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Abstract

Automatic Segmentation and Classification of Brain Tumors based on Multisequence
MRI Images with Deep Learning Methods

Gliomas are the most common primary brain tumors. Unfortunately, these neoplasms hold the worst
prognosis among all brain tumors, as well. They can be broadly categorized as low or high grade gliomas.
Magnetic Resonance Imaging is the standard imaging technique for their assessment. Using it, physicians
can extract measurements that are crucial for treatment planning and follow-up. Notwithstanding, manual
segmentation is time-demanding and prone to variability. Also, tumor grading by biopsy is very important,
but it is invasive, and prone to sampling error. Therefore, automatic approaches for both segmentation
and grading are needed. However, these tasks are quite challenging due the the heterogeneity of gliomas,
as well as the variability among Magnetic Resonance Imaging scans. This makes it difficult to model brain

tumors from prior knowledge.

Machine Learning algorithms can learn how to perform a task directly from the data. Some of these
algorithms may be categorized as Representation Learning if they can learn features directly from the
data. Among these methods, Deep Learning is a group of Representation Learning algorithms that learn
multiple levels of representations.

In the past years, Deep Learning-based methods have shown remarkable performances. Hence, the
aim of this work was to investigate Deep Learning methods, and use them for the automatic segmentation
and grade classification of brain tumors in multisequence structural Magnetic Resonance Imaging. Addi-
tionally, an often cited setback of these complex models is their “black box” behavior. Thus, in this work
we also studied interpretability of Machine Learning algorithms applied to medical imaging. Therefore, we
built our work on: brain tumor image analysis in Magnetic Resonance Imaging, Machine Learning with
focus on Representation Learning, and its interpretability.

We investigated Convolutional Neural Networks for the task of segmentation. As a starting point, we
studied a classification Convolutional Neural Network. We were able to show its effectiveness, as well as the
importance of careful pre-processing. However, afterwards we adopted a more efficient Fully Convolutional
Network approach. In this setting, we proposed a hierarchical approach for dealing with class imbalance.
Finally, the relationships among channels of feature maps were studied. We proposed and showed the
benefits of recombination and recalibration of feature maps in the context of Fully Convolutional Networks

for semantic segmentation.
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Automatic glioma grading from structural Magnetic Resonance Imaging images is challenging due to
their large heterogeneity. Additionally, a tumor mass must be graded as a whole. Therefore, we propose
3D Convolutional Neural Networks for automatic glioma grading. Since Convolutional Neural Networks
learn features directly from the data, it allows one to bypass the need for a very accurate segmentation
that is often seen in radiomics-based approaches, which use hand-crafted features.

“Black box" systems may pose trusting issues when deployed in critical domains, such as the medical
field. This is due to professionals not being able to explain certain predictions. Therefore, interpretability
of machine learning systems is a crucial field of research, given the high performances currently achieved
with these systems. We first investigated this topic in a Restricted Boltzmann Machine and Random Forest
classifier system in the context of segmentation. We proposed methodologies for both global and local
interpretability. The former is targeted at understanding if the system learned the relevant relations in
the data, while the latter is focused on explaining individual predictions. We were able to confirm if the
system learned correct patterns, but we also found a bias in the database. Later, we employ interpretability
methodologies to inspect the 3D Convolutional Neural Network for glioma grading. With it, we were able
to catch and correct an issue during pre-processing. Hence, we provide tools and study cases that show
how interpretability not only helps in increasing trust, but it may also be useful during the development
cycle.

Finally, all methodologies developed in this work were validated in publicly available databases. This
ensures a fair comparison with the state of the art. Additionally, it enables future work to be directly
compared with us.
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Resumo

Segmentacao e Classificacao Automatica de Tumores Cerebrais Baseado em Imagem
por Ressonancia Magnética Multi-sequéncia com Métodos de Deep Learning

Os gliomas sdo os tumores cerebrais primarios mais frequentes. Infelizmente, estas neoplasias sao
também as que que tém os priores prognasticos entre os tumores cerebrais. Estes podem ser categoriza-
dos em gliomas de baixo ou de alto grau. A Imagem por Ressonancia Magnética é a técnica imagioldgica
padrao para avaliar tumores cerebrais. Desta forma, os médicos podem extrair medicées que sdo da
maior importancia para o planeamento do tratamento e para monitorizacdo. Nao obstante, a segmen-
tacao manual das imagens ¢ um processo demorado e suscetivel a variabilidade. A classificacdo dos
gliomas quanto ao seu grau através de biopsia € também muito importante, mas é um processo inva-
sivo, e suscetivel a erros de amostragem. Assim sendo, sdo necessarias abordagens automaticas para
ambas as tarefas. Contudo, sao problemas bastante complexos devido a heterogeneidade dos gliomas,
mas também devido a variabilidade das imagens de Ressonancia Magnética. Isto faz com que seja dificil

modelar os tumores cerebrais a partir de conhecimento a priori.

Os algoritmos de Aprendizagem Automatica conseguem aprender a executar uma determinada tarefa
diretamente a partir dos dados. Alguns destes algoritmos podem ser categorizados como Aprendizagem
de Caracteristicas se forem capazes de aprender caracteristicas diretamente a partir dos dados. Entre
estes métodos, Aprendizagem Profunda é um grupo de algoritmos de Aprendizagem de Caracteristicas

que aprendem multiplos niveis de caracteristicas.

Nos ultimos anos, métodos baseados em Aprendizagem Profunda tém mostrado desempenhos notaveis.
Assim, um dos objetivos deste trabalho foi a investigacao de Aprendizagem Profunda no contexto de seg-
mentacao. Um segundo objetivo foi explorar Aprendizagem Profunda para a classificacao automatica dos
graus dos gliomas a partir de Imagem por Ressonancia Magnética estrutural. Finalmente, um problema
gue é muitas vezes apontado a estes modelos complexos € a sua natureza de “caixa preta”. Assim sendo,
neste trabalho também foi investigada a interpretabilidade de sistemas de Aprendizagem Automatica.
Portanto, ha trés grandes temas sobre os quais nds construimos o nosso trabalho: analise de imagem
de tumores cerebrais em Imagem por Ressonancia Magnética, Aprendizagem Automatica com foco em

Aprendizagem de Caracteristicas, e interpretabilidade.

Foram investigadas Redes Neuronais Convolucionais para a tarefa de segmentacdo. Como ponto de

partida, nés estudamos Redes Neuronais Convolucionais para classificacao. Assim, conseguimos mostrar
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a sua eficacia, tal como a importancia de um pré-processamento cuidadoso. Contudo, posteriormente,
nos adotamos uma abordagem mais eficiente denominada por Redes Totalmente Convolucionais. Com
esta nova rede, nds propusemos uma abordagem hierarquica que nos permitiu lidar melhor com o des-
balanceamento de classes. Por fim, as relacdes entre os canais dos mapas de caracteristicas foram
estudadas. Nos propusemos e mostramos as vantagens da recombinacao e recalibracdo dos mapas de
caracteristicas no contexto de Redes Totalmente Convolucionais para segmentacdo semantica.

A classificacdo automatica do grau dos gliomas a partir de Imagem por Ressonancia Magnética es-
trutural € complexa devido a sua grande heterogeneidade. Adicionalmente, uma massa tumoral deve
ser classificada como um todo. Assim sendo, nos propusemos Redes Neuronais Convolucionais 3D
para a classificacdo automatica do grau dos gliomas. Uma vez que as Redes Neuronais Convolucionais
aprendem caracteristicas diretamente a partir dos dados, & possivel evitar a necessidade de uma seg-
mentacao muito precisa, tal como é comumente observado nas abordagens mais tradicionais baseadas
em radiomics.

Os sistemas “caixa preta” podem colocar problemas relacionados com confianca quando sao coloca-
dos em dominios criticos, como é o caso do campo da medicina. Isto deve-se aos profissionais ndo serem
capazes de explicar certas predicoes. Assim sendo, a interpretabilidade de sistemas de Aprendizagem
Automatica é uma area de investigacao crucial, dado os elevados desempenhos atualmente atingidos com
estes sistemas. Nos investigamos este topico inicialmente com um sistema constituido por uma Restricted
Boltzmman Machine e um classificador Random Forest no contexto de segmentacao. Nos propusemos
metodologias para interpretabilidade global e local. A primeira esta direcionada para se perceber se 0 sis-
tema aprendeu relacdes relevantes nos dados, enquanto a ultima foca-se mais em explicar predicdes indi-
viduais. Nos conseguimos confirmar se 0 modelo aprendia padrdes corretos, mas também conseguimos
encontrar um enviesamento na base de dados. Posteriormente, também aplicamos metodologias de
interpretabilidade para inspecionar a Rede Neuronal Convolucional 3D para classificacdo do grau dos
gliomas. Assim, conseguimos identificar e corrigir um problema durante o pré-processamento. Desta
forma, nos fornecemos ferramentas e casos de estudo que mostram como a interpretabilidade é util ndo
sd para aumentar a confianca, mas também durante o ciclo de desenvolvimento.

Finalmente, todas as metodologias desenvolvidas neste trabalho foram validadas em bases de dados
publicamente disponiveis. Isto garante uma comparacao justa com o estado da arte. Adicionalmente,
isto permite que trabalhos futuros possam ser diretamente comparados com 0s nossos métodos.
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Chapter 1
Introduction

The main goals of this work are the study of Deep Learning, and automatic brain tumor segmentation
and grade classification from multisequence structural Magnetic Resonance Imaging (MRI). Given its im-
portance in the critical medical domain, we also investigate the interpretability of Machine Learning-based
methods. Therefore, we build our work on: brain tumor image analysis in Magnetic Resonance Imaging,
Machine Learning with focus on Representation Learning, and Interpretability of Machine Learning-based
systems. This chapter introduces these topics in a general way, and how they are connected in the context
of the work here described. In Section 1.2, the main objectives driving this thesis are outlined. In line with
it, in Section 1.3, we describe the main contributions, and we list the academic outputs - publications
and results in international segmentation challenges. Finally, the chapter closes with a description of the
structure of the remaining document and a general overview of the overall work.

Contents
1.1 Contextand Motivation . . . . . . . . .. ... ..o nnnn 1
1.2 Objectivesofthethesis . . . . . . . .. . i v v i it i ittt s e e n s 4
1.3 Contributions fromthisthesis. . . . . . . ... ... ... ... ...... 4
1.3.1 Publications . . . . . ... 5
1.3.2  Participation in international challenges/competitions . . . . . . . ... .. 7
1.3.3 Organizationof Events . . . . . . . . .. . ... ... L. 8
1.4 Structure of the Thesis and GeneralOverview . . . .. ... ... ..... 8

1.1 Context and Motivation

Every year, several types of cancer affect millions of people worldwide. This is a huge problem, since it
impairs the quality of life of those patients and their families. In 2012, 8.2 million people succumbed from
causes related to cancer, while 14.1 million new cancer cases were diagnosed (Ferlay et al., 2015). From

the 27 studied cancers, brain tumors are not the most common, being placed in the 16™ position, which
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accounts for 1.8% of the new cancer diagnosis. Nevertheless, they can be associated with high mortality
by being the 11" most lethal neoplasms, accounting for 2.3% of cancer-related deaths. The prevalence
of brain tumors is higher on developed countries. However, it is likely due to the better diagnostic tools in
those countries (Ferlay et al., 2015).

The World Health Organization (WHO) broadly divides brain tumors into four grades (Louis et al., 2007,
2016). The higher the grade, the more malignant and proliferative is the tumor. Patients with brain tumors
of grades | and Il have an average life expectancy of more than 5 years. Unfortunately, life expectancy
quickly drops as the grade increases, being 2-3 years in grade lll, and only 14 months in the case of grade
IV (Louis et al., 2007, 2016; Van Meir et al., 2010). Among the types of brain tumors, gliomas are the
most common and malignant ones.

Magnetic Resonance Imaging stands as the standard imaging technology for assessing the structure
of brain tumors in clinical practice. This is due to its good contrast for soft tissues, and the availability
of multi-sequence acquisitions that are conspicuous for the various tumor compartments (Mabray et al.,
2015; Suetens, 2017; Bauer et al., 2013). Therefore, MRI is used for diagnosis, evaluation, treatment
planning, and follow-up. To that end, tumor segmentation is a crucial step. However, it is problematic.
Manually done, it is very time consuming since it can take up to one hour per patient, and highly prone to
intra- and inter-rater variability (Menze et al., 2015; Meier et al., 2016). Hence, there is a need for semi-
or fully-automatic computerized methods.

Visualization of brain tumors through imaging techniques is crucial. But, the identification of the tumor
grade plays a very significant role, as well. Namely, it is important for deciding the treatment strategy. The
gold standard for tumor grading consists in biopsy followed by histological studies, when possible. Despite
that, the procedure is time-demanding and invasive. Moreover, gliomas are very heterogeneous, so, the
samples collected during biopsy may not be optimal for characterizing the tumor. Therefore, the procedure
is also prone to sampling error (Zacharaki et al., 2009). Thus, predicting the tumor grade from standard
MRI images may help physicians during the diagnosis process. A system based on such prediction would
avoid sampling error because it analyzes the whole brain, while being not invasive. Moreover, in the
case that biopsy is compulsory, it could expedite the treatment planning, as there is a waiting time from
diagnosis, biopsy, histological studies, and the definitive report.

The brain tumor segmentation task was under-studied, despite its need. For this reason, the Brain
Tumor Segmentation Challenge (BRATS) was created in 2012 to boost research on the topic. After the
beginning of the challenge, a multitude of proposed methods approached brain tumor segmentation fol-
lowing different strategies (Bauer et al., 2013; Menze et al., 2015). However, after 2013/2014 it became
apparent that Machine Learning-based methods were the most promising ones, with a special highlight
for supervised-learning. Regarding glioma grading, although a few approaches can be found (Zacharaki
et al., 2009; Khawaldeh et al., 2017), it is still a very under-studied field. Nevertheless, Machine Learning
seems a possible approach for tackling this task, as well.

Machine Learning algorithms learn directly from the data. They can be broadly divided into supervised
and unsupervised. In the former, during learning there is a target driving training to perform some task. In
unsupervised algorithms, there is no target variable, so the algorithms learn a distribution of the data. In
any case, the algorithms require some representation of the data as input. When these representations are
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designed by feature engineering they are called handcrafted features. These representations are effective,
but its design may be a long journey that requires expert domain knowledge (LeCun et al., 2015). In
another direction, Representation Learning approaches learn the features directly from the data. Deep
Learning is a group of Representation Learning algorithms that learn a hierarchy of concepts, in the form
of multiple levels of representations (Goodfellow et al., 2016). Deep Learning approaches take the form
of Deep Artificial Neural Networks, where several layers of learning blocks as stacked. In this case, where
we have several layers, more complex and discriminative features can be learned directly from the data,
with much less domain knowledge (Bengio et al., 2013; LeCun et al., 2015). Several Deep Learning
architectures gathered a lot of attention in the recent years. Arguably, Convolutional Neural Networks
(CNN) reached the spotlight after the outstanding work of Krizhevsky et al. (2012). Note, however, that
Deep Learning algorithms are computational and data demanding algorithms.

In glioma segmentation, we can see a common element among all of the most successful handcrafted
feature-based approaches - they all require dozens, or hundreds, of features, with some of them having
some randomness during their computation (Zikic et al., 2012; Pinto et al., 2015a, 2018b; Tustison et al.,
2015; Meier et al., 2014a). This is due to the high heterogeneity in the appearance, location, and shape
of gliomas. In this scenario, Deep Learning methods may be able to learn discriminative and data-driven
features, provided that enough data is available. Despite this, one still needs to understand how reliable
Deep Learning is in segmentation. Also, a main issue is which architecture better learns the segmentation-
needed patterns. Furthermore, MRI brain tumor segmentation data is highly imbalanced, with most voxels
in a MRl image belonging to normal tissue. CNNs optimize features that are discriminative for a given task.
However, such task may have several classes to distinguish, and features may have different importance
for each class. For addressing this issue, one may try to suppress the irrelevant features for the class
being predicted (Hu et al., 2018). Although this was shown for classification problems, it is not obvious
in segmentation tasks.

The fact that CNNs can effectively process raw images make them a potential candidate for automatic
glioma grading from structural MRI. Khawaldeh et al. (2017) employed CNNs, but its 2D single-sequence
method does not really follows the consensus in brain tumor imaging, neither it reflects the definitions
by the WHO (Louis et al., 2007, 2016; Ellingson et al., 2015). Moreover, low and high grade gliomas
share some characteristics. Therefore, it is not clear if Machine Learning-based methods can learn how
to discriminate the grades.

Despite the remarkable performances of Deep Learning, and Machine Learning in general, a major
issue may raise some resistance in its acceptance and deployment in clinical practice - their lack of ex-
plainability. Usually, better performances come at the expense of using larger and more complex models.
Of course, this leads to models that are harder to interpret. In critical domains, like the medical field,
physicians may be reluctant in accepting support from a system whose predictions are not explainable
(Wang and Summers, 2012). Hence, it is imperative to develop reliable systems, while, at the same
time, investing efforts in making algorithms more transparent, or develop the tools to inspect their inner
workings. Not only this is crucial for increasing trust, but also to understand the failures of the algorithms
during development.

So, in recent years, Representation Learning have been bringing a boost and novelties to Machine
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Learning-based approaches. As these methods are pervasively being adopted, it is needed to investigate
their potential in Medical Image Analysis. If explored and understood, they may lead to breakthrough
performances in this domain. In the case of this work, both brain tumor segmentation and grading are
open and challenging problems. Therefore, we propose and evaluate methods for automatic brain tumor
segmentation and grading. Most of our approaches are based on CNNs. Finally, the search for top
performing methods should not suppress the important aspect of interpretability. So, we additionally
investigate the interpretability of Machine Learning-based methods.

1.2 Objectives of the thesis

In this work, we aim at exploring Deep and Representation Learning methodologies, and conceive
reliable solutions to the relevant tasks of glioma segmentation and classification from on multisequence
MRI images.

The first objective is to investigate Representation Learning for semantic segmentation, and success-
fully apply them to brain tumor segmentation. Although Deep Learning, especially CNNs, show impressive
potential in object recognition tasks, it is not so obvious for segmentation. Segmentation pose some dif-
ferent challenges: it needs to be detailed, and it deals with high class imbalance. Furthermore, is some
locations, some feature detectors are more important for some classes than others.

The second objective is to explore, propose, and evaluate an automatic glioma grading method from
conventional structural MRI, using Representation Learning techniques. This must be a 3D approach,
since a glioma must be assessed globally.

Finally, the third objective is to investigate interpretability of opaque Machine Learning methods, such
as Deep and Representation Learning-based systems. This objective is transversal to the previous two.
We are interested in providing insights about the decisions in both segmentation and classification. This
insight is crucial for increasing trust about the models. Moreover, it can help driving the decision-making
and provide hints during the development of the systems.

Ultimately, we hope to make advances not only in computer science and machine learning areas of
knowledge, but, also, somehow improve the quality of life of patients and contribute to the acceptance of

Artificial Intelligence in clinical practice.

1.3 Contributions from this thesis

The contributions of this thesis work are summarized as follows:
1. We have investigated and proposed brain tumor segmentation approaches based on CNNs (Pereira
etal., 2015, 2016a, 2017, 2018b). These contributions can be further enumerated as:
(a) Inspired by object recognition CNNs, we first propose classification CNNs for brain tumor
segmentation. We studied the use of small 3 x 3 kernels, and cross glioma grade data
augmentation (Pereira et al., 2015, 2016a).
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(b) Using the classification CNN, we proposed to use histogram standardization as a data pre-
processing before CNNs. We demonstrated its benefits experimentally. This showed, con-
trarily to the belief that CNNs could handle the raw data, that careful pre-processing leads to
better performance (Pereira et al., 2016a).

(c) We developed and proposed a hierarchical brain tumor segmentation approach based on Fully
Convolutional Networks (FCN). We first segmented the whole tumor. Then, a second network
segmented the inner tissues. This tackles the problem of class imbalance and misclassified
isolated clusters (Pereira et al., 2017).

