [CrossRef]

47. Ranjith, G.; Parvathy, R.; Vikas, V.; Chandrasekharan, K.; Nair, S. Machine learning methods for the

classification of gliomas: Initial results using features extracted from MR spectroscopy. Neuroradiol. J.

2015, 28, 106–111. [CrossRef]

48. James, A.P.; Dasarathy, B.V. Medical image fusion: A survey of the state of the art. Inf. Fusion 2014, 19, 4–19.

[CrossRef]

49. Louis, D.N.; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ellison, D.W.

The 2016 World Health Organization classification of tumors of the central nervous system: A summary.

Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

50. DeAngelis, L.M. Brain tumors. N. Engl. J. Med. 2001, 344, 114–123. [CrossRef]

51. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P.

The 2007 WHO classification of tumours of the central nervous system. Acta neuropathol. 2007, 114, 97–109.

[CrossRef]

52. Collins, V.P. Brain tumours: Classification and genes. J. Neurol. Neurosurg. Psychiatry 2004, 75, ii2–ii11.

[CrossRef] [PubMed]

53. Ludwig, J.A.; Weinstein, J.N. Biomarkers in cancer staging, prognosis and treatment selection. Nat. Rev. Cancer

2005, 5, 845–856. [CrossRef]

54. Sharma, H.; Alekseychuk, A.; Leskovsky, P.; Hellwich, O.; Anand, R.S.; Zerbe, N.; Hufnagl, P. Determining

similarity in histological images using graph-theoretic description and matching methods for content-based

image retrieval in medical diagnostics. Diagn. Pathol. 2012, 7, 134. [CrossRef] [PubMed]

55. Bardou, D.; Zhang, K.; Ahmad, S.M. Classification of Breast Cancer Based on Histology Images Using

Convolutional Neural Networks. IEEE Access 2018, 6, 24680–24693. [CrossRef]

56. Xu, Y.; Jia, Z.; Wang, L.B.; Ai, Y.; Zhang, F.; Lai, M.; Chang, C. Large scale tissue histopathology image

classification, segmentation, and visualization via deep convolutional activation features. BMC Bioinform.

2017, 18, 281. [CrossRef] [PubMed]

57. ICPR 2012 - Mitosis Detection Contest. Available online: http://www.ipal.cnrs.fr/event/icpr-2012 (accessed on

1 November 2018).

58. Segmentation of neuronal structures in EM stacks challenge-ISBI 2012. Available online: https://imagej.net/

Segmentation_of_neuronal_structures_in_EM_stacks_challenge_-_ISBI_2012 (accessed on 1 November 2018).

59. GlaS@MICCAI’2015: Gland Segmentation Challenge Contest. Available online: https://warwick.ac.uk/fac/

sci/dcs/research/tia/glascontest/ (accessed on 1 November 2018).

60. Tumor Proliferation Assessment Challenge 2016. Available online: http://tupac.tue-image.nl/ (accessed on

1 November 2018).

61. CAMELYON17. Available online: https://camelyon17.grand-challenge.org/ (accessed on 1 November 2018).

62. Medical Imaging with Deep Learning. Available online: https://midl.amsterdam/ (accessed on

1 November 2018).

http://dx.doi.org/10.3390/s18020430
http://www.ncbi.nlm.nih.gov/pubmed/29389893
http://dx.doi.org/10.1109/IPTA.2016.7820963
http://dx.doi.org/10.1117/1.JBO.19.1.010901
http://www.ncbi.nlm.nih.gov/pubmed/24441941
http://dx.doi.org/10.1117/1.JBO.22.6.060503
http://www.ncbi.nlm.nih.gov/pubmed/28655055
http://www.ncbi.nlm.nih.gov/pubmed/12748312
http://dx.doi.org/10.9790/0853-1610078793
http://dx.doi.org/10.1177/1971400915576637
http://dx.doi.org/10.1016/j.inffus.2013.12.002
http://dx.doi.org/10.1007/s00401-016-1545-1
http://dx.doi.org/10.1056/NEJM200101113440207
http://dx.doi.org/10.1007/s00401-007-0243-4
http://dx.doi.org/10.1136/jnnp.2004.040337
http://www.ncbi.nlm.nih.gov/pubmed/15146033
http://dx.doi.org/10.1038/nrc1739
http://dx.doi.org/10.1186/1746-1596-7-134
http://www.ncbi.nlm.nih.gov/pubmed/23035717
http://dx.doi.org/10.1109/ACCESS.2018.2831280
http://dx.doi.org/10.1186/s12859-017-1685-x
http://www.ncbi.nlm.nih.gov/pubmed/28549410
http://www.ipal.cnrs.fr/event/icpr-2012
https://imagej.net/Segmentation_of_neuronal_structures_in_EM_stacks_challenge_-_ISBI_2012
https://imagej.net/Segmentation_of_neuronal_structures_in_EM_stacks_challenge_-_ISBI_2012
https://warwick.ac.uk/fac/sci/dcs/research/tia/glascontest/
https://warwick.ac.uk/fac/sci/dcs/research/tia/glascontest/
http://tupac.tue-image.nl/
https://camelyon17.grand-challenge.org/
https://midl.amsterdam/


Cancers 2019, 11, 111 30 of 32

63. Sasikala, M.; Kumaravel, N. A wavelet-based optimal texture feature set for classification of brain tumours.

J. Med. Eng. Technol. 2008, 32, 198–205. [CrossRef] [PubMed]

64. Multimodal Brain Tumor Segmentation. Available online: http://www2.imm.dtu.dk/projects/BRATS2012/

index.html (accessed on 1 November 2018).

65. The Quantitative Translational Imaging in Medicine Lab at the Martinos Center. Available online: https:

//qtim-lab.github.io/ (accessed on 1 November 2018).

66. MICCAI-BRATS 2014. Available online: https://sites.google.com/site/miccaibrats2014/ (accessed on

1 November 2018).

67. BraTS 2015. Available online: https://sites.google.com/site/braintumorsegmentation/home/brats2015

(accessed on 1 November 2018).

68. BraTS 2016. Available online: https://sites.google.com/site/braintumorsegmentation/home/brats_2016

(accessed on 1 November 2018).

69. 20th International Conference on Medical Image Computing and Computer Assisted Intervention 2017.

Available online: http://www.miccai2017.org/ (accessed on 1 November 2018).

70. Multimodal Brain Tumor Segmentation Challenge 2018. Available online: https://www.med.upenn.edu/

sbia/brats2018.html (accessed on 1 November 2018).

71. MRBrainS18. Available online: http://mrbrains18.isi.uu.nl/ (accessed on 1 November 2018).

72. Automated Measurement of Fetal Head Circumference. Available online: https://hc18.grand-challenge.org/

(accessed on 1 November 2018).

73. Haykin, S.S. Neural Networks and Learning Machines; Pearson: Upper Saddle River, NJ, USA, 2009; Volume 3.

74. Nasrabadi, N.M. Pattern recognition and machine learning. J. Electron. Imaging 2007, 16, 049901. [CrossRef]

75. Wernick, M.N.; Yang, Y.; Brankov, J.G.; Yourganov, G.; Strother, S.C. Machine learning in medical imaging.

IEEE Signal Process. Mag. 2010, 27, 25–38. [CrossRef] [PubMed]

76. Erickson, B.J.; Korfiatis, P.; Akkus, Z.; Kline, T.L. Machine learning for medical imaging. Radiographics 2017,

37, 505–515. [CrossRef]

77. Vasantha, M.; SubbiahBharathi, V.; Dhamodharan, R. Medical image feature, extraction, selection and

classification. Int. J. Eng. Sci. Technol. 2010, 2, 2071–2076.

78. Altman, N.S. An introduction to kernel and nearest-neighbor nonparametric regression. Am. Stat. 1992,

46, 175–185. [CrossRef]

79. Cortes, C.; Vapnik, V. Support vector machine. Mach. Learn. 1995, 20, 273–297. [CrossRef]

80. Yegnanarayana, B. Artificial Neural Networks; PHI Learning Pvt. Ltd.: Delhi, India, 2009.

81. Huang, G.-B.; Zhu, Q.-Y.; Siew, C.-K. Extreme learning machine: Theory and applications. Neurocomputing

2006, 70, 489–501. [CrossRef]

82. Grossberg, S. Recurrent neural networks. Scholarpedia 2013, 8, 1888. [CrossRef]

83. Hinton, G.E. A practical guide to training restricted Boltzmann machines. In Neural Networks: Tricks of the

Trade; Springer: Berlin/Heidelberg, Germany, 2012; pp. 599–619.