(d) We proposed adaptive feature recombination and recalibration for semantic segmentation
using FCNs. Not all feature maps are equally important for all pixels. Hence, we proposed to
recalibrate them accordingly (Pereira et al., 2018b).

2. We investigated interpretability of Machine Learning systems. The object of study was a system
comprising a Restricted Boltzmann Machine for feature learning, and a Random Forest classifier.
The problems under interpretation were related with segmentation (Pereira et al., 2018c). These
contributions can be further enumerated as:

(a) We explored a strategy for global interpretability by inspecting which parts of the data con-
tributed the most for important features (Pereira et al., 2018c).

(b) We interpreted image segmentations locally by assessing the spatial relevance of the features
distributed in the image space (Pereira et al., 2018c).

(c) We proposed a Mutual Information-driven feature selection scheme to deal with large feature
vectors that impair interpretation (Pereira et al., 2018c).

3. We developed and propose 3D CNNs for automatic glioma grading. We studied two settings for
glioma grading: 1) from the whole image, and 2) from an automatically defined region of interest
(Pereira et al., 2018a).

(a) We employed interpretability methods to inspect the predictions. In this way, we not only
increase trust, but we also show how it enables us to detect and correct problems during
development (Pereira et al., 2018a).

1.3.1 Publications

During the course of the doctoral studies, the author of this work authored the following manuscripts

that are directly related with this thesis, and are part of this document.

Peer-reviewed Journal articles

¢ Pereira, S., Meier, R., McKinley, R., Wiest, R., Alves, V., Silva, C. A., & Reyes, M. Enhancing in-
terpretability of automatically extracted machine learning features: application to a RBM-Random

Forest system on brain lesion segmentation. Medical image analysis, 44, 228-244, 2018.

¢ Pereira, S., Pinto, A., Alves, V., & Silva, C. A. Brain tumor segmentation using convolutional neural
networks in MRI images. |EEE transactions on medical imaging, 35(5), 1240-1251, 2016 (top 1%
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cited paper in Clinical Medicine in early 2018 by Web of Knowledge).

Peer-reviewed Conference and Workshop articles

¢ Pereira, S., Alves, V., & Silva, C. A. Adaptive feature recombination and recalibration for semantic
segmentation: application to brain tumor segmentation in MRI. Medical Image Computing and
Computer Assisted Intervention (MICCAI), 2018.

¢ Pereira, S., Meier, R., Alves, V., Reyes, M., & Silva, C. A. Automatic brain tumor grading from MRI
data using convolutional neural networks and quality assessment. Workshop on Interpretability of
Machine Intelligence in Medical Image Computing, Lecture Notes in Computer Science, 2018.

¢ Pereira, S., Oliveira, A., Alves, V., & Silva, C. A. On hierarchical brain tumor segmentation in MRI
using fully convolutional neural networks: A preliminary study. |EEE 5th Portuguese Meeting on
Bioengineering (ENBENG), 2017.

¢ Pereira, S., Pinto, A., Alves, V., & Silva, C. A. Deep convolutional neural networks for the segmen-
tation of gliomas in multi-sequence MRI. International Workshop on Brainlesion: Glioma, Multiple
Sclerosis, Stroke and Traumatic Brain Injuries, Lecture Notes in Computer Science, Springer, 2015.

The author of this thesis also authored, or co-authored, the following publications in parallel with his
doctoral studies.

Peer-reviewed Journal articles

¢ Oliveira, A., Pereira, S., & Silva, C. A. Retinal Vessel Segmentation based on Fully Convolutional
Neural Networks. Expert Systems with Applications, 2018.

¢ Pinto, A., Pereira, S., Rasteiro, D., & Silva, C. A. Hierarchical Brain Tumour Segmentation using
Extremely Randomized Trees. Pattern Recognition, 2018.

¢ Oliveira, J., Pereira, S., Goncalves, L., Ferreira, M., & Silva, C. A. Multi-surface segmentation of OCT
images with AMD using sparse high order potentials. Biomedical optics express, 8(1), 281-297,
2017.

¢ Pereira, S., Pinto, A., Oliveira, J., Mendrik, A. M., Correia, J. H., & Silva, C. A. Automatic brain
tissue segmentation in MR images using random forests and conditional random fields. Journal of
neuroscience methods, 270, 111-123, 2016.

Peer-reviewed Conference articles

¢ Pinto, A., Pereira, S., Meier, R., Alves, V., Wiest, R., Silva, C. A, & Reyes, M. Enhancing clinical MRI
Perfusion maps with data-driven maps of complementary nature for lesion outcome prediction.
Medical Image Computing and Computer Assisted Intervention (MICCAIl), 2018.
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¢ Oliveira, A., Pereira, S., & Silva, C. A. Augmenting data when training a CNN for retinal vessel
segmentation: How to warp?. |EEE 5th Portuguese Meeting on Bioengineering (ENBENG), 2017.

e Mestre, J., Pereira, S., Silva, C. A., & Rasteiro, D. M. L. D. Modelling brain tissues intensities using
dirichlet process. |EEE 5th Portuguese Meeting on Bioengineering (ENBENG), 2017.

¢ (Cavadas, B., Branco, P., & Pereira, S. Crime Prediction Using Regression and Resources Opti-
mization. Portuguese Conference on Artificial Intelligence, Lecture Notes in Computer Science.
Springer, 2015.

¢ Pinto, A., Pereira, S., Correia, H., Oliveira, J., Rasteiro, D. M., & Silva, C. A. Brain tumour segmen-
tation based on extremely randomized forest with high-level features. 37th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), 2015.

¢ Oliveira, J., Pereira, S., Goncalves, L., Ferreira, M., & Silva, C. A. Sparse high order potentials
for extending multi-surface segmentation of OCT images with drusen. 37th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society (EMBC), 2015.

¢ Pinto, A., Pereira, S., Dinis, H., Rasteiro, D. M., & Silva, C. A. Random decision forests for au-
tomatic brain tumor segmentation on multi-modal MRl images. |EEE 4th Portuguese Meeting on
Bioengineering (ENBENG), 2015.

¢ Pereira, S., Mariz, J. A., Sousa, N., Correia, J. H., & Silva, C. A. A Fully Automatic Tool for Counting
Virchow-Robin Spaces in Magnetic Resonance Imaging for Lacunar Stroke Study. BIOIMAGING,
2015.

1.3.2 Participation in international challenges/competitions

Brain Tumor Segmentation Challenge (BraTS), Munich, 2015

Our method was ranked 2" among the 13 participating teams in the overall ranking.

This was an international challenge integrated in MICCAI conference, where the objective was to
segment a set of MRI images of patients with brain tumor. The participants were provided with 274 MRI
acquisitions with manual segmentation for training their algorithms. Afterwards, a Challenge set without
manual segmentation was provided for the participants to segment, and the evaluation was performed by
the organizers.

Pereira et al. (2015) and Pereira et al. (2016a) were based on the system we used for this challenge.
The methods and results can be found in Section 4.1.
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1.3.3 Organization of Events

Workshop on Interpretability of Machine Intelligence in Medical Image Computing (iM-
IMIC), Granada, 2018

This workshop was held on September 16" as a satellite event of the Conference on Medical Image
Computing and Computer-Assisted Intervention (MICCAI) 2018, in Granada, Spain. The author of this
thesis was a co-organizer of the workshop.

The aim of the workshop was to introduce the challenges and opportunities related to the topic of
interpretability of Machine Learning systems in the context of medical image computing and computer-
assisted intervention.

1.4 Structure of the Thesis and General Overview

This work is organized in seven chapters. We first present a couple of chapters regarding basic medical
and technical background related with the work in this document. Then, each chapter delves into one of
the objectives defined in Section 1.2. The remainder of this section closes this introductory chapter, and
provides a description of the remaining document and general overview of the work.

In Chapter 2 we start by providing a medical perspective on gliomas, and their appearance on MRI
images. Then, we delve into the problems of automatic segmentation and grading. It is described why it
is needed to automate these tasks, and how it can positively impact the clinical practice. We also expose
the main challenges regarding each task, and the main lines of research.

We proceed by providing a technical overview in Chapter 3. In this chapter, we present the Machine
Learning-related essentials of the methods developed in this work. The chapter closes with why inter-
pretability is needed.

In Chapter 4 we delve into the proposed methods for brain tumor segmentation using CNNs. We start
with our work using classification CNNs. This represents a thorough exploration of the potential of this
algorithm for segmentation. We investigate its capabilities, use of small kernels, problem-dependent data
augmentation, and careful pre-processing. Then, in Section 4.2, we follow the most recent advancements
and develop a segmentation approach based on FCNs. We study hierarchical segmentation as a means
to reduce the class imbalance problem and false positive detections. The hierarchical approach serves as
basis for the last Section of the chapter, where we investigate the relationships among feature maps for
semantic segmentation in FCNs. We propose to adaptively recombine and recalibrate feature maps.

In Chapter 5 we investigate the interpretability of a Machine Learning-based system in the context
of brain lesion segmentation. In this chapter, we also explore unsupervised feature learning with a Re-
stricted Boltzmann Machine. We identify and build upon two interpretability principles: global and local
interpretability. In the former, we propose interpretability for reasoning about the system as a whole, and
how it learned. Local interpretability is related with explaining the predictions on a sample basis. We also
propose a joint Mutual Information-based feature selection approach.

The insights obtained from CNNs for segmentation and from interpretability methodologies converge
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in Chapter 6, where we explore and propose 3D CNNs for automatic glioma grading. We investigate and
propose two grading settings: from the whole brain, and from a previously identified region of interest.
The region of interest is defined through segmentation, similarly with Sections 4.2 and 4.3. We further
employ interpretability methodologies to inspect and explain the predictions. This is especially important
in a problem where data is scarce. In fact, we show how interpretability helps in identifying patterns that
were erroneously learned and how it helped in devising strategies for correcting it.

Finally, in Chapter 7, we close this document by drawing the main conclusions and perspectives on

opened lines of research.







Chapter 2
Brain tumors — a medical perspective

In this chapter, the reader will be presented with a medical perspective on brain tumors, with focus on
gliomas. These neoplasms are the most common and aggressive among primary brain tumors. Hence,
gliomas gather a big research interest. We will also discuss the sub-structure of gliomas and relate it
with their appearance in MRI. Image analysis of gliomas is the main application of the methodologies
developed in this thesis, specifically glioma segmentation and grade prediction from MRI images. So, the
main challenges and opportunities regarding these problems will be presented.

Contents

2.1 Ageneraloverview . . . . . . . ¢ ¢ ¢ ¢ s v v v x x w n nnn e 11
2.2 Gliomas — clinical foundations and treatment . . . . . .. ......... 12
2.3 Imagingingliomas . . . . ... .. ..ttt it ot m e 14
2.4 Gliomaimage analysis — challenges and opportunities . . ... ... ... 16

2.4.1 Imagesegmentation . . . . ... ... ... 16

2.4.2  Computer-aided Diagnosis and Radiomics . . . . . . ... ... ... ... 19
25 SUMMArY . . . . o f f e e s r e e e e e e e e e e e e e 22

2.1 A general overview

Brain tumors can be benign or malign; in the latter, the tumors may be called as cancer. Iftheir origin is
in the brain itself, the tumors are designated as primary. Otherwise, if they result from tumor cells moving
from other organs, they are named metastatic brain tumors (Jones and Hreib, 2012). Furthermore,
according to the WHO (Louis et al., 2007, 2016), it is possible to grade brain tumors into four grades,
depending on their aggressiveness. Tumor malignancy increases with the grade. Moreover, the four
grades can be subdivided into two larger classes: low and high grade. Grades | and Il are considered low
grade, being less aggressive and proliferative than the highest grades. However, they can progress into
grade Il and IV, which are malignant tumors (high grade). Tumors in this grade are more proliferative

11
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and grow in a faster pace than the low grade ones (Jones and Hreib, 2012). Life expectancy is higher for
patients with low grade tumors. In fact, it can be more than 5 years for patients with brain tumors of grades
| and Il. Nevertheless, life expectancy drops to 2-3 years when patients face a grade Ill tumor. Tumors
graded as IV are commonly glioblastomas. These neoplasms are especially deadly, with most patients not
surviving more than 14 months after diagnosis, on average, even if the patient is under treatment (Louis
et al., 2007, 2016; Van Meir et al., 2010). In general, the most common treatments include surgery,
radiotherapy, chemotherapy, or a combination of them (Tabatabai et al., 2010).

Brain tumors can have different origins. Meningiomas (WHO grade | - llI) originate from the meningeal
layers, and account to up to 25% of the primary brain tumors. Although their grade can be up to lll, the
majority (90%) of these tumors are benign. Schwannomas are composed by Schwann cells and represent
5 — 10% of the primary brain tumors. These neoplasms are mostly benign, as well (Drevelegas, 2005;
Larjavaara et al., 2008). Gliomas (WHO grade Il - IV) arise from the glial cells of the brain, being the most
common primary brain tumors. Moreover, these tumors account for around 80% of the malignant brain
tumors. Given these facts, more attention is being given to gliomas.

2.2 Gliomas — clinical foundations and treatment

Gliomas are brain tumors originated from the glial cells, such as astrocytes, or oligodendrocytes.
The glial cells are around five times more abundant in the brain than the neurons, and they essentially
play a supporting role for the latter. Hence, their functions include physical support, electric insulation
among neurons, transportation of oxygen and nutrients, and defense against pathogenic entities. Unlike
the neurons, the glial cells have some capacity of replication through mitosis, which explains why they can
originate gliomas (Fox, 2006).

It was observed that cells from gliomas may have similarities with the glial cells from where they are
originated, which lead the tumors to be designated as astrocytomas, oligodendrogliomas, or oligoastro-
cytomas (mix of abnormal astrocytes and oligodendrocytes). The factors associated with gliomas are the
age, the gender (men have two times more chances than women), and radiation exposure. Still, the devel-
opment of brain cancer is a rather random event, with small connections with family occurrences (Jones
and Hreib, 2012). Regarding spatial distribution, the frontal lobe of the brain has the highest frequency
of gliomas (40%), followed by the temporal (29 %) and the parietal (14%) lobes, with higher incidence in
the right hemisphere than the left (Larjavaara et al., 2007).

As the other brain tumors, gliomas can be graded according to their malignancy into grade Il - IV,
following the WHO classification (Louis et al., 2016). Gliomas can be further broadly graded as low grade
gliomas (LGG) if they are WHO grade |l, and high grade gliomas (HGG) for WHO grade Ill and IV. In fact,
the determination of the brain tumor grade is imperative for treatment planning and for prognosis. LGGs
are mostly constituted by highly dense, but almost normal, cells. These gliomas are mainly astrocytomas
and oligodendrogliomas with a slow growth rate, being mostly benign. In fact, patients can survive for
several years with these tumors. However, these patients need close monitoring, since LGGs eventually

evolve into higher grades and become fatal. Anaplastic gliomas (WHO grade Ill) are in-between LGGs
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and the highest grade gliomas. While these tumors proliferate at a faster rate than LGGs, they still do
not present necrotic tissues and the aggressiveness of the grade IV gliomas. Finally, glioblastomas (WHO
grade V) are the most common, and aggressive gliomas. These tumors are always malignant, almost
certainly leading to death, as the median survival time of these patients is only 12-18 months (Jones and
Hreib, 2012). These cancers may affect one hemisphere of the brain (Fig. 2.1(a)), or progress through the
corpus callosum into the contralateral hemisphere. The latter are denominated as butterfly glioblastomas
(Fig. 2.1(b)), being the most aggressive of all (Dziurzynski et al., 2012). Glioblastomas can be primary, or
secondary. The former appears for the first time in patients without signs of a previous tumor, usually older
patients, while the latter evolves from a low grade astrocytoma in younger patients (Louis et al., 2016;
Ohgaki and Kleihues, 2013). Regularly, these neoplasms include regions of necrosis, hemorrhages, and
fleshy tumor. Additionally, they are accompanied by perilesional edema. Due to their heterogeneous
appearance, glioblastomas are also known as glioblastomas multiformes. Usually, there is an associated
mass effect that compresses the surrounding tissues; in Fig. 2.1(a) it is observed a severe mass effect,
with strong deformation of the ventricles (Jones and Hreib, 2012).

(b)

Figure 2.1: Examples of glioblastomas affecting a) one hemisphere of the brain, or b) both (butterfly
glioblastoma). Cases courtesy of Prof. Frank Gaillard, Radiopaedia.org, rID: 27812 and rID: 27877.

Treatment approaches in gliomas depend on the tumor grade, and location. Location is important,
since the removal of the tumor mass may affect cognitive functions, such as language and memory,
leading to worse quality of life. In glioblastomas, the current treatment standard is complete tumor surgery
resection!. This is followed by radiation and chemo-therapy. In LGGs, surgery may be used when it will not
impact the cognitive performance of the patient. Sometimes, it may be beneficial to do a partial resection
to release the pressure caused by mass effect. Radiation therapy may be prescribed as well, especially if
the patient is older, the tumor is big, it is a butterfly glioma, or if it is an astrocytoma (oligodendrogliomas
are less aggressive) (Jones and Hreib, 2012). Also, due to the indolent and slower progression of LGGs, a
“watch and wait” approach may be preferred to avoid impacting the quality of life of the patient, especially
in younger people (Grier and Batchelor, 2006).

LI not possible, ressection may be done until the post-surgery cognitive functions impact is acceptable
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2.3 Imaging in gliomas

The gold standard for glioma diagnosis and grade determination is biopsy and histology (Bauer et al.,
2013). Notwithstanding, brain tumor assessment from imaging data is crucial for rapid diagnosis, follow-
up, and intervention planning.

Computed Tomography may be the first imaging technique employed in a patient suffering from brain
tumor. This is due to its readily availability, and fast scanning time. It may show the tumor‘s mass effect
and calcification, but it lacks contrast for soft tissues, which is the case of the brain. In fact, in the case of
non-enhancing tumors, such as many LGGs, physicians may fail to detect the lesion in Computed Tomog-
raphy images (Mabray et al., 2015; Suetens, 2017; DeAngelis, 2001). Positron Emission Tomography
plays an important role in assessing the evolution of the neoplasm and response to treatment, because
advanced tumors have a higher intake of the radioactive tracer than the normal tissues. However, this
technique has a low spatial resolution (around 4 mm) and does not provide detailed structural information
(Mabray et al., 2015; Suetens, 2017). Therefore, Positron Emission Tomography is useful to assess the
physiology of the tumor, but not its structure and sub-structure. So, it is not suited for measurements
and volumetric analysis. Magnetic Resonance Imaging has good spatial resolution and very good contrast
in soft tissues. Hence, it allows us to observe the tumor compartments, such as necrosis, but also the
extent of edema (Mabray et al., 2015; Suetens, 2017). In fact, MRI have become the imaging standard for
the assessment of brain tumors (DeAngelis, 2001; Bauer et al., 2013; Wen et al., 2010). Therefore, the
work in this thesis is focused on gliomas image analysis in the structural MRI sequences recommended
by the consensus for standard brain tumor imaging (Ellingson et al., 2015). More specifically, we tackle
the problems of automatic glioma segmentation and grading. Perfusion MRI acquisitions are considered
a plus, since they may provide information on tumor physiology, such as clues of the grade. However, this
kind of acquisition is not part of the consensus, neither it is readily acquired in clinical practice (Ellingson
et al., 2015; Essig et al., 2013). Hence, it is also out of the scope of this work.

Structural MRI allows us to examine the anatomy and pathology of the brain. So, in a prior evaluation
of the tumor, it allows one to determine its location for surgery or biopsy planning, and evaluate the mass
effect on the normal brain tissues (Mabray et al., 2015). This is possible because MRI images are three-
dimensional. Moreover, with structural MRI, it is possible to acquire a variety of sequences that result in
images with different tissue contrasts. In fact, this is not only desirable, but mandatory for glioma image
analysis, since different MRI sequences are conspicuous for different tissues and tumor structures.

According to Ellingson et al. (2015), the accepted consensus for brain tumor imaging include the
following MRI sequences: Tl-weighted (T1), 3D isotropic 1 mm post-contrast T1-weighted (T1c), T2-
weighted (T2), and T2-weighted Fluid-Attenuated Inversion Recovery (FLAIR). T1 has very good contrast for
normal brain tissues, such as gray and white matter. Gliomas may appear as abnormal regions. However,
after the injection of the gadolinium contrast, it is possible to observe the enhancing regions of the tumor.
These regions are a feature of HGGs, although it may appear in some LGGs. The enhancing regions result
from a disruption of the blood-brain barrier that leads to accumulation of blood. This region corresponds to
active tumor regions, often with a ring-like shape. The pathological death of cells and tissues is designated
as necrosis (Fox, 2006). In glioblastomas it is often observed the necrotic tissues as a hypointense region
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inside the enhancing tumor in the Tlc sequence. The T1 and Tlc MRI sequences must be acquired
with the same parameters to allow their subtraction (T1c - T1), which facilitates the observation of the
enhancing regions. In the case of non-enhancing and very diffuse gliomas, usually LGGs, the T1 and Tlc
sequences may be inefficient for assessing the tumor. Additionally, those sequences are not optimal for
observing the edema regions. However, the whole tumor region, including edema, is hyperintense in both
T2 and FLAIR. Hence, these sequences are important for assessing the non-enhancing regions of the
tumor, which includes non-enhancing active tumor and edema. T2 is the preferred sequence for these
regions. But, in FLAIR the image intensities of the cavities filled with cerebrospinal fluid are suppressed,
which makes it useful for examining tumors located near the ventricles and the sulci. Structural MRI allows
one to observe the proliferation of the glioma in the surrounding tissues to a certain extent in the form
of edema. However, it may not provide the real tumor extension, as gliomas may be infiltrating a larger
region at a cellular level (DeAngelis, 2001; Wen et al., 2010; Ellingson et al., 2015; Bauer et al., 2013;
Menze et al., 2015).

In Fig. 2.2 it is depicted an example of a brain with a glioblastoma. In the T1 sequence (Fig. 2.2(a))
it is possible to observe the clear mass effect, especially through the deformation of the ventricles. The
enhancing tumor is conspicuous in the T1c sequence (Fig. 2.2(b)), with the necrotic regions inside it. The
whole tumor is hyperintense in both T2 (Fig. 2.2(c)) and FLAIR (Fig. 2.2(d)) sequences, while in the latter
the cerebrospinal fluid response is suppressed, which is crucial to contrast the tumor from the ventricles.
It is also possible to observe a narrow region of non-enhancing active tumor close to the enhancing tumor
in the manual segmentation (Fig. 2.2(e)). In the case of Fig. 2.2, the non-enhancing active tumor may be
perceived as a lower intensity region in-between the enhancing tumor and the edema in the T2 sequence.
This region is difficult to identify, as it does not enhance in the Tlc sequence, and shows the need for
multi-sequence acquisitions. Indeed, during manual segmentation, the non-enhancing active region is
identified as the remaining tumor part, after defining the edema, necrosis, and enhancing tumor (Menze
et al., 2015).

(a) (b) (d) (e)

Figure 2.2: MRI acquisition of a patient with a glioblastoma. a) T1 sequence. b) Tlc. c) T2. d) FLAIR.
e) Manual segmentation; colors identify different tumor regions: blue — necrosis, red — enhancing tumor,
orange — non-enhancing tumor, and green — edema.
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2.4 Glioma image analysis — challenges and opportunities

Brain tumor imaging offers the possibility to non-invasively assess the brain. Moreover, images are a
rich source of data that allows physicians to extract measurements, locate the tumors and their extension,
thus enabling a better treatment and surgery planning. For these purposes, segmentation is a required
step. Additionally, images may contain information about the pathophysiology of the tumor. The study of
such features is in the domain of radiomics.

In this subsection it is presented some open challenges and opportunities for developing Machine
Learning-based approaches to support physicians’ work, and decision making. The focus will be on brain

tumor segmentation and radiomics.

2.4.1 Image segmentation

Brain tumor measurements, such as the tumor size, are important for treatment planing, as well
as monitoring of tumor evolution and response to treatment. Historically, rough estimates of the tumor
size have been used. The Response Evaluation Criteria in Solid Tumors (RECIST) stipulates the use
of unidimensional tumor measures for estimating the overall tumor burden. To that end, experts must
measure the largest tumor axis in the axial plane (Therasse et al., 2000; Eisenhauer et al., 2009), as
observed in Fig. 2.3(a). However, in the case of HGGs, the bidimensional Macdonald Criteria (Macdonald
etal., 1990) remains as one of the most widely used measurement procedures. In this criteria, physicians
should measure the two largest orthogonal axis of the enhancing tumor in the axial plane (Fig. 2.3(b)).
One big drawback of these criteria is that it only considers the enhancing tumor. According to it, complete
response to therapy is obtained when no enhancing tumor is measurable, whereas progression happens if
there is an increase of at least 25% of the enhancing tumor measures. This immediately demonstrates two
more drawbacks: 1) it is not suited for non-enhancing tumors, such as many LGGs, and 2) the enhancing
tumor amount may be affected by non-tumor related causes, such as treatment (Wen et al., 2010). To
account on these issues, the Response Assessment in Neuro-Oncology Criteria (RANO) establishes that
measurements should still be performed on T1c sequence, but tumor progression or remission must take
into account the non-enhancing regions observed in the T2 and FLAIR sequences. Uni- and bidimensional
measurements have the advantage of being fast to calculate. Notwithstanding, the intra- and inter-rater
variabilities are large because of difficulties in finding the best slice, largest axis, or the irregular shape of
the tumor. Moreover, these measurements assume symmetric tumor progression and remission, and are
sensitive to the positioning of the patient's head across acquisitions (Wen et al., 2010). Both RECIST and
RANO criteria establish a minimum tumor size for being measurable, which may make them unsuitable
for post resection surgery (Wen et al., 2010; Therasse et al., 2000; Eisenhauer et al., 2009).

Volumetric measurements may be more robust to some of the limitations of the uni- and bidimensional
measures (Wen et al., 2010; Ellingson et al., 2014). For instance, it does not require the identification of
the largest axis, it measures asymmetrical tumor responses, it is more robust to different head positioning
and inter-slice thickness, and it provides more realistic measures of the tumor size. Studies found that

volumetric measurements are a more accurate indicator of tumor burden and post-surgery residual tumor
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(a) (b)

Figure 2.3: Example of a post-contrast T1 sequence of a glioblastoma with a) unidimensional, and b)
bidimensional measurements. In ¢) it is shown the same patient with a tumor manual segmentation (left)
and its volumetric rendering; colors mean: yellow — edema, green - necrosis, red — non-enhancing tumor,
and blue - enhancing tumor.

than uni- and bidimensional measurements (Ellingson et al., 2014; Dempsey et al., 2005; Chow et al.,
2014). So, although uni- and bidimensional measurements are widely used, it is expected that volumetric
measurements become more and more interesting for clinicians. Additionally, volumetric measures open
the opportunity to assess the several sub-compartments of the gliomas. The division of HGGs into mean-
ingful sub-regions was found relevant for treatment response and survival estimation (Meier et al., 2016;
lliadis et al., 2012; Pope et al., 2005). Such sub-regions are: necrosis, edema, non-enhancing tumor, and
enhancing tumor (Meier et al., 2016; lliadis et al., 2012; Pope et al., 2005). In Fig. 2.3(c) it is possible
to observe the volume of the sub-compartments of the tumor. It is obvious the gross approximation that
a uni- or bidimensional measure represents for such a heterogeneous HGG.

A compulsory step for volumetric delineation of the tumors is segmentation. Image segmentation
consists in detecting and partitioning an image into its regions or objects. If at the time of segmentation
each region is classified, i.e., if each segment has a semantic meaning, it is designated as semantic
segmentation.

Manual tumor segmentation requires an experienced radiologist for manually delineating the tumor
regions. However, it is time demanding, as it may take until one hour, and it is highly prone to intra- and
inter-rater variability (Porz et al., 2016; Menze et al., 2015). Therefore, semi-automatic procedures are
being used in clinical practice. Although these methods significantly accelerate the annotation procedure,
they do not solve all of the problems of manual segmentation, since they still require a human user, and,
because of that, they are still prone to intra- and inter-rater variability (Porz et al., 2016; Bauer et al.,
2013). Additionally, semi-automatic methods cannot be integrated in fully automatic pipelines that run on
servers before assessment by physicians. Thus, fully automatic, but reliable, segmentation methods are
needed.

2.4.1.1 Challenges of automatic segmentation

Although fully automatic segmentation approaches are desirable, it is a complex task. Gliomas are
highly heterogeneous in appearance, size, and shape. Moreover, these neoplasms can appear in diverse
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locations of the brain, and cause none to severe mass effect. Different MRI sequences are needed to
identify the several sub-regions of the tumor, which may make brain tumor segmentation computationally
demanding (Menze et al., 2015).

Besides the tumor characteristics, MRI poses some challenges for segmentation, as well. The bias
field is an artifact that appears due to imperfections in image acquisitions. It translates as intensity
inhomogeneity, such that a smooth intensity variation occurs in the image. For this reason, the same tissue
may have different image intensity in different locations (Vovk et al., 2007). Also, the image intensities
in MRI do not have a fixed meaning, as they are not calibrated. In fact, image intensities may vary even
if two images are acquired from the same patient using the same scanner, but at different moments.
This problem may be more severe across several acquisition sites, and equipments (Nyul et al., 2000).
Finally, acquisition protocols and parameters may vary across clinical centers, resulting in different image
contrasts (Ellingson et al., 2015).

2.4.1.2 Main trends in automatic brain tumor segmentation

In the literature, one can find two main approaches for automatic brain tumor segmentation: unsu-
pervised generative probabilistic methods, and supervised discriminative methods (Menze et al., 2015).

In unsupervised generative probabilistic approaches, strong priors about the tissues spatial distribution
and appearance are enforced. These models should describe the underlying data, such that it represents
the joint distribution p (, v) of both observed (x) and target variables (y). Still, it can be transformed into a
conditional distribution p (x|y) to classify the data. Generative methods, in principle, can generalize better
to unseen data because the model is fit to the unseen data itself (e.g. using an Expectation-Maximization
algorithm), offering some robustness to acquisition parameter differences when faced with small datasets
(Menze et al., 2015; Murphy, 2012). The models often assume image intensities to be generated by
Gaussian Mixture Models (Menze et al., 2010; Gooya et al., 2012; Kwon et al., 2014b). Furthermore,
generative approaches might also explicitly model other kind of prior knowledge besides image intensity
distributions. Such prior knowledge may be in the form of smoothness constraints on the neighborhood of
the pixel through Markov Random Fields (Menze et al., 2010; Kwon et al., 2014b). Some models also take
into account the spatial location of normal and tumor tissues with probabilistic atlases (Menze et al., 2010;
Gooya et al., 2012; Kwon et al., 2014b), or the tumor mass effect with tumor growth models (Gooya et al.,
2012; Kwon et al., 2014b). However, it is difficult to translate prior knowledge into a formal and tractable
model. A way of modeling the tissues spatial distribution is through probabilistic atlases. Still, atlases
require registration and adaptation to account for the tumor abnormalities. Growth models can represent
the tumor mass effect, but their simulation may be complex. Hence, probabilistic generative models
may be approximations that do not represent the real phenomenon of the data and require complex and
computationally demanding methods.

Supervised discriminative approaches learn to predict the target variable (y) directly from the observ-
able variable () as a conditional distribution p (x|y). Hence, these approaches do not attempt to learn
the phenomenon generating the underlying data. Usually, when the prior assumptions in generative meth-
ods are incorrect, discriminative approaches achieve superior results because these methods do not need
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to model the distribution of the data (Murphy, 2012).

Discriminative methods are inherently supervised, as they need annotated training data, i.e., for each
training instance, we need the class it belongs to. Hence, discriminative approaches may not generalize
well if the training set is small, biased, or very different from the testing conditions (Murphy, 2012). How-
ever, supervised discriminative approaches have achieved the state-of-the-art results in glioma segmenta-
tion. In fact, in all editions (2012 - 2017) of the Brain Tumor Segmentation Challenge (BRATS) (Menze
et al., 2015) the top performing approaches were based on supervised discriminative methods. Hence,
in this thesis work, supervised discriminative approaches were mostly followed. Until 2014, handcrafted
features followed by a discriminative classifier was the main approach regarding supervised discriminative
methods for brain tumor segmentation. Given the complexity of the problem, a large spectrum of fea-
tures was studied, such as context (Meier et al., 2014b; Zikic et al., 2012; Pinto et al., 2015a), first-order
and fractals-based texture (Meier et al., 2013, 2014b; Reza and Iftekharuddin, 2014; Pinto et al., 2015a;
Islam et al., 2013), gradients (Meier et al., 2013, 2014b), brain symmetry (Meier et al., 2013, 2014b;
Tustison et al., 2015), and physical properties (Tustison et al., 2015). All of these methods used the
Random Forest (RF) classifier (Breiman, 2001). Instead of handcrafted features, Representation Learning
approaches were pursued in this thesis work. These methods learn the optimal set of features directly
from the data (LeCun et al., 2015). In fact, CNNs have achieved state-of-the-art results in brain tumor
segmentation. Apart from the works described in this thesis (Pereira et al., 2016a, 2017, 2018b), other
authors have concurrently or posteriorly followed CNN approaches (Lyksborg et al., 2015; Havaei et al.,
2017; Kamnitsas et al., 2017b; Zhao et al., 2018). Lyksborg et al. (2015) used an ensemble of 2D CNNs
for identifying the whole tumor, followed by intra-tumor segmentation. Havaei et al. (2017) changed fully-
connected layers by convolutional layers. Furthermore, a cascade of CNNs was employed, such that the
second network could learn contextual information from the output of the first. Additionally, a complex two-
stage training procedure was proposed. Kamnitsas et al. (2017b) proposed a fully convolutional neural
network without max-pooling layers, where a sub-volume of voxels was segmented at once in one forward
pass. This approach is much more efficient than the previous ones, where each voxel requires a forward
pass of the patches through the network. Finally, Zhao et al. (2018) proposed a fully convolutional neural
network followed by a Conditional Random Field formulated as a Recurrent Neural Network. Conditional
Random Fields are able to regularize the segmentation by taking into account both the unary predictions,
and the appearance of a neighborhood. By formulating the Conditional Random Field as a Recurrent
Neural Network, it was possible to couple the CNN and the Conditional Random Field as a single network.

2.4.2 Computer-aided Diagnosis and Radiomics

A crucial step during glioma assessment relies upon tumor grading (Zacharaki et al., 2009). The
identification of the grade is important for treatment planning. For instance, in the case of a LGG, it may
be more suited to not perform any intervention besides monitoring. For grading, the gold standard is
biopsy followed by a histology study. However, the former is a time consuming and invasive procedure,
and sometimes impossible. Moreover, biopsy is prone to sampling error, because it retrieves just a few
samples of the tumor in different time points, which may not represent the whole tumor. This is due to
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the high heterogeneity in tumor's location and evolution over time. In fact, only a low percentage of biopsy
samples contains adequate tumor content and genetic material (Hu et al., 2015).

Computer-aided Diagnosis (CADx) systems help physicians in decision making. Besides image seg-
mentation, image-based CADx systems may provide predictions about the clinical status and survival es-
timation of the patient (Yang et al., 2015), or the characterization of the disease (Zacharaki et al., 2009).
These automatic systems can take the big amount of imaging data as input, and provide the physician with
some information for decision support. Hence, an image-based CADx system for tumor grade prediction
from volumetric MRI data could be useful in clinical practice. Such a system may assess the macroscopic
structure of the whole tumor and surroundings in a noninvasive way. Thus, it has the potential of bypassing
the sampling problem of biopsy, and expedite treatment planning, since it is much faster than biopsy and
histology studies (Zacharaki et al., 2009). It would also be useful during treatment monitoring to assess
the tumor progression.

Digital imaging encodes information regarding more complex phenomenons than just image intensi-
ties. Indeed, thorough image analysis may provide better prognostic capabilities, or predict the effective-
ness of treatments, than simple uni- and bidimensional measures (Kumar et al., 2012). Radiomics deal
with identifying features from medical images related to the pathophysiology of the medical condition of
the patients. Usually, a large pool of features is extracted (200+). In this way, faster and higher level
decision support systems may be developed. Radiomics features may be the image intensity, texture,
tumor shape and size, or image transforms, such wavelet transforms. These features may be related with
some variable of interest, such as survival, cancer phenotype, or treatment response. Usually, radiomics
workflows include tumor segmentation, feature extraction, feature selection, and prediction model con-
struction (Lambin et al., 2012, 2017; Bakas et al., 2017; Kotrotsou et al., 2016). There are evidences
that radiomics can, indeed, assess the tumor's subtypes, and predict survival time (Yang et al., 2015;
Bakas et al., 2017; Kotrotsou et al., 2016).

So, CADx and radiomics may provide tools for monitoring the development and progression of the
disease, predict survival, response to treatment, as well as characterize the tumors themselves (Lambin
et al., 2012; Aerts et al., 2014; Lambin et al., 2017; Kotrotsou et al., 2016; Yang et al., 2015). Al
though radiomics alone may not substitute biopsy and histological studies as gold standard, it reflects the
pathophysiology of glioblastomas (Kotrotsou et al., 2016).

2.4.2.1 Challenges of automatic tumor grading from MRI

Automatic glioma grading from structural MRI has practical utility in clinical practice. However, it is
a complex task. Regarding gliomas, these heterogeneous neoplasms have some characteristics more
associated with HGGs or LGGs. For instance, LGGs exhibit less mass effect and are more diffuse than
HGGs. Also, the enhancing rim is a characteristic more often associated with HGGs, as well as being
larger, more heterogeneous, and presenting necrotic regions. Nevertheless, those characteristics are
interchangeable and may occur in both grades. This high variability makes it hard to develop a CADx
system. However, we note that the presence of enhancing rim in LGGs is a sign that it needs close
monitoring, and, probably, intervention (Grier and Batchelor, 2006; Steed et al., 2018; Van Meir et al.,

20



CHAPTER 2. BRAIN TUMORS — A MEDICAL PERSPECTIVE

2010).

Some studies suggest that perfusion MRI-derived maps, such as the relative cerebral blood volume
map, offer better potential to distinguish HGGs and LGGs than conventional structural MRI sequences,
e.g. T1, Tlc, T2, and FLAIR sequences (Zacharaki et al., 2009; Law et al., 2003). But, perfusion MRI
sequences are consensually considered a plus regarding MRI acquisitions for brain tumor assessment,
whereas the referred conventional structural MRI sequences are crucial (Ellingson et al., 2015). In fact,
perfusion MRI is being studied in academic contexts, but it is not widely used in clinical practice (Essig
etal., 2013). Thus, although complex, tumor grading from conventional structural MRI has more potential
for being used.

Radiomics studies suggest that it is possible to extract pathophysiology-related information from imag-
ing data. First, the image must be segmented in order to define regions of interest (ROls), such as tumor,
or normal tissue. This segmentation step is usually done manually, or in a (semi-)Jautomatic way (Parmar
et al., 2014; Velazquez et al., 2015). Manual segmentation makes it unpractical to employ radiomics
in large databases. Semi-automatic approaches are much faster, but it does not bypass the inter- and
intra-observer variability problem, since a user needs to provide some input. Automatic approaches solve
both problems. Still, radiomics needs segmentation to be robust in order to consistently identify well the
sub-compartments of the tumors in all subjects in order to maintain the conclusions of radiomics studies
across subjects (Kumar et al., 2012). Hence, it would be desirable to bypass the segmentation stage,
or, at least, decrease the need on highly accurate sub-compartment segmentation. After segmentation,
radiomics procedures extract a large number of features, which are then subjected to feature selection
to reduce the risk of overfitting (Kumar et al., 2012). This suggests that general features, such as tu-
mor shape, texture, or histogram, are extracted, without any certainty about its correlation with the target
variable. These challenges (segmentation, and features extraction and selection) pose an opportunity for
Representation Learning approaches, where features are extracted directly from the data for the desired
task.