84. LeCun, Y.; Bengio, Y.; Hinton, G. Deep learning. Nature 2015, 521, 436. [CrossRef] [PubMed]

85. Krizhevsky, A.; Sutskever, I.; Hinton, G.E. Imagenet classification with deep convolutional neural networks.

In Advances in Neural Information Processing Systems; NIPS: Nevada, USA, 2012; pp. 1097–1105.

86. Hinton, G.E.; Salakhutdinov, R.R. Reducing the dimensionality of data with neural networks. Science 2006,

313, 504–507. [CrossRef] [PubMed]

87. Hinton, G.E. Deep belief networks. Scholarpedia 2009, 4, 5947. [CrossRef]

88. El-Dahshan, E.S.A.; Hosny, T.; Salem, A.B.M. Hybrid intelligent techniques for MRI brain images

classification. Dig. Signal Process 2010, 20, 433–441. [CrossRef]

89. Yang, G.; Nawaz, T.; Barrick, T.R.; Howe, F.A.; Slabaugh, G. Discrete wavelet transform-based whole-spectral

and subspectral analysis for improved brain tumor clustering using single voxel MR spectroscopy. IEEE Trans.

Biomed. Eng. 2015, 62, 2860–2866. [CrossRef]

90. Jolliffe, I. Principal component analysis. In International Encyclopedia of Statistical Science; Springer:

Berlin/Heidelberg, Germany, 2011; pp. 1094–1096.

91. Rumelhart, D.E.; Hinton, G.E.; Williams, R.J. Learning Internal Representations by Error Propagation. No.

ICS-8506. California Univ. San Diego La Jolla Inst for Cognitive Science; OCLC Number: 20472667; Defense

Technical Information Center: Fort Belvo, VA, USA, 1985.

http://dx.doi.org/10.1080/03091900701455524
http://www.ncbi.nlm.nih.gov/pubmed/18432467
http://www2.imm.dtu.dk/projects/BRATS2012/index.html
http://www2.imm.dtu.dk/projects/BRATS2012/index.html
https://qtim-lab.github.io/
https://qtim-lab.github.io/
https://sites.google.com/site/miccaibrats2014/
https://sites.google.com/site/braintumorsegmentation/home/brats2015
https://sites.google.com/site/braintumorsegmentation/home/brats_2016
http://www.miccai2017.org/
https://www.med.upenn.edu/sbia/brats2018.html
https://www.med.upenn.edu/sbia/brats2018.html
http://mrbrains18.isi.uu.nl/
https://hc18.grand-challenge.org/
http://dx.doi.org/10.1117/1.2819119
http://dx.doi.org/10.1109/MSP.2010.936730
http://www.ncbi.nlm.nih.gov/pubmed/25382956
http://dx.doi.org/10.1148/rg.2017160130
http://dx.doi.org/10.1080/00031305.1992.10475879
http://dx.doi.org/10.1007/BF00994018
http://dx.doi.org/10.1016/j.neucom.2005.12.126
http://dx.doi.org/10.4249/scholarpedia.1888
http://dx.doi.org/10.1038/nature14539
http://www.ncbi.nlm.nih.gov/pubmed/26017442
http://dx.doi.org/10.1126/science.1127647
http://www.ncbi.nlm.nih.gov/pubmed/16873662
http://dx.doi.org/10.4249/scholarpedia.5947
http://dx.doi.org/10.1016/j.dsp.2009.07.002
http://dx.doi.org/10.1109/TBME.2015.2448232


Cancers 2019, 11, 111 31 of 32

92. Zacharaki, E.I.; Wang, S.; Chawla, S.; Yoo, D.S.; Wolf, R.; Melhem, E.R.; Davatzikos, C. MRI-based classification

of brain tumor type and grade using SVM-RFE. IEEE Int. Symp. Biomed. Imaging Nano Macro 2009, 1035–1038.

[CrossRef]

93. Barker, M.; Rayens, W. Partial least squares for discrimination. J. Chemometr. 2003, 17, 166–173. [CrossRef]

94. Verma, R.; Zacharaki, E.I.; Ou, Y.; Cai, H.; Chawla, S.; Lee, S.; Melhem, E.R.; Wolf, R.; Davatzikos, C.

Multiparametric tissue characterization of brain neoplasms and their recurrence using pattern classification

of MR images. Acad. Radiol. 2008, 15, 966–977. [CrossRef] [PubMed]

95. Murphy, K.P. Naive Bayes Classifiers; University of British Columbia: Vancouver, BC, Canada, 2006; Volume 18.

96. Leung, K.M. Naive Bayesian Classifier; Polytechnic University Department of Computer Science/Finance and

Risk Engineering: New York, NY, USA, 2007.