2.4.2.2 Main trends in automatic brain tumor grading

Glioma grading from structural MRI is a relatively unexplored field. First approaches studied glioma
grading using handcrafted features followed by a Machine Learning classifier, such as Support Vector Ma-
chines, k-Nearest Neighbors, Decision Trees, or Naive Bayes (Zacharaki et al., 2009, 2011). Considered
features included image intensities, volumetric data, and Gabor textures. These features were extracted
from manually defined ROls, which represents a disadvantage of the work. The authors used the relative
cerebral blood volume perfusion map together with the conventional structural MRl images. However, for
tumor grading, from the top eight most important features only the first was computed from that perfusion
map, being the others from structural MRI (Zacharaki et al., 2009). This suggests that perfusion MRI
may, indeed, help during tumor grade classification, but structural MRI encodes relevant information, as
well. More recently, Khawaldeh et al. (2017) used a CNN for automatic tumor grading without the need
of defining ROIs. However, the method comes with a major drawback. It processes individual 2D slices,
instead of the whole 3D MRI study. So, radiologists need to select the relevant slices, which makes it prone
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to some inter-rater variability. Moreover, it processes several slices per study, which makes it possible to

classify slices of the same tumor with different grades.

2.5 Summary

Gliomas are the most common primary brain tumors. Still, patients with this cancer yield the worst
prognosis among brain tumors. Gliomas may be categorized as LGGs and HGGs depending on their
degree of malignancy. Magnetic Resonance Imaging stands as the gold standard imaging technique
for the assessment of these tumors. However, their structure and appearance is highly heterogeneous,
making glioma image analysis a challenging task. Among the open problems we can identify automatic
and reliable glioma segmentation and grading. Due to the complexity of the task, Machine Learning-
based approaches appear as the most promising techniques for both tasks, as long as enough data is
available. Both automatic glioma segmentation and glioma grading are of clinical relevance and may
provide physicians with a faster and more accurate assessment, as well as better treatment planning, and
monitoring tools.
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Chapter 3
Machine Learning

In this chapter, the reader will be introduced to the technical background related with the methods
developed in the scope of this thesis work. Machine Learning algorithms serve as the basis for all the
conceived methods. Therefore, a broad overview on Machine Learning is presented. In this section, we
distinguish supervised and unsupervised learning, since we use algorithms of both categories.

Deep Learning and Representation Learning are also introduced. Additionally, we introduce its most
relevant components: hidden layers, activation functions, and gradient-based learning. These topics are
the basis of most of the methods conceived in this thesis work. Two Representation Learning methods are
employed: Convolutional Neural Networks, and Restricted Boltzmann Machines. We use Convolutional
Neural Networks for classification in the glioma segmentation and grading approaches. Restricted Boltz-
mann Machines are used together with a Random Forest classifier to form the Machine Learning system
that is studied in the context of Machine Learning interpretability in Chapter 5. Restricted Boltzmann Ma-
chines learn features in an unsupervised way. Thus, a supervised Random Forest classifier was used to
learn a classification task on top of those features. Finally, the chapter closes with a discussion on the
need for interpretability of Machine Learning methods.
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3.1 General concepts

Machine Learning can be broadly defined as the set of methods that learn directly from data. Generally
speaking, it consists in a model learning how to do a certain task. The process of learning is usually called
training, while the execution of the task is designated as inference, or test. During training, it is used some
kind of performance metric to evaluate the model. Additionally, during training the parameters, also known
as weights in some models, of the chosen model are optimized and adapted to better perform the task.
The parameters controlling the model that are not adapted during training are called hyperparameters, for
example, the number of hidden layers in a CNN, or the number of trees in a RF (Murphy, 2012; Goodfellow
etal., 2016).

The data consists of a set D of samples, or examples, that represent the observed variables. The
observed variables are represented as features, which are quantitative measures characterizing the data.
Thus, a sample i is often represented as a features vector of m features x* = [xj :j=1,---,m], with
x® € R™. So, the complete observed data with all the collected n samples may be grouped in a design
matrix X € R™ ™, However, in some cases, if there is structural meaning, it may be advantageous to
keep the structure of the samples. For instance, * may represent an image, an audio signal, or a video.
In this case, we may refer to it as feature maps (Murphy, 2012; Goodfellow et al., 2016).

3.1.1 Types of learning

Although it may be difficult to establish a clear separation regarding the learning mode, we can broadly
divide Machine Learning methods into supervised learning and unsupervised learning. Another category
of methods is called reinforcement learning, but these approaches are out of the scope of this thesis.

3.1.1.1 Supervised learning

In this context, we are usually dealing with predicting some target variable 3 that follows some function

f of the data. So, during training, the model learns a function fthat maps the observed variables x to
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~

the predicted target variable ¢, such that § = f (x). The target variable can be a vector of targets v,
but, for the sake of simplicity, let us assume scalar predictions. In order to learn such mapping, during
training, the model is presented with annotated data, i.e., for each sample it is known the corresponding
target value, such that D = {(x’,y*)}",. Of course, at test time, the model receives the observable
variables only, and infers a prediction g (Murphy, 2012; Goodfellow et al., 2016).

The need for providing y at training time may be one drawback of supervised learning, since such
labeling usually requires human work, and sometimes it is not humanly possible. Still, if enough training
data is available, these approaches often obtain very competitive and state-of-the-art results.

3.1.1.2 Unsupervised learning

Contrasting with supervised learning, in unsupervised learning the algorithms only experience the
observable data without any target variable, or supervision. Therefore, the data consists only of samples
with the corresponding features D = { (") }?_,. For this reason, the algorithms need to unveil interesting
patterns in the data. In other words, these algorithms learn a distribution of the data, such that we
have models of the form p (x|D, @), where 6 represents the parameters of the model. For the sake of
simplicity, let us consider p (x), instead (Murphy, 2012; Goodfellow et al., 2016).

In the context of this thesis, we will emphasize unsupervised representation learning. In this case, the
model needs to learn a representation of the data that keeps as much information as possible, while being
subjected to some kind of constraint. There are two main reasons for the constraints: 1) to prevent the
model from copying the input data into its latent variables, and 2) to learn a simpler representation than a
by discarding irrelevant and redundant information. Examples of constraints include, but are not limited
to, enforcing lower dimensional representations, sparse representations, or independent representations
(Murphy, 2012; Goodfellow et al., 2016).

Examples of unsupervised learning algorithms include Principal Component Analysis (Hotelling, 1933),
Restricted Boltzmann Machines (Smolensky, 1986; Hinton, 2002), or Autoencoders (Hinton and Zemel,
1994).

3.1.2 Classification task

Several supervised learning tasks exist, however, considering the scope of this work, classification will
be emphasized. Classification deals with predicting a class from the observed data. Usually, each class
is defined as an integer number, so the models need to learn a function mapping the observed data to
one of the k classes, f : R™ — {1,--- ,k}, suchthaty € {1,--- ,k}. If k = 2, itis called a binary
problem, otherwise it is designated as multi-class classification (Murphy, 2012; Goodfellow et al., 2016).

Instead of predicting a class directly, some models infer a probabilistic prediction. This soft classi-
fication is often not only necessary with the model at hand, but also desirable. For instance, it may be
a measure of certainty about a prediction. In this scenario, a probabilistic distribution p (y|x; D, ) is
estimated, where @ represents the parameters of the model. Hence, the probability is conditioned on the
observable data «, the training set D, and the model with parameters 8. For the sake of simplicity, we

may omit D and @, such that the notation becomes p (y|x). Having the probabilistic prediction of each
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class, the final hard classification can be easily achieved as the maximum a posteriori estimate (Murphy,
2012; Goodfellow et al., 2016) as

j=f(x)= argmax p(y=clw). (3.1)
c € {1, k}
Examples of supervised learning algorithms used in classification problems include Convolutional Neu-
ral Networks (LeCun et al., 1989, 1998), Random Forests (Breiman, 2001), or Support Vector Machines

(Cortes and Vapnik, 1995).

3.2 Deep Learning and representation learning

As mentioned before, the observable data is represented by quantitative features. Such features may
be directly measured, such as image intensities, or properties of some objects like their height. Hence,
the success of a Machine Learning model is tightly related with domain knowledge of the data and its
representation. So, data scientists generally employ many efforts on developing data pre-processing and
transformation to achieve better and more discriminative features. Such features are called handcrafted
features, and the process of their creation is designated as feature engineering. This step is required
by methods that cannot extract features directly from the data (e.g. RF). The data scientist, therefore,
uses domain and prior knowledge to develop discriminative features. Although this process is effective,
especially in small datasets, it has some disadvantages: it requires expert knowledge on the problem, the
features are often problem-dependent, and it is labor intensive. Additionally, in some domains, such as
image analysis, usually the raw image cannot be directly fed to the Machine Learning algorithm and needs
to be transformed into another representation. Such transformation may discard the inherent structure of
the data (LeCun et al., 2015; Bengio et al., 2013).

Contrasting with feature engineering, Representation Learning refers to algorithms that learn to extract
representations, or features, directly from the data. Methods with several layers/levels of non-linear Rep-
resentation Learning modules are designated as Deep Learning models. In principle, each layer takes the
previous representations and learns how to extract higher order and more complex features, before feed-
ing them to the next layer. Hence, Deep Learning can be broadly defined as a field of Machine Learning
dealing with algorithms that learn a hierarchy of concepts directly from the data. In principle, any method
fitting in this definition can be categorized as a Deep Learning algorithm (LeCun et al., 2015; Bengio et al.,
2013; Goodfellow et al., 2016). Still, in the context of this thesis, when referring to Deep Learning, we will
be referring to Deep Artificial Neural Networks. Regarding the learning process, Deep Learning algorithms
may be supervised, unsupervised, or a mix of the two, i.e., semi-supervised.

In handcrafted features, the development is mainly focused on designing features. In the case of Deep
Artificial Neural Networks the focus moves to architecture designing. An architecture is the arrangement
of layers, their hyperparameters and relationships. Generally speaking, an Artificial Neural Network has
input and output layers, while the layers in-between are called hidden layers. Fig. 3.1 shows a simple
feedforward neural network with one hidden layer. This kind of architecture is also known as Multi-layer
Perceptron. If more hidden layers exist, it is said to be a deep feedforward neural network. The layers
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Figure 3.1: Example of an Artificial Neural Network with one input layer with four units, a hidden layer
with six units, and an output layer with two units. All layers are fully-connected.

are said to be fully-connected because a unit in one layer is connected to all units in the previous and the
next layers. These networks are designated as feedforward neural networks because the information flows
from the input layer, through the hidden layers, until the output layer. If feedback exists, where outputs
are fed back to the network, it would be called Recurrent Neural Networks, but these are out of the scope
of this thesis (LeCun et al., 2015; Goodfellow et al., 2016).

3.2.1 Hidden layers

These layers are a requirement for learning more complex and abstract features. This process hap-
pens by combining the signal of the previous layer, and non-linearly transforming it. The non-linear trans-
formation is achieved through a non-linear activation function that is applied to the output of each unit in
the hidden layers. Taking into account a classification problem, having complex, high level, discrimina-
tive features is essential to transform the data into a representation that makes the classes more easily
separable. In other words, it enables the Artificial Neural Network to learn a non-linear separation of the
data. Fig. 3.2 depicts how this is enabled by the hidden layer. Fig. 3.2(a) shows the input data, which is
not linearly separable by a two-layer model (no hidden layer), as observed in Fig. 3.2(b). However, with
a hidden layer and activation function the data is transformed into a representation that enables a linear
separation of the data (Fig. 3.2(c)). Hence, the network can learn a non-linear separation function (LeCun
et al., 2015; Goodfellow et al., 2016).

As a Machine Learning algorithm, Artificial Neural Networks try to learn a function f of the observ-
able variable x. In a feedforward neural network, such function is the result of the chain of functions
corresponding to each layer (f'). So, if the network has three layers (excluding the input layer), we can
write f () = f2(f*(f! (x))). In Artificial Neural Networks, the output of a given layer usually re-
sults from an affine transformation of the input vector followed by an element-wise non-linear activation
function ¢. To that end, each layer indexed by [ (O corresponds to the input layer) has a weight matrix
W, € R™-1""" defining the connections between the np,_, units in the previous layer and the ny,

units in the current layer . It has, additionally, a bias vector b; € R™:* 1. Hence, the output of a given
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(a) (b) (c) (d)

Figure 3.2: Effect of having hidden layers in an Artificial Neural Network. The classes of the dataset a) are
hard to be separated by a shallow network of just two layers (input and output) b). In c) itis represented the
data transformed by the hidden layer, while d) shows the new separation line. Reproduced with permission
from (Olah, 2018).

layer h; is given by

z1 =W/ h;_| + b (3.2)

hi=¢(z), (3.3)

where z; is known as pre-activation (Goodfellow et al., 2016). Taking the example of the network in Fig.
3.1, we would have W; € R**6 b, € R*! h,; € RS*! and hy = .

3.2.2 Activation functions

Among these functions, one can use the sigmoid function (equation 3.4), the hyperbolic tangent
function (equation 3.5), the rectifier linear unit (ReLU) function (equation 3.6), and its variants such as
the leaky ReLU (equation 3.7).

6(2) = T 34
¢ (z) = % (3.5)
& (2) = max (0, ;) . (3.6)
6 (21) = max (0, ) + amin (0, z) 3.7)

where « is the leakiness parameter. Still, many other activation functions exist, although these are ar-
guably among the most used ones. Fig. 3.3 shows the output of the activation functions for a range of
pre-activation values. It is possible to observe that sigmoid and hyperbolic tangent have limited output

ranges of |0, 1] and | — 1, 1], respectively. Therefore, it is said that they saturate, while ReLU and variants
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Figure 3.3: Activation functions.

do not.

In the case of classification, it is desirable to have an output probabilistic prediction. If only one output
unit exists, such as in binary problems, the output of the sigmoid function may provide a probabilistic
interpretation. However, in the case of multi-class problems there exists one output unit for each class.
Thus, we need the softmax function, which normalizes the input across the output of all output units
(Goodfellow et al., 2016). Hence, if 7 indexes each output unit, the probabilistic prediction of the -th unit
is given by

softmaz (2') = - (3.8)

such that

Z softmazx (z’) =1. (3.9)

3.2.3 Gradient-based learning

As mentioned before, a feedforward neural network is nothing more than a composition of functions,
where each layer represents a function. So, if we define a differentiable loss function, or cost function,
and all layers enforce differentiable operations, it is possible to drive learning by gradient descent. This is
possible through the minimization of the loss function. To that end, the adjustable weights of the network
are adapted in the direction of the negative of the gradient at a given point (the data) (LeCun et al., 2015;
Goodfellow et al., 2016). We can intuitively perceive the principles of such approach from Fig. 3.4, where
it is represented a simple quadratic function and tangent functions on three points. The gradient at a given
point is the same as the slope of a tangent line in that point. We can easily see that the minimum stands
in the direction of the negative of the slope of the tangents of each of those points. We can also observe
that when the minimum is reached the gradient is O.

In Artificial Neural Networks, the loss function is highly non-convex, with many local minima. The

above-mentioned approach converges to a minimum, without guaranteeing that it is a global one. Indeed,
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Figure 3.4: Quadratic function (solid red line) with tangent lines (dashed blue lines) on points z = —4,
r=—2,and x = —0.5.

most likely it will converge to a local minimum. Nevertheless, as networks get deeper, arriving at a poor
local minimum becomes less problematic, as many local minima are similar. In fact, the global minimum
is more prone to overfitting (Choromanska et al., 2015).

3.2.3.1 Chain rule and Back-propagation

In a feedforward neural network, we feed in some data 2 and obtain an output ¢, which is the predicted
variable. This is called forward pass. Duringtraining, we can, then, compute the loss function .J (€), which
yields a scalar measure of the prediction error. For gradient learning, we need to compute the gradient of
the loss function in relation to the parameters of each layer Vo.J (6). Back-propagation is an algorithm
that allows one to compute such gradients (Rumelhart et al., 1986; Goodfellow et al., 2016).

Let us consider a function that is a composition of three functions fi, fo, and f3, in such a way that
r=fi(w),y= fo(zr),and z = f3(y), or 2 = f5(f2 (f1 (w))). The chain rule of calculus allows
us to compute the gradient of such composition of functions, provided that the gradient of each of the
composing functions is known, as

% = %@a—ﬁ (3.10)
ow 0y dx dw

So, the back-propagation algorithm is simply an algorithm that computes the chain rule in an efficient
way (Goodfellow et al., 2016). First, given input data and a model, the forward pass is computed, where
all the pre-activations and activations are calculated. Finally, the output is fed to the loss function, which
provides a cost value. The forward pass of a generic feedforward neural network is depicted in Algorithm
1; 1)y represents the pre-activation function, for instance, the affine transformation of equation 3.2.

In the backward pass (Algorithm 2) it is necessary to compute the gradient of the loss function in
relation to the parameters of each layer, in order to provide the update direction and value. Therefore,
first it is computed the gradient of the loss function in relation to the predicted variables ; note that the
target variables y are required to compute the loss, but we do not calculate the gradient in relation to
them. Then, going from the last to the first layers, the gradient of the loss function in relation to each part
of the network is recursively calculated. In this way, it is possible to achieve the gradient of the loss in
relation to each layer's parameters, and propagate the gradient to the previous layer (Goodfellow et al.,
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Algorithm 1 Forward pass in a generic feedforward neural network (Goodfellow et al., 2016). L (g, y, 0)
is a loss function that depends on the predicted ¥ and target y variables, and the parameters @ of the
network. 1, represents the pre-activation function in layer [ using the parameters of the network, and ¢,
is the activation function in layer {.

Require: x, the input data

Require: vy, the target variable

Require: n;, the number of layers

Require: 0, the parameters of the model

Require: L, the loss function

ho =T

for(=1,--- ,n;do
z =1y (hz—1)
hi = ¢ (z1)

end for

y=h

J(0) =L (y,y,0)

Algorithm 2 Backward pass for computing the gradients in a generic feedforward neural network (Good-
fellow et al., 2016). The algorithm starts in the last layer and runs backwards until the first layer.

Require: vy, the target variable
Require: n;, the number of layers
Require: O, the parameters of the model
Require: L, the loss function
Compute the gradient of the loss function in relation to the output variables
g+« VyJ=VyL(y,y,0)
fori=n;,n—1,---,1do
Convert the gradient on the layer’s output into the gradient on the layer’s pre-activation
gV, J=g9g0V,h
Compute the gradient on the parameters of the model
VelJ = gVezl
Propagate the gradient to the next layer’s activations
g Vi J=9Vn_ 2z
end for

2016). Note that in Algorithm 2 it is shown the case of a single sample, but usually one processes several
samples at once.

3.2.3.2 Optimization

Back-propagation yields the gradients of the loss function in relation to the parameters of the model.
However, it does not represent learning. Instead, learning is achieved by optimization through the update
of the parameters of the model in order to minimize the cost value. In the context of Machine Learning,
optimization differs from classical settings. More specifically, in typical optimization the minimization of
the cost function is the end in itself. In Machine Learning, the cost function is often used as a surrogate
function that does not represent directly the loss function we may be interested in optimizing. For instance,
we may want to minimize the error rate of a model, but such loss can be intractable, such as the 0-1 loss.
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In this case, we may instead minimize the cross-entropy loss function, in the hope that it will lead to low
error rates. Additionally, in classical problems, the minimization finishes when the lowest cost values are
achieved. This is often not the case in Machine Learning. We may be periodically evaluating the desired
metric, e.g. error rate, in an independent data set, and finish optimization when a satisfactory metric
value is achieved, even though the loss function may be further minimized. This procedure is called early
stopping (Goodfellow et al., 2016).

Stochastic Gradient Descent It is possible to compute the gradients and perform optimization while
taking the whole data set. This is called batch gradient methods. Still, this is most likely computationally
impractical in Deep Learning. Thus, an iterative approach where subsets of samples are uniformly drawn
from the training set is used. In this case, it is designated as mini-batch stochastic gradient methods. In
the case where only one sample is used in each step it is called stochastic gradient methods. However, in
the Machine Learning scientific community, mini-batch approaches are called as stochastic approaches,
hence, we use these terms interchangeably (Goodfellow et al., 2016).

The gradient of a mini-batch is an unbiased estimation of the true gradient over the whole dataset.
Hence, in an iteration ¢, if we sample m training samples for each mini-batch, the estimate of the gradient

is:

1 m , .
A n (1) ()
g: = mVe ;1 L (y Y ,9) (3.11)

This interpretation of the gradient is valid only if there is no repetition of samples. However, in practice,
random mini-batches are sampled until all the dataset is used. Then, we can go over the training set several
times. Each pass of the training set is called an epoch. It is important to extract samples uniformly in
each epoch. After estimating the gradient of the loss function in relation to the parameters of the model
(equation 3.11), the parameters can be updated with the following update rule (Goodfellow et al., 2016),

0,11 =0, — egy, (3.12)

where € is the learning rate. This procedure is called Stochastic Gradient Descent (SGD).

The learning rate is arguably one of the most important hyperparameters when training a feedforward
neural network. Ifit is too high, learning may become unstable, and the algorithm may lose the minimum.
In fact, it may render optimization impossible, and increase the cost value. If € is too low, learning may
be too slow and even stall. Often, it is beneficial to start with a learning rate as high as possible, and
decrease it over iterations, following some scheduling (Goodfellow et al., 2016).

Momentum Although the updates of the parameters of the model may be noisy, SGD works well
in practice. Nevertheless, it may be slow in regions of the loss function’s surface with low curvature.
Momemtum (Polyak, 1964) helps in accelerating learning in this scenario, especially if gradients are
small but consistent in the same direction, or noisy (Sutskever et al., 2013; Goodfellow et al., 2016).

In momentum, a velocity variable  accumulates the gradients of the previous updates. In this way,
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if the updates were consistent in one direction, it accelerates training in that direction. The weight given
to the influence of the previous updates in a given iteration is controlled by 12 € [0, 1). The update rule
becomes as follows (Sutskever et al., 2013; Goodfellow et al., 2016)

Vip1 = iV — €Gy (3.13)

0i11=0; + v (3.14)

It is possible to define a schedule for 1, where it starts with low value, and is increased over time.
However, it is usually more relevant to decrease the learning rate, while keeping 1 constant (Goodfellow
et al., 2016).

Nesterov's Accelerated Gradient (Sutskever et al., 2013) is closely related with momentum, but it
behaves in a more stable way and with less oscillation, especially if 1 is large. This approach tries to
apply a correction to momentum, by evaluating the gradient after applying the current velocity. Hence,
the update rule becomes

. 1 — NOIG

gtzavazlL(y“,y“,eJruut) (3.15)
Vg1 = Wy — €y (3.16)
0,11 =0, +v,. (3.17)

Adam The learning rate value is arguably one of the most important hyper-parameters during learning.
Therefore, some approaches try to automatically adapt it during the course of training. Additionally, these
techniques can estimate a learning rate for each parameter of the model. One of these methods is the
Adaptive Moment Estimation (Adam) (Kingma and Ba, 2015). Similarly to momentum, Adam takes into
account the past iterations as the gradient (first moment) and square of the gradient (second moment)
when computing the update rule. It initializes the moments as zero, therefore, there is a bias towards zero.
But, the algorithm includes corrections for these biases. The Adam algorithm is depicted in Algorithm 3.

3.2.3.3 Cross-entropy loss function

Suppose we have output activation functions that allow one to interpret the output of an Artificial Neural
Network as probabilistic, such as the sigmoid (equation 3.4) or softmax (equation 3.8) functions. Then, a

possible loss function for classification problems is the cross-entropy loss, defined as

J(0)=L(9,y,0) == wilogi, (3.18)

where 7 indexes the corresponding class, 1 represents the probabilistic prediction, and ¥ is the true class

following one-hot encoding.
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Algorithm 3 Adam optimization algorithm (Kingma and Ba, 2015).

Require: ¢, the learning rate
Require: [, 3, € [0, 1), the decay rate for moment estimates
Require: O, the initial parameters of the model
Require: ¢, small stability constant
my < 0 (first moment initialization)
vg < 0 (second moment initialization)
t < O (iteration initialization)
while Stopping criteria is not reached do
t—t+1
9t < VoL (9,y,0: 1)
my < Brmy_1 + (1 = B1) .G
vy < Bo.vp_1 + (1 — fa) .97
My — 1’7”—[;{ (bias-corrected first moment estimate)
U; < 2 (bias-corrected second moment estimate)

1-p8%
Ot < Ot—l - 6'\/%3-5
end while

Mean squared error loss is also possible to use in classification, but, it leads to saturation and slower
learning, due to smaller gradients. On the other hand, it is possible to observe from equation 3.18 some
desirable properties of the cross-entropy loss. When a sample is correctly classified, it leads to lower
gradients. Still, the gradient is larger if the probability reveals it was uncertain. Moreover, the more the
model is mistaken (e.g. estimating a high probability for a wrong class), the larger the gradient is, which
leads to larger weight updates in the opposite direction to try to compensate it (Goodfellow et al., 2016).

3.2.4 Factors enabling Deep Learning models

A significant part of the Artificial Neural Network models used today exist since the 1980s, and before.
However, only after 2006 it was possible to train deep models. In that year, Hinton et al. (2006) showed
how to train a deep model built with stacked Restricted Boltzmann Machines. Each layer was trained in an
unsupervised and greedy way, by taking as input the output of the previous layer. In the end, fine-tuning
was done through supervised training with backpropagation. This kind of procedure became known as
pre-training.

Pre-training became a success because it provided a way for learning better parameters before the
supervised stage. This points out one of the problems of Deep Learning methods - the initialization of the
parameters. Without proper initialization, deep networks tended to experience unstable training because
of exploding or vanishing gradients. Later, it was found how to condition the initialization of the weights
(Glorot and Bengio, 2010; He et al., 2015). With proper initialization it is now possible to train deep
neural networks from scratch, in an end-to-end fashion, without the tedious process of greedy layer-wise
pre-training.

Activation functions played a role as well. It was observed that sigmoid and hyperbolic tangent activa-
tion functions lead to poor training. This is due to the fact that these functions can saturate, which may stall
the training (Glorot and Bengio, 2010). On the other hand, rectifying non-linearities were found to make
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training easier, leading to better learning and models (Glorot et al., 2011; Jarrett et al., 2009). Moreover,
ReLU was shown to be helpful not only in discriminative supervised settings, but also in unsupervised
generative Restricted Boltzmann Machines (Nair and Hinton, 2010).

Other factors that contributed for enabling training of deeper models include the use cross-entropy loss
functions instead of mean squared error, more and efficient regularization procedures (Srivastava et al.,
2014), the availability of larger datasets, and more powerful hardware. These factors, together with the
use of ReLU, were explored in a CNN by Krizhevsky et al. (2012) for winning the Imagenet competition.
This achievement is arguably one of the most important in showing the power of Deep Learning, leading

to its adoption and development by a larger community.

3.3 Convolutional Neural Networks

Convolutional Neural Networks are a group of Artificial Neural Networks that have at least one spe-
cial kind of layer called convolutional layer. In these layers, instead of matrix multiplication operations
(equation 3.2), it is employed convolution operations. Hence, the weights of the layer are organized as
kernels, or filters, that are convolved over the input. Note, however, that in the context of Artificial Neu-
ral Networks, the term convolution is loosely employed, and does not strictly refers to the mathematical
convolution operation. In fact, convolutional layers usually employ cross-correlation operations, which are
more straightforward to implement. The convolutional layer is especially designed to take advantage of
structured inputs, which are organized as grid-like structures (LeCun et al., 2015; Goodfellow et al., 2016).
Examples of such inputs are audio data (1D), pictures (2D), or MRl images (3D). Here, we will focus the
description on 2D images, but the concepts are equivalent for 1D or 3D data.

3.3.1 Convolutional layer

Kernels are convolved over the inputs. Since kernels are usually much smaller than the inputs, the
result of a convolutional layer is also organized in a grid-like structure similar to images, hence being called
feature maps. So, the input of a convolutional layer is a stack of feature maps. In the special case of
the first layer, this stack is the input image, which may have several channels, e.g. RGB. Therefore, the
several feature maps in a stack may be called as channels. A convolutional layer has several filter (kernel)
banks. Each filter bank consists of weights being convolved in the spatial dimensions of the input feature
maps, across all channels (Fig. 3.5(a)). For instance, if there are n, input channels, a given filter bank
with kernel width k; and height ks has dimensions of n, x ki X ko (Goodfellow et al., 2016). The set of
output feature maps is M. So, for each filter bank o, there is a corresponding output feature map M,
computed as

M,=b,+Y X, W,,. (3.19)

c=1
where b, is the bias term, summed element-wise, * represents convolution, ¢ indexes the input feature

map, and X are the input feature maps. Therefore, it is possible to observe that a filter bank connects
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Figure 3.5: Convolutional layers. The kernel is much smaller than the input feature maps, but spreads
across all channels. a) Two stacked convolutional layers, where the first one operates over the input
image. b) Convolutional layer with stride of 2. Note how the resulting feature maps are half the size of the
input ones.

all the input maps to a given output feature map. Now, considering a given location in the output feature
maps indexed at ¢ and 7, its value given by convolution is (LeCun et al., 2015; Goodfellow et al., 2016)

ne ki ko

Mo,i,j = Z Z Z Xc,(i—l)xs—l—m,(j—l)><s+nWo,c,m,n> (320)

c=1 m=1n=1
where s € N7 is the stride. When s = 1, the convolution operation is applied in every location of the
input. Otherwise, if s > 1, convolution is not computed everywhere in the input image, instead, it skips s
pixels in between each location. Hence, when s > 1, it is obtained a downsampled output feature map
(Fig. 3.5(b)), which may be sometimes desirable to decrease the computational costs at the expense of
getting coarser features (Goodfellow et al., 2016). For the sake of simplicity, we considered the same
stride for both width and height dimensions, but it can be different.

Finally, the way how the borders are treated impact the output feature maps. Two main modes are
usually employed: valid and same. In valid mode, convolution is computed only in regions where the
kernels are totally contained inside the input. So, considering k as the kernel spatial dimensions, the
output feature maps will be smaller than the inputs by 2% units. Therefore, this may limit the number
of convolutional layers. In the case of the same mode, the input feature maps are zero-padded in such a
way that the output feature maps have the same size as the inputs. In this way, the number of convolutional
layers is not limited, but artificial information may be introduced, which affects more the units closer to
the borders (Goodfellow et al., 2016).

Equation 3.19 defines the pre-activation in a convolutional layer. Hence, after this operation, the
feature maps go through an activation function, such as RelLU (equation 3.6). The activation is applied

element-wise to each unit of the feature maps.
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Advantages of convolutional layers Compared with more traditional fully-connected layers, convo-
lutional layers yield some interesting properties: sparse connectivity, parameter sharing, and invariance
to translation. In the case of fully-connected layers, all output units are connected to all input units. This is
not the case of convolutional layers, because an output unit depends only on a small patch of input units,
with which it is connected through the weights of the kernel. Hence, it is similar to having all weights in
a fully-connected layer set to zero except for those connecting to that input patch. In this way, we can
say that it yields sparse connectivity. Parameter sharing arises from the very nature of convolution. Since
the same kernel is convolved all over the input, each unit in the output feature map will be computed
using the same weights. So, they all share the same parameters. Sparse connectivity and parameters
sharing lead to CNNs having much less parameters than Deep Artificial Neural Networks with all layers
being fully-connected. Finally, parameter sharing leads to the last property that is invariance to translation.
Since the same kernel is used in every position of the input, the same patterns are detected regardless
of their position in the input feature maps. So, if we shift the pixels in an image, the convolution will
yield the same output for the same pattern. This is a very important advantage of convolutional layers
over fully-connected layers that make them better suited for image analysis because, in natural images,
objects may appear in different regions of the images. Still, convolutional layers are not invariant to other
transformations, such as rotation or scale (Goodfellow et al., 2016).

A unit in a feature map is connected, through the weights of the convolutional layer, only to a small
region of the input data. Nevertheless, when there are several convolutional layers in series, a unit is
indirectly connected to a larger region of the input image. For instance, having 3 x 3 kernels, the output
units of the first layer are connected to a 3 x 3 region of the input image. However, the output units of
the second layer are connected to a 3 x 3 region of the output of the first layer, but indirectly linked to a
5 x 5 region of the original input image. The total region that a unit “observes” projected in the original
input image is called field of view. In this way, deeper layers of CNNs can learn more complex regions.
The first layers usually capture edges. Then, in subsequent layers, the edges are aggregated into motifs,
motifs into parts, and parts, finally, form objects (LeCun et al., 2015; Goodfellow et al., 2016).

In summary, convolutional layers are well suited for structured data because 1) the information in the
neighborhood of a pixel is usually more relevant, since it is related. 2) Similar patterns may arise in several
regions of the image. 3) Stacked convolutional layers capture higher order features. The first reason is
due to local correlation, whereas the second one is because local statistics are invariant to location (LeCun
et al., 2015; Goodfellow et al., 2016).

3.3.2 Pooling layer

The pooling layer is usually found in CNNs. It consists in summarizing a given region of the feature map
into some statistic. So, there is a kernel defining a neighborhood to be considered, over which it computes
the desired function. Pooling is usually applied with some stride > 1 for reducing the computational cost
of the next layers. Arguably, max-pooling (Fig. 3.6(a)), where the output is the maximum value found in a
given kernel-defined region, is the most common pooling operation found in CNNs. Notwithstanding, one
can use other aggregating functions, such as average (Fig. 3.6(b)), or L, norm (Boureau et al., 2010;
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Figure 3.6: Pooling layers with kernel size of 2 x 2 and stride of 2. a) Max-pooling, and b) average pooling.

LeCun et al., 2015; Goodfellow et al., 2016). An extreme case of pooling is the global pooling, such as
global average pooling (Lin et al., 2013). In this case, the whole feature map is summarized into a single
value, for instance, a stack of feature maps with 10 channels of shape 10 x 24 x 24 is summarized into
a 10 x 1 x 1 tensor. Global pooling is often used to obtain a feature vector to be fed into fully-connected
layers. In general, pooling is usually employed in each channel of the feature maps independently, i.e., it
summarizes only in the spatial dimensions.

Pooling layers yield some beneficial properties. They help in making CNNs invariant to small local
translations. Additionally, they may keep relevant features, while discarding small and possibly mean-
ingless details, such as noise. Pooling also increases the field of view of the network; this is especially
significant if stride is > 1. Nevertheless, pooling layers do not increase the number of parameters of the
network, so, in principle, they do not contribute to overfitting (Boureau et al., 2010; LeCun et al., 2015;
Goodfellow et al., 2016). However, Kamnitsas et al. (2017b) argue that pooling may be not suited for
tasks requiring fine grained features, such as segmentation. This is due to pooling being informative of

the presence or not of a given feature, but not its precise location.

3.4 Restricted Boltzmann Machines

A Restricted Boltzmann Machine (RBM) (Smolensky, 1986) is a type of probabilistic generative Artificial
Neural Network that can be used for unsupervised Representation Learning. The units of this model are
arranged as a two-layered undirected bipartite graphical model. Therefore, the nodes are organized into
one visible and one hidden layer, whose states are represented by the vectors v = [v; : i = 1,...,m],
and h = [h; : j =1,...,n], respectively. All nodes in one layer are connected to all nodes in the
other layer with weights represented by the matrix W = [w;;]. There are no intra-layer connections; this
property led to the name of RBM, as it represents a restricted version of the Boltzmann Machine. The
structure of the typical RBM can be observed in Fig. 3.7. In contrast to feedforward neural networks, the
edges are undirected, meaning that information can flow from the visible layer to the hidden layer, and
vice versa (Bengio et al., 2013; Hinton, 2012).

Originally, the units in the layers of RBMs were defined as binary stochastic units, such that v €
{0,1}™ and h € {0, 1}". The joint probability distribution of the visible and hidden states is given by
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Figure 3.7: Restricted Boltzmann Machine. The weights define undirected connections between the visible
layer (blue) and the hidden layer (green).

e~Fowh) 5y, h)
v h) = S AL (3.21)
p(v,h) Z Z

where Zg is the partition function, and Eg defines an energy over the joint configuration of the states of

v and h parametrized by 8, which includes both weights and biases. The energy term is defined as

Eg ('U, h) = — Z a;v; — Z bjhj — Z Uihjwij7 (322)
i J

,J
where a; is the bias of the visible unit 7, and b; is the bias of the hidden unit 5 (Bengio et al., 2013; Hinton,
2012; Goodfellow et al., 2016).
The partition function is a sum over all possible states of v and h. So, it is intractable, which means
that the probability given to a visible vector computed as
9 v, h ~

p(v) = Ze 7

is also intractable (Hinton, 2012; Goodfellow et al., 2016).
Nevertheless, given that intra-layer connections are not allowed, the conditional distribution of one

layer given the other factorizes (Bengio et al., 2009, 2013) as

p(hlv) = Hp (jlv) (3.24)

p(v|h) = Hp (vi|h) . (3.25)

So, having a binary observation vector, we can get a binary sample of the hidden layer, by setting a
unit to 1 with probability

p(hj = 1|v) = sigm <bj + Z%‘Mj) ; (3.26)
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where sigm is the sigmoid function (equation 3.4). Similarly, having the state of the hidden unit, it is
straightforward to sample the state of the visible units as

p(v; = 1lh) = sigm (ai + Z hjwij) , (3.27)

J

which is sometimes denoted as “reconstruction” (Hinton, 2012; Bengio et al., 2009, 2013).

3.4.1 Restricted Boltzmann Machines for real-valued data

Restricted Boltzmann Machines were originally designed for modeling binary data. This is done by
having the sigmoid function as the activation function of the visible and hidden units, and sampling the
binary state with it. Obviously, binary units are not suited for modeling real-valued data v € R™. In the
case of images, voxels usually assume real-valued intensities. Still, RBMs can be adapted to deal with this
kind of data, by defining an appropriate activation function. One of such models is the Gaussian-Bernoulli
RBM (Hinton and Salakhutdinov, 2006). In this model, the hidden layer remains binary, but the units of
the visible layer are modeled as linear units with independent Gaussian noise. Hence, the energy becomes

2
Vi — a; V;
Eg(v,h) =) % = bihy =Y —hjw, (3.28)
v j ij "

where g; is the standard deviation of the Gaussian noise in visible unit 4. It is possible to learn o, but, it is
usually much simpler to just normalize each component of the data to zero mean and unit variance and
get noise free reconstructions in the visible layer. In this case, o; = 1 in equation 3.28 (Hinton, 2012;
Nair and Hinton, 2010). In this setting, having the state of the hidden layer, we can sample the state of
the visible layer from a Gaussian distribution AV (Hinton and Salakhutdinov, 2006) as

J

A downside of the Gaussian-Bernoulli RBM compared to the Binary-Binary RBM is its higher instability.
This is due to the absence of a bounding value for the reconstructions. It is also possible to have linear
units with independent Gaussian noise in both visible and hidden layers, although it becomes even more

unstable (Hinton, 2012). In any case, the energy and hidden layer sampling function become, respectively,

(v — a;)” (h; — b))’ vi
Fo(v,h) =S Wi %) N~ U =0) by, 3.30
o (v,h) 21: 207 XJ: 20% = 0i0; Wi (3:30)
p(hjlv) =N (bj + ) wivi, m) : (3.31)
j

Instead of linear units with independent Gaussian noise, ReLU may also be used as activation function
for dealing with real-valued data, or encoding real-valued features. In this case, a variant called Noisy ReLU
is employed (Nair and Hinton, 2010). These units were used in the hidden layer, with linear units with
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Gaussian noise in the visible layer (Nair and Hinton, 2010; van Tulder and de Bruijne, 2015). However,
Noisy ReLU may be used in both visible and hidden layers (Hinton, 2012). Considering we are using these
units in the hidden layer, sampling is achieved through

p (hj|lv) = max <O, Zwijvi +b; + N (0, sigm (Z w;v; + bj>>> , (3.32)

The previous equation is used during sampling, while for feature extraction, after learning, we may use its
noise-free variant. The ReLU has an interesting property: intensity equivariance. This is true for noise-free
units with zero bias (b; = 0). In this setting, if the input values in the visible layer are all scaled by some
positive value, then, all the ReLU units with O output would stay off, while the positive outputs would be
scaled by the same positive value (Nair and Hinton, 2010).