97. John, G.H.; Langley, P. Estimating continuous distributions in Bayesian classifiers. In Proceedings of the

Eleventh Conference on Uncertainty in Artificial Intelligence, Montreal, QC, Canada, 18–20 August 1995;

Morgan Kaufmann Publishers Inc.: San Francisco, CA, USA, 1995; pp. 338–345.

98. Huang, G.B.; Zhu, Q.Y.; Siew, C.K. Extreme learning machine: Theory and applications. Neurocomputing

2006, 70, 489–501. [CrossRef]

99. Kuppili, V.; Biswas, M.; Sreekumar, A.; Suri, H.S.; Saba, L.; Edla, D.R.; Marinhoe, R.T.; Sanches, J.M.; Suri, J.S.

Extreme learning machine framework for risk stratification of fatty liver disease using ultrasound tissue

characterization. J. Med. Syst. 2017, 41, 152. [CrossRef] [PubMed]

100. Biswas, M.; Kuppili, V.; Edla, D.R.; Suri, H.S.; Saba, L.; Marinho, R.T.; Sanches, J.M.; Suri, J.S. Symtosis:

A liver ultrasound tissue characterization and risk stratification in optimized deep learning paradigm.

Comput. Methods Programs Biomed. 2018, 155, 165–177. [CrossRef] [PubMed]

101. Litjens, G.; Kooi, T.; Bejnordi, B.E.; Setio, A.A.A.; Ciompi, F.; Ghafoorian, M.; van der Laak, J.A.W.M.;

Ginneken, B.; Sánchez, C.I. A survey on deep learning in medical image analysis. Med. Image Anal. 2017,

42, 60–88. [CrossRef]

102. AlBadawy, E.A.; Saha, A.; Mazurowski, M.A. Deep learning for segmentation of brain tumors: Impact of

cross-institutional training and testing. Med. Phys. 2018, 45, 1150–1158. [CrossRef]

103. Havaei, M.; Davy, A.; Warde-Farley, D.; Biard, A.; Courville, A.; Bengio, Y.; Larochelle, H. Brain tumor

segmentation with deep neural networks. Med. Image Anal. 2017, 35, 18–31. [CrossRef] [PubMed]

104. Erickson, B.J.; Korfiatis, P.; Akkus, Z.; Kline, T.; Philbrick, K. Toolkits and libraries for deep learning.

J. Dig. Imaging 2017, 30, 400–405. [CrossRef] [PubMed]

105. Skogen, K.; Schulz, A.; Dormagen, J.B.; Ganeshan, B.; Helseth, E.; Server, A. Diagnostic performance of

texture analysis on MRI in grading cerebral gliomas. Eur. J. Radiol. 2016, 85, 824–829. [CrossRef]

106. Kreisl, T.N.; Toothaker, T.; Karimi, S.; DeAngelis, L.M. Ischemic stroke in patients with primary brain tumors.

Neurology 2008, 70, 2314–2320. [CrossRef] [PubMed]

107. Burns, A.; Iliffe, S. Alzheimer’s disease. BMJ 2009, 338, b158. [CrossRef] [PubMed]

108. Ye, R.; Shen, T.; Jiang, Y.; Xu, L.; Si, X.; Zhang, B. The relationship between parkinson disease and brain

tumor: A meta-analysis. PLoS ONE 2016, 11, e0164388. [CrossRef] [PubMed]

109. Wardlaw, J.M.; Sandercock, P.A.G.; Dennis, M.S.; Starr, J. Is breakdown of the blood brain barrier responsible

for lacunar stroke, leukoaraiosis, and dementia. Stroke 2003, 34, 806–812. [CrossRef] [PubMed]

110. Plantone, D.; Renna, R.; Sbardella, E.; Koudriavtseva, T. Concurrence of multiple sclerosis and brain tumors.

Front. Neurol. 2015, 6, 40. [CrossRef] [PubMed]

111. Bahmanyar, S.; Montgomery, S.M.; Hillert, J.; Ekbom, A.; Olsson, T. Cancer risk among patients with multiple

sclerosis and their parents. Neurology 2009, 72, 1170–1177. [CrossRef] [PubMed]

112. Reitan, R.M.; Wolfson, D. The Halstead-Reitan Neuropsychological Test Battery: Theory and Clinical Interpretation;

Reitan Neuropsychology: Tucson, AZ, USA, 1985; Volume 4.