3.4.2 Contrastive divergence for learning

Having defined the RBM model, it is still needed to go through a learning procedure. To that end,
the negative log-likelihood of the training data must be minimized (Bengio et al., 2013). The gradient is
necessary for SGD, being given by

Vglogp (v) = Vglogp (v) — Vg log Zo, (3.33)

where the term on the left is called positive phase and the term on the right is the negative phase (Good-
fellow et al., 2016). The problem with this gradient is that the partition function is dependent on the
parameters of the RBM. So, it is intractable, too. However, after some derivation (Goodfellow et al.,
2016), we can see that

Volog Zg = Ey pz) Ve logp (v) (3.34)

Although the negative phase is intractable, we can approximate it by running a Markov Chain Monte
Carlo. Given that no intra-layer connections are allowed in RBMs, it is possible to employ block Gibbs
sampling to sample a state from the model. After the chain converges, we can extract samples that
approximately represent the distribution of the model. So, starting with some given state in moment O
as v, we sample h® ~ p (h|vY), followed v! ~ p (v|h®) and h' ~ p (h|v°), and so on until the
convergence of the chain (Bengio et al., 2013; Hinton, 2012; Bengio et al., 2009; Murphy, 2012).

An obvious disadvantage of running a block Gibbs Markov Chain Monte Carlo sampling is that we
need to wait until the convergence of the chain, which is time demanding for training a RBM. Hence,
RBMs are more commonly trained using Contrastive Divergence (CD) (Hinton, 2002). In this case, the
chain is started from a training example and runs only for a very short & Gibbs steps. CD approximates
the gradient in a very rough way, but the direction of the gradient is accurate. The largest the k&, the less
biased the approximation is, but £ = 1 works well in practice (Hinton, 2002; Bengio et al., 2013; Hinton,
2012; Bengio et al., 2009; Tieleman, 2008). The algorithm for CD and update rules of RBMs is presented
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Algorithm 4 Training procedure for RBM with CD.
Require: v, a training sample
Require: 0, the parameters of the RBM
Require: ¢, the learning rate
Require: £, the number of Gibbs steps
v —
h® < h ~ p(h|vY)
fors=1,--- k do
v® v~ p(v|h)
h® < h ~ p(h|v®)
end for
W+ W +e (ho.’l:OT — hka:kT>
a <+ a+e(h’—h)
b+ b+e (v —ov")

in Algorithm 4. For simplicity reasons, it is shown for one training example, but it can be employed for
mini-batch settings, where the gradients are averaged. Also, RBMs can be trained with momentum, and
weight decay.

3.5 Random Forest

Random Forests (Breiman, 2001) are ensembles of several Decision Trees (DTs), in which individual
trees are decorrelated by means of randomization at training time. These algorithms can be used for
several tasks, but, in this section, the classification task will be focused. Particularly, RF classifiers showed
good performance in medical image segmentation (Zikic et al., 2012; Pinto et al., 2015a,b; Tustison et al.,
2015; Pereira et al., 2016h).

3.5.1 Decision Trees

A DT (Breiman et al., 1984) is an algorithm that follows a “divide and conquer” strategy. Its structure
is similar to a directed graph, starting in a root node, and followed by subsequent split nodes organized
hierarchically. The root is a special split node, since it is the first. It will be considered only split nodes
with binary decisions, where each one is connected to only two child nodes. Keeping the analogy with
trees, terminal nodes are designated as leaf nodes, where the prediction is inferred (Criminisi and Shotton,
2013). A structure of a DT can be observed in Fig. 3.8.

3.5.1.1 Testing

Suppose there is a given test sample with m features x = [xj g =1,--- ,m}. This sample is
placed in the root node and traverses the split nodes until reaching a leaf. In each split node, a binary
splitting function decides if the sample continues to the next left or right child node. The splitting function

at the node 7 can be generally defined as
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Figure 3.8: Decision Tree. Black nodes represent split nodes, with the special case of the root, and green
dashed line nodes represent leaf nodes. On each split node, a split function h decides to which child (left
(L) or right (R)) the data will follow.

hi (x,0;) — {0,1}, (3.35)

where 6; are the parameters of the splitting function of node ¢, and {0, 1} represents the binary decision
of moving to the left or right child node. The splitting function is often called weak learner, as it is barely
better than deciding by chance (Criminisi and Shotton, 2013).

Three main parameters govern the splitting function model: the selector function w, the data sepa-
rating function &, and the thresholds of the binary test 7. So, 8; = {w;, &, 7 }. The selector function w
selects which feature will be evaluated at node 7. The data separation function £ defines which function
will be used at node 7. The most common function is the linear axis aligned hyperplane. Finally, the
threshold of the binary test 7 is the decision-making value (Criminisi and Shotton, 2013). For example,
considering w; (x) = x;, the sample will proceed to the left child if x; < T3, otherwise it should continue
to the right child node.

When the sample finishes its path on a leaf, a prediction is made in the form of a probability p (y|x),
which can be further followed by a maximum a posteriori estimate, similarly to equation 3.1. Note that
DTs can naturally handle multi-class classification problems (Criminisi and Shotton, 2013).

3.5.1.2 Training

Of course, before testing, the DT needs to be trained, which involves optimizing the parameters of the
nodes, and consequently the structure of the tree. Searching for the optimal parameters and structure is
infeasible. Hence, most training algorithms rely on greedy approaches by ensuring only local optimality
at the node level (Criminisi and Shotton, 2013; Murphy, 2012).

Let us consider the training set D = {(x", y*)}"_,. The root node receives the full set. Then,
for each feature, we optimize the threshold value that better separates the samples, according to some
criteria. Finally, taking the best feature at the node, the samples of the training set are separated into
two disjoint sets that will be fed to the left and right child nodes, respectively. The process repeats on the
following nodes, with smaller and smaller subsets of the training set. Hence, generally speaking, node ¢
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has access only to the subset D;. It then forwards the subsets DX and D to the left and right nodes,
respectively, in such a way that D; = DF U DF and DF N DE = ) (Criminisi and Shotton, 2013;
Murphy, 2012).

So, in each node 7, we are interested in optimizing the parameters in a way that better separates the

data. Thus, having an objective function I, it is defined as

0; = argmax ! (D;,0). (3.36)
0

A possible criterion for splitting the data is the degree of purity achieved in each of the children nodes.
In a classification setting, children nodes are purer than the parent if they have a lower degree of mixing
of classes in the samples. There are several possible criteria. However, we will consider the Information
Gain. Purer child nodes lead to a gain in information, i.e., a lower entropy. The Information Gain in node
7, when the data is split using feature 5 with threshold 7; is defined as
roy=mmy- Y gy, 3.37)
’ ve{L,R} Dl
where | - | represents the cardinality of a set and H is the entropy (Criminisi and Shotton, 2013; Murphy,
2012). In classification, the frequencies of the classes may describe a discrete probabilistic distribution.
So, if there are k classes in the samples at some node, the entropy can be measured as the Shannon
entropy as

k

H(DY) ==Y p(c)log(p(c)), (3.38)

c=1
where p (c) is simply the empirical distribution, computed from the labels at the nodes as the normalized
histogram of classes (Criminisi and Shotton, 2013; Murphy, 2012).

When the samples in a node belong to the same class it is a pure node, and it becomes a leaf node.
Other stopping criteria exist, such as the number of samples in the node, or the depth of the tree. The
samples in a leaf are stored and used as an empirical distribution for predicting p (y|a) (Criminisi and
Shotton, 2013; Murphy, 2012).

3.5.1.3 Practical issues

As described, several separation functions & are possible. Still, we are assuming axis-aligned linear
functions. Often, more complex functions lead to overfitting. Also, DTs usually evaluate the full features
vector in each node for finding the optimal splitting, during training. Regarding the tree’s depth, allowing
a tree to grow completely often leads to overfitting. Hence, some stopping criteria must be imposed, or,
alternatively, a pruning procedure should be employed (Criminisi and Shotton, 2013; Murphy, 2012).

Decision Trees have some advantages, such as naturally handling multi-class problems, being in-
terpretable, or being efficient. Still, DTs have high variance, which makes them highly unstable for slight
changes in the data, leading to poor predictive performance (Criminisi and Shotton, 2013; Murphy, 2012).
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3.5.2 From Decision Trees to Random Forests

A way to decrease variance is by model ensembling. However, a naive ensemble of DTs trained with
the same training set would be wasteful, as all models would be similar and extremely correlated. Random
Forests address this issue by building an ensemble of decorrelated DTs. Such decorrelation is achieved
during training by injecting randomness (Criminisi and Shotton, 2013; Murphy, 2012).

Bagging consists in training models with randomly selected subsets of the training data with replace-
ment D*, such that |D| = |D’|. Therefore, each model observes a different training set, where some
samples are repeated, while others are absent, resulting in less correlated trees (Criminisi and Shotton,
2013; Murphy, 2012).

Further randomness is achieved during optimization of each node. DTs optimize the separating thresh-
old by considering the best feature among all. Contrasting, in RFs it is uniformly chosen and evaluated a

subset of features &', such that |z‘| < ||, in each node of each tree. Of course, the higher the number

of selected features in a node, the more correlated the trees will be (Criminisi and Shotton, 2013; Murphy,
2012).

So, by means of bagging and random node optimization, we achieve decorrelated trees, such that
each tree of the forest is unique. In this way, RFs are much more robust than single DTs, which results
from a significant decrease in variance (Criminisi and Shotton, 2013; Murphy, 2012).

Considering a RF resulting from an ensemble of T trees, the final prediction can be obtained by
averaging the probabilistic predictions p; (c|x) of each tree, as

T

p(clz) = %Z pe(clx) . (3.39)

t=1
RFs are considered a strong classifier, whereas DTs are weak. In fact, the performance of a RF always
improves with the addition of more trees, until the computational cost overcomes the benefits in accuracy.
Still, with better performance of RFs comes decreased interpretability of the model (Criminisi and Shotton,
2013; Murphy, 2012).

3.5.3 Feature importance

A fortunate property of DTs and RFs is their capability to inexpensively estimate feature importances,
i.e., how important is a given feature for the task. This estimate is known as Mean Decrease Impurity
(MDI), and measures how much a feature contributes to decrease the impurity in a tree. The importance
of a feature in a tree is simply the sum of the Information Gain over the nodes where it was used for
splitting the data. Hence, the feature importance 12, of feature j in a DT is given as (Hastie et al., 2009)

R; = Z 1 (w; (z) = 2;) I (D). (3.40)

In the case of a RF, the feature importance is the average across all trees, such that (Hastie et al.,
2009)
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T
1 t
Rj = ,:_Zl R!. (3.41)

The feature importance measured by RFs is biased. However, it is still recommended and useful,
since getting an unbiased measure is quite impractical (Louppe et al., 2013).

3.5.3.1 Interpreting feature importance as Mutual Information

The MDI computed using the Information Gain as splitting criteria in the nodes is equivalent to mea-
suring the Mutual Information between the decision in the node (left or right) and the class of the nodes
(Nowozin, 2012).

3.6 The need for interpretability

In 2016, the European Union defined the General Data Protection Regulation that will take effect
in 2018. This affects the Machine Learning field because it defines that individuals have the right to
non-discrimination by algorithmic decisions, as well as the right to explainability (Goodman and Flaxman,
2016). Interpretability is mandatory for both aspects. On one hand, biases while acquiring data may result
in models learning “discrimination” patterns. Hence, interpretability may help in inspecting the models
and, ultimately, finding problems in the data. Explanation of predictions is attainable by its interpretability.
Although the right to an explanation may have very specific contexts, it raises attention to the need for
having explaining approaches to Machine Learning systems (Doshi-Velez et al., 2017; Wachter et al.,
2017).

The recent developments in Machine Learning, and particularly in Deep Learning, show that remark-
able accuracies are being achieved. Therefore, there is no doubt about the capabilities of these methods,
and the potential of its economical and society impact. A common concern is related to the unprecedented
degree of automation that it will enable. Such automation may lead to progress, but raises the question
on how to ensure safeness (Russell et al., 2015). Interpretability of Machine Learning systems may be a
way to attain some degree of safeness, by inspecting if a model learned patterns that are coherent with
domain knowledge, and if its predictions are based on the right factors (Guidotti et al., 2018).

Interpretability of Machine Learning-based systems is especially important as these systems are per-
vasively being used in the critical medical domain (Lipton, 2016; Wang and Summers, 2012). However,
there is, usually, an inverse relationship between the capacity of a model, and its interpretability (Sel-
varaju et al., 2017). ltis certainly easier to interpret a linear model or a decision tree, than a deep neural
network or (large) ensembles. Such complex models are often regarded as “black box”, since it is quite
difficult to understand what they have learned, and why a prediction is done. In this scenario, predictions
cannot be blindly followed, as it may impact the life of patients. So, physicians may be skeptical about
decision support with such Machine Learning models (Kononenko, 2001; Wang and Summers, 2012),
unless the systems achieve a remarkably better performance at some task than the human experts them-
selves (Kononenko, 2001). There is need, thus, to build trust upon a system. Interpretability may help in
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increasing such trust, by allowing one to inspect the model or its predictions.

According to Selvaraju et al. (2017), there are three main situations where interpretability is desirable
and useful. 1) During development cycle and when the Machine Learning-based system performs worse
than humans. In this scenario, interpretability may help in identifying when and why a model fails or
succeeds, and when there are problems, e.g. biases, in the training data. In this way, it may help in
devising strategies for improving the system. 2) When the Machine Learning-based system is on pair
with human performance, or, it is at least ready for deployment. At this moment, interpretability is very
important to increase trust in the system, by showing users what the model learned, and/or how/why a
prediction was made. 3) Interpretability may help humans to learn from the model itself. For instance, by
allowing the inspection of the relationships among features. This scenario is especially useful when the
machine performs better than human experts.

We can broadly identify two types of interpretability: global, and local. When the model is directly
interpretable, it is global interpretability. In this case, it is possible to inspect the model itself, and check
how it learned. This is usually the case of simpler and smaller models, such as Decision Trees, and Linear
Models. Some approaches may help in simplifying larger models by making their weights sparser, such
as the case of LASSO (Tibshirani, 1996). Many times it may be useful to explain a given prediction. In
this case, it is local interpretability because it explains the model only in the sub-region of the instance
being predicted. While global interpretability provides a broad, yet fixed, interpretation of the model, local
interpretability is more dynamic, since different samples may yield different explanations. So, approaches
dealing with local interpretability may be regarded as post-hoc, since they treat the Machine Learning sys-
tem as “black boxes”, being concerned only with explaining predictions. In this sense, these approaches
tend to be more general, as they may not be linked with a particular model (Ribeiro et al., 2016a).

Taking the above-mentioned aspects into consideration, we can think that in the medical image analy-
sis domain interpretability is mostly important during the development of Machine Learning systems, and
in increasing the trust in those systems at deployment time, especially among medical staff. One may
point local and post-hoc interpretability as more important for increasing trust in the medical staff after de-
ployment. However, global interpretability has also an important role, since it is useful before deployment

for checking how the model learned.

3.7 Summary

Machine Learning methods learn to perform a given task from the data. Among these methods,
Representation Learning approaches learn features for the task at hand directly from the original data,
whereas the more conventional methods require a feature engineering step. Learning can be achieved
through supervised or unsupervised learning.

In Deep Learning methods, current successful approaches are trained by gradient-based learning.
Convolutional Neural Networks are supervised methods with recent remarkable results. The weights of
the layers are organized as filters and convolved over feature maps to generate new features. Therefore,

it achieves parameter efficiency, and is translational invariant. Restricted Boltzmann Machines are gen-
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erative unsupervised algorithms. So, they learn the distribution of the data. These properties may make
them suited for large non-annotated medical data.

Among the more conventional approaches requiring handcrafted features, Random Forests often
achieve good performance. These classifiers result from the ensembling of weaker Decisions Trees trained
with randomly selected samples of the training set and features in the nodes. A nice property of Random
Forests is their capability to estimate features importance.

Finally, the recent remarkable performances achieved with Machine Learning often come at the cost
of more complex models. This is especially critical in domains where a prediction may have severe
impacts, such as the medical domain. Hence, interpretability of Machine Learning methods is necessary
for increasing trust. Besides explaining predictions, it may also expedite the development of new methods,
by identifying problems and their causes.
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Chapter 4

Brain Tumor Segmentation using
Convolutional Neural Networks

In this chapter, we investigate brain tumor segmentation in MRI images using CNN-based approaches.
We start by developing a method that classifies the central voxel of a patch into some tumor class, in
Section 4.1. We denote this approach as Classification CNN. Although the good results achieved, in
Section 4.2 we evolved our method following two main ideas: hierarchical brain tumor segmentation,
and Fully Convolutional Networks (FCN) for dense prediction. Finally, in Section 4.3, we propose a novel
adaptive feature recombination and recalibration method in the context of FCNs.

Some of the sub-sections in this chapter are based on the following publications:

¢ Section 4.1

— Pereira, Sérgio, et al. “Deep convolutional neural networks for the segmentation of gliomas
in multi-sequence MRI." International Workshop on Brainlesion: Glioma, Multiple Sclerosis,
Stroke and Traumatic Brain Injuries. Springer, 2015.

— Pereira, Sérgio, et al. “Brain tumor segmentation using convolutional neural networks in MRI
images.” IEEE transactions on medical imaging 35.5 (2016): 1240-1251.

¢ Section 4.2

— Pereira, Sérgio, et al. “On hierarchical brain tumor segmentation in MRI using fully convo-
lutional neural networks: A preliminary study.” Bioengineering (ENBENG), 2017 IEEE 5th
Portuguese Meeting on. IEEE, 2017.

¢ Section 4.3

— Pereira, Sérgio, et al. “Adaptive feature recombination and recalibration for semantic seg-
mentation: application to brain tumor segmentation in MRI.” Medical Image Computing and
Computer-Assisted Intervention (MICCAI), 2018.
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4.1 Classification Convolutional Neural Networks for Seman-

tic Segmentation

In this section, we developed and studied Classification CNNs for brain tumor segmentation in MRI.
Although CNNs were adopted and achieved remarkable results in object recognition, there were limited
studies on its use for the task of brain tumor segmentation. We employed an approach that classifies the
central voxel of an image patch. Further contributions are: 1) the study of small 3 x 3 kernels that allow
deeper networks with less parameters, 2) the research of intensity normalization as pre-processing in the
context of CNN, and 3) the study of data augmentation strategies for brain tumor segmentation.

This section is based on the following publications:
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¢ Pereira, Sérgio, et al. “Deep convolutional neural networks for the segmentation of gliomas in
multi-sequence MRI.” International Workshop on Brainlesion: Glioma, Multiple Sclerosis, Stroke
and Traumatic Brain Injuries. Springer, Cham, 2015.

¢ Pereira, Sérgio, et al. “Brain tumor segmentation using convolutional neural networks in MRI im-
ages.” IEEE transactions on medical imaging 35.5 (2016): 1240-1251.

The methods explored here were used for participating in BRATS 2015 challenge, ranking 2" among

all participants.

4.1.1 Introduction

Gliomas are the brain tumors with the highest mortality rate and prevalence (Bauer et al., 2013).
These neoplasms can be graded into LGG and HGG, with the former being less aggressive and infiltrative
than the latter (Louis et al., 2007; Bauer et al., 2013). Even under treatment, patients do not survive on
average more than 14 months after diagnosis (Van Meir et al., 2010). Current treatments include surgery,
chemotherapy, radiotherapy, or a combination of them (Tabatabai et al., 2010). MRI is especially useful to
assess gliomas in clinical practice, since it is possible to acquire MRI sequences providing complementary
information (Bauer et al., 2013).

The accurate segmentation of gliomas and its intra-tumoral structures is important not only for treat-
ment planning, but also for follow-up evaluations. However, manual segmentation is time-consuming
and subjected to inter- and intra-rater errors difficult to characterize. Thus, physicians usually use rough
measures for evaluation (Bauer et al., 2013). For these reasons, accurate semi-automatic or automatic
methods are required (Menze et al., 2015; Bauer et al., 2013). However, it is a challenging task, since
the shape, structure, and location of these abnormalities are highly variable. Additionally, the tumor mass
effect change the arrangement of the surrounding normal tissues (Menze et al., 2015). Also, MRl images
may present some problems, such as intensity inhomogeneity (Tustison et al., 2010), or different intensity
ranges among the same sequences and acquisition scanners (Nyul et al., 2000).

In brain tumor segmentation, we find several methods that explicitly develop a parametric or non-
parametric probabilistic model for the underlying data. These models usually include a likelihood function
corresponding to the observations and a prior model. Being abnormalities, tumors can be segmented as
outliers of normal tissue, subjected to shape and connectivity constraints (Prastawa et al., 2004). Other
approaches rely on probabilistic atlases (Menze et al., 2010; Gooya et al., 2012; Kwon et al., 2014b).
In the case of brain tumors, the atlas must be estimated at segmentation time, because of the variable
shape and location of the neoplasms (Menze et al., 2010; Gooya et al., 2012; Kwon et al., 2014b). Tumor
growth models can be used as estimates of its mass effect, being useful to improve the atlases (Gooya
etal., 2012; Kwon et al., 2014b). The neighborhood of the voxels provides useful information for achieving
smoother segmentations through Markov Random Fields (MRF) (Menze et al., 2010). Zhao at al. (Menze
et al., 2015) also used a MRF to segment brain tumors after a first over-segmentation of the image into
supervoxels, with a histogram-based estimation of the likelihood function. As observed by Menze et al.
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(2015), generative models generalize well in unseen data, but it may be difficult to explicitly translate prior
knowledge into an appropriate probabilistic model.

Another class of methods learns a distribution directly from the data. Although a training stage can be a
disadvantage, these methods can learn brain tumor patterns that do not follow a specific model. This kind
of approaches commonly consider voxels as independent and identically distributed (Bauer et al., 2011),
although context information may be introduced through the features. Because of this, some isolated
voxels or small clusters may be mistakenly classified with the wrong class, sometimes in physiological
and anatomically unlikely locations. To overcome this problem, some authors include information of the
neighborhood by embedding the probabilistic predictions of the classifier into a Conditional Random Field
(Lee et al., 2008; Bauer et al., 2011; Meier et al., 2013, 2014a). Classifiers such as Support Vector
Machines (Lee et al., 2008; Bauer et al., 2011) and, more recently, Random Forests (RF) (Zikic et al.,
2012; Bauer etal., 2012; Meier etal., 2013, 2014a; Reza and Iftekharuddin, 2014; Tustison et al., 2015;
Geremia et al., 2013; Pinto et al., 2015a) were successfully applied in brain tumor segmentation. The RF
became very used due to its natural capability in handling multi-class problems and large feature vectors.
A variety of features were proposed in the literature: encoding context (Zikic et al., 2012; Meier et al.,
2014a; Pinto et al., 2015a), first-order and fractals-based texture (Meier et al., 2013, 2014a; Islam et al.,
2013; Reza and Iftekharuddin, 2014; Pinto et al., 2015a), gradients (Meier et al., 2014a, 2013), brain
symmetry (Meier et al., 2013, 2014a; Tustison et al., 2015), and physical properties (Tustison et al.,
2015). Using supervised classifiers, some authors developed other ways of applying them. Tustison et al.
(2015) developed a two-stage segmentation framework based on RFs, using the output of the first classifier
to improve a second stage of segmentation. Geremia et al. (2013) proposed a Spatially Adaptive RF for
hierarchical segmentation, going from coarser to finer scales. Meier et al. (2014c) used a semi-supervised
RF to train a subject-specific classifier for post-operative brain tumor segmentation.

Other methods known as Deep Learning deal with representation learning by automatically learning
a hierarchy of increasingly complex features directly from data (Bengio et al., 2013). So, the focus is
on designing architectures instead of developing hand-crafted features, which may require specialized
knowledge (LeCun et al., 2015). CNNs have been used to win several object recognition (Krizhevsky et al.,
2012; Dieleman et al., 2015b) and biological image segmentation (Ciresan et al., 2012) challenges. Since
a CNN operates over patches using kernels, it has the advantages of taking context into account and being
used with raw data. In the field of brain tumor segmentation, recent proposals also investigate the use of
CNNs (Zikic et al., 2014; Urban et al., 2014; Davy et al., 2014; Havaei et al., 2017; Lyksborg et al., 2015;
Rao et al., 2015; Dvorak and Menze, 2015). Zikic et al. (2014) used a shallow CNN with two convolutional
layers separated by max-pooling with stride 3, followed by one fully-connected (FC) layer and a softmax
layer. Urban et al. (2014) evaluated the use of 3D filters, although the majority of authors opted for 2D
filters (Davy et al., 2014; Havaei et al., 2017; Lyksborg et al., 2015; Rao et al., 2015; Dvorak and Menze,
2015). 3D filters can take advantage of the 3D nature of the images, but it increases the computational
load. Some proposals evaluated two-pathway networks to allow one of the branches to receive bigger
patches than the other, thus having a larger context view over the image (Davy et al., 2014; Havaei et al.,
2017). In addition to their two-pathway network, Havaei et al. (2017) built a cascade of two networks
and performed a two-stage training, by training with balanced classes and then refining it with proportions
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near the originals. Lyksborg et al. (2015) use a binary CNN to identify the complete tumor. Then, a
cellular automata smooths the segmentation, before a multi-class CNN discriminates the sub-regions of
tumor. Rao et al. (2015) extracted patches in each plane of each voxel and trained a CNN in each MRI
sequence; the outputs of the last FC layer with softmax of each CNN are concatenated and used to train
a RF classifier. Dvorak and Menze (2015) divided the brain tumor regions segmentation tasks into binary
sub-tasks and proposed structured predictions using a CNN as learning method. Patches of labels are
clustered into a dictionary of label patches, and the CNN must predict the membership of the input to
each of the clusters.

In this paper, inspired by the groundbreaking work of Simonyan and Zisserman (2014) on deep CNNs,
we investigate the potential of using deep architectures with small convolutional kernels for segmentation of
gliomas in MRl images. Simonyan and Zisserman proposed the use of small 3 x 3 kernels to obtain deeper
CNNs. With smaller kernels we can stack more convolutional layers, while having the same receptive field
of bigger kernels. For instance, two 3 x 3 cascaded convolutional layers have the same effective receptive
field of one 5 x 5 layer, but fewer weights (Simonyan and Zisserman, 2014). At the same time, it has
the advantages of applying more non-linearities and being less prone to overfitting because small kernels
have fewer weights than bigger kernels (Simonyan and Zisserman, 2014). We also investigate the use
of the intensity normalization method proposed by Nyul et al. (2000) as a pre-processing step that aims
to address data heterogeneity caused by multi-site multi-scanner acquisitions of MRI images. The large
spatial and structural variability in brain tumors are also an important concern that we study using two
kinds of data augmentation.

The remainder of this paper is organized as follows. In Section 4.1.2, the proposed method is pre-
sented. The databases used for evaluation and the experimental setup are detailed in Section 4.1.3.
Results are presented and discussed in Section 4.1.4. Finally, the main conclusions are presented in
Section 4.1.5.

4.1.2 Method

Fig. 4.1 presents an overview of the proposed approach. There are three main stages: pre-processing,

classification via CNN, and post-processing.

Training Phase

Labels

Patch
Extraction

MRI Pre-processing Patch Pre-processing

-8

Training Set Percentils an:d Landmarks Mean and Variance Weights

Patch Pre-processing Post-processing

MRI Pre-processing

MR Multi-Sequence Images

Testing Set Testing Phase

Figure 4.1: Overview of the proposed method.
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4.1.2.1 Pre-processing

MRI images are altered by the bias field distortion. This makes the intensity of the same tissues to vary
across the image. To correct it, we applied the N4ITK method (Tustison et al., 2010). However, this is not
enough to ensure that the intensity distribution of a tissue type is in a similar intensity scale across different
subjects for the same MRI sequence, which is an explicit or implicit assumption in most segmentation
methods (Shah et al., 2011). In fact, it can vary even if the image of the same patient is acquired in the
same scanner in different time points, or in the presence of a pathology (Nyul et al., 2000; Nyul and Udupa,
1999). So, to make the contrast and intensity ranges more similar across patients and acquisitions, we
apply the intensity normalization method proposed by Nyul et al. (2000) on each sequence. In this intensity
normalization method, a set of intensity landmarks 11, = {pc1, ipyo, Ipags * * * + Tpeg» PC2} are learned for
each sequence from the training set. pc; and pcy are chosen for each MRI sequence as described by
Nyul and Udupa (1999). i, [th
normalization is accomplished by linearly transforming the original intensities between two landmarks into

represents the intensity at the percentile. After training, the intensity

1
the corresponding learned landmarks. In this way, the histogram of each sequence is more similar across
subjects.

After normalizing the MRI images, we compute the mean intensity value and standard deviation across
all training patches extracted for each sequence. Then, we normalize the patches on each sequence to

have zero mean and unit variance®.

4.1.2.2 Convolutional Neural Network

CNNs were used to achieve some breakthrough results and win well-known contests (Krizhevsky et al.,
2012; Dieleman et al., 2015b). The application of convolutional layers (LeCun et al., 1989, 1998) consists
in convolving a signal or an image with kernels to obtain feature maps. So, a unit in a feature map is
connected to the previous layer through the weights of the kernels. The weights of the kernels are adapted
during the training phase by backpropagation, in order to enhance certain characteristics of the input.
Since the kernels are shared among all units of the same feature maps, convolutional layers have fewer
weights to train than dense FC layers, making CNN easier to train and less prone to overfitting. Moreover,
since the same kernel is convolved over all the image, the same feature is detected independently of the
location - translation invariance. By using kernels, information of the neighborhood is taken into account,
which is an useful source of context information (LeCun et al., 1989, 1998, 2015). Usually, a non-linear
activation function is applied on the output of each neural unit.

If we stack several convolutional layers, the extracted features become more abstract with the increas-
ing depth. The first layers enhance features such as edges, which are aggregated in the following layers
as motifs, parts, or objects (LeCun et al., 2015).

The following concepts are important in the context of CNN:

Initialization it is important to achieve convergence. We use the Xavier initialization (Glorot and
Bengio, 2010). With this, the activations and the gradients are maintained in controlled levels, otherwise

1The mean and standard deviation computed in the training patches are used to normalize the testing patches.
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back-propagated gradients could vanish or explode.

Activation Function it is responsible for non-linearly transforming the data. Rectifier linear units
(ReLU), defined as

f(z) = max(0,x), (4.1)

were found to achieve better results than the more classical sigmoid, or hyperbolic tangent functions, and
speed up training (Jarrett et al., 2009; Krizhevsky et al., 2012). However, imposing a constant O can
impair the gradient flowing and consequent adjustment of the weights (Maas et al., 2013). We cope with
these limitations using a variant called leaky rectifier linear unit (LReLU) (Maas et al., 2013) that introduces
a small slope on the negative part of the function. This function is defined as

f(z) = max (0, z) + amin (0, x) (4.2)

where « is the leakiness parameter. In the last FC layer, we use softmax.

Pooling it combines spatially nearby features in the feature maps. This combination of possibly
redundant features makes the representation more compact and invariant to small image changes, such
as insignificant details; it also decreases the computational load of the next stages. To join features it is
more common to use max-pooling or average-pooling (LeCun et al., 2015).

Regularization it is used to reduce overfitting. We use Dropout (Srivastava et al., 2014; Hinton
etal., 2012) in the FC layers. In each training step, it removes nodes from the network with probability p.
In this way, it forces all nodes of the FC layers to learn better representations of the data, preventing nodes
from co-adapting to each other. At test time, all nodes are used. Dropout can be seen as an ensemble of
different networks and a form of bagging, since each network is trained with a portion of the training data
(Srivastava et al., 2014; Hinton et al., 2012).

Data Augmentation it can be used to increase the size of training sets and reduce overfitting
(Krizhevsky et al., 2012). Since the class of the patch is obtained by the central voxel, we restricted the
data augmentation to rotating operations. Some authors also consider image translations (Krizhevsky
et al., 2012), but for segmentation this could result in attributing a wrong class to the patch. So, we
increased our data set during training by generating new patches through the rotation of the original
patch. In our proposal, we used angles multiple of 90°, although another alternative will be evaluated.

Loss Function it is the function to be minimized during training. We used the Categorical Cross-
entropy,

H=—= Y > yxlog(i) (4.3)

j€Evozels kEclasses
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where g represents the probabilistic predictions (after the softmax) and y is the target.
In the next subsections, we discuss the architecture and training of our CNN.

Architecture We aim at a reliable segmentation method; however, brain tumors present large vari-
ability in intra-tumoral structures, which makes the segmentation a challenging problem. To reduce such
complexity, we designed a CNN and tuned the intensity normalization transformation for each tumor grade
- LGG and HGG.

The proposed architectures are presented in Tables 4.1 and 4.2, and graphically in Fig. 4.2. The
architecture used for HGG is deeper than the one for LGG, because going deeper did not improve results
in the latter. To go deeper, one must include more layers with weights, which may increase overfitting,
given the smaller training set of LGG. This is supported by the need of setting Dropout with p = 0.5
in LGG, while itis p = 0.1 in HGG, since the database used for evaluation contained more HGG then
LGG cases. Additionally, the appearance and patterns are different in HGG and LGG. Since we are doing
segmentation, we need a precise sense of location. Pooling can be positive to achieve invariance and to
eliminate irrelevant details, however, it can also have a negative effect by eliminating important details. We
apply overlapping pooling with 3 x 3 receptive fields and 2 x 2 stride to keep more information of location.
In the convolutional layers the feature maps are padded before convolution, so that the resulting feature
maps could maintain the same dimensions. In the case of HGG there are 2,118,213 weights to train,
while in LGG it lowers to 1,933,701 weights because it has two less convolutional layers. All sequences
were used as input. LReLU is the activation function in all layers with weights, with the exception of the
last that uses softmax. Dropout was used only in the FC layers.

Training To train the CNN the loss function must be minimized, but it is highly non-linear. We use
Stochastic Gradient Descent as an optimization algorithm, which takes steps proportionally to the negative
of the gradient in the direction of local minima. Nevertheless, in regions of low curvature it can be slow. So,
we also use Nesterov's Accelerated Gradient to accelerate the algorithm in those regions. The momentum
v is kept constant, while the learning rate € was linearly decreased, after each epoch. We consider an

Table 4.1: Architecture of the HGG CNN. In inputs, the first dimension refers to the number of channels
and the next two to the size of the patch, or feature maps. Conv. refers to convolutional layers and
Max-pool. to max-pooling.

HGG

Type Filter size Stride # filters FC units Input
Layer 1 Conv. 3x3 1x1 64 - 4% 33x33
Layer 2 Conv. 3x3 1x1 64 - 64x33%x33
Layer 3 Conv. 3x3 1x1 64 - 64x33%x33
Layer 4  Max-pool. 3x3 2x2 - - 64x33%x33
Layer 5 Conv. 3x3 1x1 128 - 64x16x%x16
Layer 6 Conv. 3x3 1x1 128 - 128x16x16
Layer 7 Conv. 3x3 1x1 128 - 128x16x16
Layer 8  Max-pool. 3x3 2x2 - - 128x16x 16
Layer 9 FC - - 256 6272
Layer 10 FC - - - 256 256
Layer 11 FC - - - 5 256
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Table 4.2: Architecture of the LGG CNN. In inputs, the first dimension refers to the number of channels
and the next two to the size of the patch, or feature maps. Conv. refers to convolutional layers and
Max-pool. to max-pooling.

LGG

Type Filter size Stride # filters FC units Input
Layer 1 Conv. 3x3 1x1 64 - 4%x33%x33
Layer 2 Conv. 3x3 1x1 64 - 64x33x33
Layer 3 Max-pool. 3x3 2x2 - - 64x33x33
Layer 4 Conv. 3x3 1x1 128 - 64x16x16
Layer 5 Conv. 3x3 1x1 128 - 128x16x16
Layer 6 Max-pool. 3x3 2x2 - - 128x16x16
Layer 7 FC - - 256 6272
Layer 8 FC - - - 256 256
Layer 9 FC - - - 5 256

Dense Dense

TTE ﬁﬁ L = 1:| =

16 16 16 16
64 128 128 128
4(MRI 64 64  Max-pool Max-pool
Sequences) Size =3x 3 Size=3x3 = L
! ) Stride =2 x 2 Stride=2 x 2 236 256
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Dense Dense
16 16 16
R | ’ ’ Dense
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4 (MRI 64 Max-pool Max-pool
Sequences) Size =3x 3 Size =3X 3 = 256
E : 2 . 250
Stride =2 x 2 Stride =2 X 2 -0

Figure 4.2: Graphical architectures of the CNN for a) HGG and b) LGG.

epoch as a complete pass over all the training samples.

4.1.2.3 Post-processing

Some small clusters may be erroneously classified as tumor. To deal with that, we impose volumet-
ric constraints by removing clusters in the segmentation obtained by the CNN that are smaller than a
predefined threshold 7o,
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4.1.3 Experimental Setup
4.1.3.1 Database

The proposed method was validated on the BRATS 2013 and 2015 databases? (Menze et al., 2015:
Kistler et al., 2013). For every patient in BRATS there are four MRI sequences available: T1-weighted (T1),
T1 with gadolinium enhancing contrast (T1c), T2-weighted (T2) and FLAIR. The images of each subject
were already aligned with the T1c and skull stripped. BRATS 2013 contains three data sets: Training,
Leaderboard, and Challenge, comprising 65 MR scans from different patients — histological diagnosis:
astrocytomas or oligoastrocytomas, LGG, and anaplastic astrocytomas and glioblastoma multiforme tu-
mors, HGG. The Training set contains 20 HGG and 10 LGG, with manual segmentations available. The
Leaderboard set is composed by 21 HGG and 4 LGG, while the Challenge set includes 10 HGG. Metrics
for these two sets are computed through the online evaluation platform (VirtualSkeleton, 2013), given
that the manual segmentations are not publicly available. In BRATS 2015, the Training set comprises
220 and 54 acquisitions of HGG and LGG, respectively. The Challenge set contains 53 cases, including
both grades. In this case, the evaluation metrics were computed by the organizers of the challenge. The
manual segmentation identifies four types of intra-tumoral classes: necrosis, edema, non-enhancing, and
enhancing tumor. However, the evaluation is performed for the enhancing tumor, the core (necrosis +
non-enhancing tumor + enhancing tumor), and the complete tumor (all classes combined).

4.1.3.2 Setup

Some of the hyperparameters of the architectures were shown in Tables 4.1 and 4.2. The remaining
are depicted in Table 4.3. All hyperparameters were found using the validation set, consisting of one
subject in both HGG and LGG.