113. Cahalane, A.M.; Kearney, H.; Purcell, Y.M.; McGuigan, C.; Killeen, R.P. MRI and multiple sclerosis—-the

evolving role of MRI in the diagnosis and management of MS: The radiologist’s perspective. Ir. J. Med. Sci.

2018, 187, 781–787. [CrossRef] [PubMed]

114. Wikipedia. Available online: https://www.wikipedia.org/ (accessed on 23 December 2018).

115. Nakano, K.; Park, K.; Zheng, R.; Fang, F.; Ohori, M.; Nakamura, H.; Irimajiri, A. Leukoaraiosissignificantly

worsens driving performance of ordinary older drivers. PLoS ONE. 2014, 9, e108333. [CrossRef]

116. Islam, J.; Zhang, Y. Brain MRI analysis for Alzheimer’s disease diagnosis using an ensemble system of deep

convolutional neural networks. Brain informatics 2018, 5, 2. [CrossRef]

http://dx.doi.org/10.1109/ISBI.2009.5193232
http://dx.doi.org/10.1002/cem.785
http://dx.doi.org/10.1016/j.acra.2008.01.029
http://www.ncbi.nlm.nih.gov/pubmed/18620117
http://dx.doi.org/10.1016/j.neucom.2005.12.126
http://dx.doi.org/10.1007/s10916-017-0797-1
http://www.ncbi.nlm.nih.gov/pubmed/28836045
http://dx.doi.org/10.1016/j.cmpb.2017.12.016
http://www.ncbi.nlm.nih.gov/pubmed/29512496
http://dx.doi.org/10.1016/j.media.2017.07.005
http://dx.doi.org/10.1002/mp.12752
http://dx.doi.org/10.1016/j.media.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27310171
http://dx.doi.org/10.1007/s10278-017-9965-6
http://www.ncbi.nlm.nih.gov/pubmed/28315069
http://dx.doi.org/10.1016/j.ejrad.2016.01.013
http://dx.doi.org/10.1212/01.wnl.0000314648.82924.6f
http://www.ncbi.nlm.nih.gov/pubmed/18541885
http://dx.doi.org/10.1136/bmj.b158
http://www.ncbi.nlm.nih.gov/pubmed/19196745
http://dx.doi.org/10.1371/journal.pone.0164388
http://www.ncbi.nlm.nih.gov/pubmed/27764145
http://dx.doi.org/10.1161/01.STR.0000058480.77236.B3
http://www.ncbi.nlm.nih.gov/pubmed/12624314
http://dx.doi.org/10.3389/fneur.2015.00040
http://www.ncbi.nlm.nih.gov/pubmed/25788892
http://dx.doi.org/10.1212/01.wnl.0000345366.10455.62
http://www.ncbi.nlm.nih.gov/pubmed/19332695
http://dx.doi.org/10.1007/s11845-017-1714-9
http://www.ncbi.nlm.nih.gov/pubmed/29177917
https://www.wikipedia.org/
http://dx.doi.org/10.1371/journal.pone.0108333
http://dx.doi.org/10.1186/s40708-018-0080-3


Cancers 2019, 11, 111 32 of 32

117. Heim, B.; Krismer, F.; De Marzi, R.; Seppi, K. Magnetic resonance imaging for the diagnosis of Parkinson’s

disease. J. Neural. Transm. 2017, 124, 915–964. [CrossRef]

118. Bandmann, O.; Weiss, K.H.; Kaler, S.G. Wilson’s disease and other neurological copper disorders.

Lancet Neurol. 2015, 14, 103–113. [CrossRef]

119. Villanueva-Meyer, J.E.; Mabray, M.C.; Cha, S. Current Clinical Brain Tumor Imaging. Neurosurgery 2017,

81, 397–415. [CrossRef] [PubMed]

120. Madabhushi, A.; Lee, G. Image analysis and machine learning in digital pathology: Challenges and

opportunities. Med. Image Anal. 2016, 33, 170–175. [CrossRef] [PubMed]

121. Quincke, H.I. Lumbar Puncture. Diseases of the Nervous System; Church, A., Ed.; Appleton: New York, NY, USA,

1909; p. 223.
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