We approached brain tumor segmentation as a multi-class classification problem with 5 classes (nor-
mal tissue, necrosis, edema, non-enhancing, and enhancing tumor). However, in brain tumor, the classes
are imbalanced. So, we used all samples from the underrepresented classes and randomly sampled from
the other. Additionally, the number of samples of necrosis and enhancing tumor is small in the LGG
training set. To cope with that, we also normalized the intensities of HGG using the landmarks calculated
with LGG to extract samples of those classes from HGG to use as training samples in LGG. To train the
CNNs for HGG and LGG, we extracted around 450,000 and 335,000 patches, respectively. Note that,
with data augmentation, we end up having roughly four times these numbers as effective training samples.
Approximately 40% of these patches represent normal tissue in HGG and 50% in LGG. The learning rate
was linearly decreased after each epoch during the training stage.

The CNNs were developed using Theano (Bastien et al., 2012; Bergstra et al., 2010) and Lasagne

(Dieleman et al., 2015a). The trained architectures are available online®.

2The data set of BRATS 2014 is not currently available.
Shttp://www.dei.uminho.pt/pessoas/csilva/brats_cnn/
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Table 4.3: Hyperparameters of the proposed method.

Stage Hyperparameter Value
Initialization bias 01
weights Xavier
Leaky RelLU « 0.333
Dropout p -~ HEG 01
p - LGG 0.5
epochs — HGG 20
epochs - LGG 25
Training v 0.9
Initial € 0.003
Final e 0.00003
Batch 128
Post-processing Tvor - HGG 10000
TVOL — LGG 3000

4.1.3.3 Evaluation

The evaluation of the segmentations considered three metrics: Dice Similarity Coefficient (DSC), Pos-
itive Predictive Value (PPV), and Sensitivity. The DSC (Dice, 1945) measures the overlap between the
manual and the automatic segmentation. It is defined as,

2TP
"~ FP+2TP+FN’
where TP, FP, and FN are the numbers of true positive, false positive, and false negative detections,
respectively. PPV is a measure of the amount of FP and TP, defined as,

DSC

(4.4)

TP
PPV = TP FP (4.5)

Sensitivity is useful to evaluate the number of TP and FN detections, being defined as

TP
TP+ FN’

Finally, in the Challenge set of BRATS 2015 the metrics were provided by the organizers of the Chal-
lenge. The two used metrics were DSC and robust Hausdorff Distance. The Hausdorff Distance measures
the distance between the surface of computed (9F) and manual (01) segmentation, as

Sensitivity = (4.6)

Haus(OP,0T) = max{ sup inf d(p,t), sup inf d(t,p)} (4.7)
pedP tedT t€dT pedP

In the robust version of this measure, instead of calculating the maximum distance between the surface
of the computed and manual segmentation, it is taken into account the 95% quantile.
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4.1.4 Experimental Results and Discussion

In this section, we analyze the effect of key components and the choice of the plane over which we
extract patches on the performance of the proposed method. Also, we compare our method with the
state of the art using the same database, including also methods based on Deep Learning for brain tumor
segmentation. Lastly, we report our result during the participation on BRATS Challenge 2015.

4.1.4.1 Validation of Key Components

We evaluate the effect of each component on the proposed approach by studying the improvement in
performance. This increment in performance is evaluated as the mean gain in the metrics (DSC, PPV and
Sensitivity), which is obtained in the following way: we compute all metrics using the proposed method for
the data sets; then, we remove or substitute the component under study, and compute the metrics for this
alternative method. Finally, we subtract each metric for the two systems and calculate the average across
the subtractions, obtaining the mean gain, 1144:,. The metric of each experiment is reported in Table 4.4,
Fig. 4.3 and Fig. 4.4 present the boxplots in the Leaderboard and Challenge data set, respectively, and
in Fig. 4.5 we exemplify the effect of the experiments in the segmentation of tumor in two patients (HGG
and LGG). In the experiments, we maintained the hyperparameters presented in Table 4.3 as possible to
preserve the same conditions®. Also, only the images in the Training data set are used in the learning
phase of the intensity normalization method. All tests in this section use patches extracted from planes
perpendicular to the Axial axis of the MRl image, except in subsection 4.1.4.2, where it is evaluated the

choice of the best axis.

Pre-processing The effect of the pre-processing on the segmentation was evaluated by comparing
with an alternative method described in (Tustison et al., 2015). We chose this method, because it is also
utilized in a CNN-based brain tumor segmentation method (Havaei et al., 2017). This alternative pre-
processing starts by applying a 1% winsorizing over the intensities within the brain. Then, the N4ITK is
used to correct the bias field in each MRI sequence and the intensities are linearly transformed to [0, 1].
Finally, we normalized each sequence to have zero mean and unit variance. During the training stage of
the CNN with this pre-processing for LGG, we found to be necessary to decrease the initial and final learning
rate to 3 x 107°and 3 x 1077, respectively, otherwise the optimization would diverge. Observing Table
4.4, we verify that the pre-processing using the intensity normalization method by Nyul et al. (2000)
improved most of the metrics, obtaining a mean gain of 4.6% (Leaderboard: 4.2%, Challenge: 4.9%).
This improvement was especially larger for LGG, indicating that the proposed pre-processing increased
the detection of the complete as well as the core of the tumor, which is considered a difficult task (Menze
et al., 2015). Also, comparing the drop in performance, when removing our pre-processing, and the one
verified when removing any other component, we verify that this pre-processing was the key component for
improving the segmentation in LGG. The result of this experiment in both grades is interesting, because
we know that the features learned by the CNN are computed in local regions by a bank of band-pass

“The learning rate was kept constant after 25 epochs; although the validation error may fluctuate, we verified that it stabilized
before 30 epochs, so, we trained that amount of epochs and selected the one with the best validation metrics.
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Table 4.4: Study of key components of the proposed method. In each test, just the referred component
was modified in the Proposed method. Results in bold represent metrics with p-value < 0.05 computed
with the two-sided paired Wilcoxon Signed-Rank Test when comparing the results with each component of
the Proposed method in each grade, or combination of grades; underlined results represent the one with
the highest metric for each region in each grade, or combination of grades.

DSC PPV Sensitivity
Dataset Method Grade Comp. Core Enh. Comp. Core Enh. Comp. Core Enh.
HGG 0.8 076 073 091 09 072 086 074 081
Proposed LGG 0.65 053 0.00 054 042 000 086 086 0.00

Combined 0.84 072 062 085 082 060 08 076 0.68

HGG 087 074 0.71 0.89 092 073 08 069 0.75
Using pre-processing as in (Tustison et al., 2015) LGG 0.34 033 000 029 029 000 063 044 0.00
Combined 0.78 067 0.60 0.79 082 061 082 065 0.63

HGG 088 076 073 091 09 072 08 074 0381
Using no training samples from HGG into LGG LGG 0.46 034 000 037 027 0.00 071 0.63 0.00
Combined 081 069 062 082 080 060 084 072 0.68

HGG 087 077 0.73 0.86 0.83 0.70 0.89 0.78 0.3
Using no rotations LGG 047 031 000 039 025 000 068 066 0.00
Combined 0.80 0.69 0.61 0.78 0.74 0.59 0.85 076 0.70

o
§ HGG 087 077 074 0.92 0.89 0.76 0.84 0.76 0.79
g Random rotations (5.625°) LGG 062 049 000 049 038 000 091 0387 0.00
§ Combined 0.83 0.72 062 085 0.81 0.64 0.85 0.78 0.66
HGG 087 077 073 0.87 0.88 0.69 0.89 0.77 0.86
Using ReLU LGG 0.53 047 000 040 037 000 086 0.89 0.00
Combined 082 0.72 061 0.79 0.80 0.58 0.88 0.79 0.72
HGG 085 074 072 092 0.87 0.73 0.81 0.71 0.77
Large/small kernels 1 LGG 052 036 000 042 027 000 084 071 0.00
Combined 0.80 068 060 0.84 0.77 0.61 0.81 0.71 0.65
HGG 0.85 074 072 092 091 0.78 0.81 0.71 0.77
Large/small kernels 2 LGG 052 034 000 042 026 000 085 071 0.00
Combined 0.79 0.67 060 0.84 0.81 0.66 0.81 0.71 0.64
HGG 086 075 072 0.88 0.83 0.74 08 074 0.76
Coronal patches LGG 059 044 000 046 034 000 092 086 0.00
Combined 0.82 0.70 061 0.81 0.75 0.62 087 076 0.64
HGG 086 075 0.71 0.86 0.79 0.70 087 0.78 0.79
Sagittal patches LGG 045 032 000 036 026 000 087 070 0.00
Combined 0.79 0.68 0.60 0.78 0.70 0.59 087 076 0.66
Proposed HGG 088 083 077 08 087 074 08 083 0381
Using pre-processing as in (Tustison et al., 2015) HGG 0.80 0.78 0.73 0.75 086 0.71 092 0.74 0.77
Using no rotations HGG 0.85 0.79 074 0.81 0.78 0.70 091 0.86 032
?'C-i: Random rotations (5.625°) HGG 088 082 076 0.90 0.84 0.76 0.86 0384 0.78
% Using ReLU HGG 0.86 081 0.74 082 0.80 0.66 090 0.85 0.86
S Large kernels/shallow arg. 1 HGG 0.87 0.81 0.75 090 0.89 0.76 0.84 0.78 0.76
Large kernels/shallow arg. 2 HGG 087 0.81 0.75 090 083 0.75 0.84 0.78 0.76
Coronal patches HGG 085 081 0.74 081 085 075 090 079 0.75
Sagittal patches HGG 0.84 0.76 073 0.78 0.73 0.67 0.92 085 082
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Figure 4.3: Boxplot for each of the experiments in Table 4.4 in the Leaderboard data set. The boxplot for
the experiment of sampling training samples from HGG into LGG is not shown given the reduced number
of subjects (4 LGG in 25 subjects for the Leaderboard data set). The diamond marks the mean.

filters at different scales, instead of point-wise properties as an intensity. Shah et al. (2011) presented

a study regarding the segmentation of multiple sclerosis based on MRI images, showing that classifiers

based on point-wise features, as intensity, improved after Nyul normalization. This improvement was

obtained by minimizing the data heterogeneity from multi-site multi-scanner MRI acquisitions. However,

our experiment gives evidence that in MRI applications, CNN-based classifiers also improve after Nyul
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Figure 4.4: Boxplot for each of the experiments in Table 4.4 in the Challenge data set. The diamond
marks the mean.

normalization, at least in the context of brain tumor segmentation. Additionally, we further investigated
the effect of increasing the number of training epochs until 90 epochs, but we obtained no improvement
with the simpler pre-processing. Referring to Fig. 4.5, we can observe that the proposed pre-processing
enabled a better training of the CNN, such that the segmentation presented a better delineation of the

non-enhancing and the necrosis regions in both data sets.
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Figure 4.5: Examples of segmentations obtained with cross-validation, showing the effect of each com-
ponent of the proposed method. In the first row, we have a HGG, and in the bottom row a LGG. Each
color represents a tumor class: green — edema, blue - necrosis, yellow — non-enhancing tumor and red
- enhancing tumor.

Data Augmentation Attificial data augmentation is a common procedure in the context of CNN,
when the data set is relatively small. In the case of MRI images, we have a large number of samples
for healthy and tumorous tissue, which may be the reason why most recent studies on brain tumor
segmentation based on Deep Learning (Davy et al., 2014; Urban et al., 2014; Lyksborg et al., 2015) did
not explore data augmentation. Havaei et al. (2017) considered its application, but found to be ineffective
in their system.

We investigated two types of data augmentation. In the first case, we studied the effect of data
augmentation by increasing the number of samples using rotations. In this study, we evaluated two
variants. In the first, we used multiples of 90° (90°, 180° and 270°) for rotations (corresponding to

the Proposed method), while in the second, we sampled three rotation angles from an array using an
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uniform distribution, whose angles were equally spaced. The angle step was defined as = x 90° with
m € {1/8,1/16, 1/32}. In this second variant, we consider m = 1/16. The case 7 = 1/16 was
the best result, but the tests with other angles can be found in Table 4.5. In Table 4.4, we present the
results with each variant and without rotations in both the Leaderboard and Challenge data sets. As can
be observed, the rotations improved the performance in all regions for the DSC and PPV; but, we also note
a decrease in the sensitivity for both variants in the Challenge data set. However, the mean gain obtained
by including rotations was 2.6% (Leaderboard: 2.6%, Challenge: 2.7%) for the first variant (Proposed)
and 2.3% (Leaderboard: 2.7%, Challenge: 2.0%) for the second variant. Comparing the two variants, we
obtain a mean gain of 0.3% of the first variant in relation to the second. Also, the first variant has the
advantage of being faster to compute. Observing Fig. 4.5, we conclude that the extra information provided
by the rotations of the first variant in training the CNN resulted in segmentations with a better delineation
of the complete tumor as well as of the intra-tumoral structures. In both grades, we have an excess of
non-enhancing class, when we trained without data augmentation, and for HGG this class is even found
inside the region formed by enhancing and necrotic structures, which does not happen in the manual
segmentation.

Brain tumors are constituted by intra-tumoral structures with very different volumes, resulting in an
imbalanced number of samples of each class. This underrepresentation of some classes impairs the
performance of the CNN. So, we investigated a second type of data augmentation to balance the number
of samples of each class, which consisted in extracting samples from necrosis and enhancing tumor
regions in HGG to use as training samples in LGG. In Table 4.4, we compare the proposed approach, in
which the number of samples of each tumor class in LGG were more balanced, with another experiment
that uses only samples from LGG. We verify that the extra samples from HGG improved all metrics for the
complete and core regions in the Leaderboard data set with a mean gain of 1.9%. Examining Fig. 4.5(b),
we note that by sampling from HGG to LGG, we improved the training of the CNN. Observe that the tumor
segmentation presented a better delineation of the enhancing and non-enhancing regions, although the
sampling was only for enhancing and necrosis regions. The improvement of the non-enhanced region
could be explained by the context introduced by the patches of the enhancing samples, since these two

regions are next to each other.

Activation Function The gradients of RelLU are zero when the unit is not active, which may slow
down the convergence during the optimization and lead to worst training. To avoid that problem, Maas et al.
(2013) proposed LRelLU as an alternative nonlinearity. So, we investigate the effectiveness of this activation
function in brain tumor segmentation. In this experiment, only the activation function was changed in the
proposed method. The results in both the Leaderboard and Challenge data sets are presented in Table
4.4, We verify that LRelLU activation improved the performance of the proposed method in both data
sets in the DSC and PPV, with the exception of the core in the DSC in the Leaderboard data set. RelLU
activations presented better scores in the Sensitivity metric. However, the mean gain using LReLU instead
of ReLU was 1.3% (Leaderboard: 0.44%, Challenge: 2.2%). Referring to Fig. 4.5, we find that using ReLU
as an activation function resulted in an excessive segmentation of non-enhancing and necrosis regions
outside the core for HGG.
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Table 4.5: Study of artificial data augmentation using rotations of the patches. In each test, just the
referred component was modified in the Proposed method. Results in bold represent metrics with p-value
< 0.05 computed with the two-sided paired Wilcoxon Signed-Rank Test when comparing the results with
each component of the Proposed method in each grade or combination of grades; underlined results
represent the one with the highest metric for each region in each grade or combination of grades.

DSC PPV Sensitivity
Dataset Method Grade Comp. Core Enh. Comp. Core Enh. Comp. Core Enh.
HGG 088 076 073 091 090 072 086 074 081
Proposed LGG 0.65 053 000 054 042 000 086 086 0.00

Combined 0.84 072 062 085 082 060 086 076 0.68

HGG 087 077 073 0.86 0.83 0.70 0.89 0.78 0.83
Using no rotations LGG 047 031 000 039 025 0.00 068 066 0.00
Combined 0.80 0.69 0.61 0.78 0.74 0.59 085 076 0.70

HGG 08 076 073 092 084 0.75 0.83 0.75 0.77
Totally random rotations LGG 063 049 0.00 050 039 0.00 0.92 084 0.00

% Combined 0.84 070 060 083 079 0.58 0.87 072 0.69
O

g HGG 087 077 074 093 090 0.76 0.84 0.76 0.78

§ Random rotations (90°/4) LGG 0.64 054 000 051 042 000 091 0.89 0.00

Combined 083 0.73 062 0.86 082 0.64 0.85 0.78 0.65

HGG 087 077 074 092 0.88 0.79 0.84 0.76 0.78

Random rotations (90°/8) LGG 0.57 045 000 043 034 000 092 0.89 0.00

Combined 0.82 0.72 062 084 0.80 0.67 0.85 0.78 0.65

HGG 087 077 074 092 0.89 0.76 0.84 0.76 0.79

Random rotations (90°/16) LGG 062 049 000 049 038 000 091 087 0.00

Combined 0.83 0.72 062 085 0.81 0.64 0.85 0.78 0.66

HGG 08 076 073 093 0.84 0.74 082 075 0.77

Random rotations (90°/32) LGG 054 042 000 041 032 000 092 084 0.00

Combined 0.81 0.71 061 084 0.76 0.62 0.84 0.76 0.64

Proposed HGG 0.88 083 0.7/ 088 087 074 089 083 081

Using no rotations HGG 0.85 0.79 074 0.81 0.78 0.70 091 0.86 0.82

‘ic-’o Totally random rotations HGG 087 083 0.7/ 085 0.87 074 0.89 082 0.82

% Random rotations (90°/4) HGG 088 082 076 090 085 0.77 0.86 083 0.77

S Random rotations (90°/8) HGG 088 08 075 089 083 076 087 083 0.77

Random rotations (90°/16) HGG 088 082 076 090 0.84 0.76 0.86 0384 0.78
Random rotations (90°/32) HGG 083 0.83 076 0.90 0.84 0.76 0.86 0384 0.78
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Deeper architectures/small kernels Using cascaded layers with small 3 x 3 kernels has the
advantage of maintaining the same effective receptive field of bigger kernels, while reducing the number
of weights, and allowing more non-linear transformations on the data. To evaluate the real impact of this
technique on brain tumor segmentation, we changed the cascaded convolutional layers before each max-
pooling of the proposed architecture by one layer with larger kernels with the equivalent effective receptive
field. So, in HGG we changed the groups of layers 1, 2, 3 and 5, 6, 7 (Table 4.1) by one convolutional
layer with 7 x 7 kernels each, while in the LGG we changed the groups of layers 1 and 2, and 4 and 5
(Table 4.2) by one layer with 5 x 5 kernels each. Using these architectures, we experimented two variants
for both grades: 1) we maintained the 64 feature maps in the first convolutional layer and 128 in the
second; 2) we increased the capacity of the CNN by using wider layers, namely, 128 feature maps in
the first convolutional layer and 256 in the second. We present the results obtained in the Leaderboard
and Challenge data sets in Table 4.4 and the boxplots in Fig. 4.3 and 4.4. In relation to variant 1, the
mean gain was 2.4% (Leaderboard: 3.1%, Challenge: 1.6%), while for variant 2 it was 2.1% (Leaderboard:
2.4%, Challenge: 1.8%). In the majority of metrics, the proposed method obtained higher scores than both
variants with bigger kernels, with some of them with statistical significance, while the variants achieved
better scores in PPV (HGG in both data sets). In the boxplots, both variants seem to have larger dispersion
and more outliers. In the segmentations of Fig. 4.5, although the segmentations by the variants appear
with good quality, the proposed method can capture more details, and variant 2 classified some non-
enhanced tumor inside the enhancing ring, which does not happen in the manual segmentation in HGG;
in LGG the architecture with bigger kernels also identified an excess of non-enhancing tumor.

4.1.4.2 Patch Extraction Plane

The use of 2D patches in a MRI image requires that we define a plane perpendicular to an axis to
extract patches. So, following the procedure defined in the previous subsection, we investigated the use
of patches extracted in a plane perpendicular to the Axial, Coronal, and Sagittal axis. The results in both
the Leaderboard and Challenge data sets are presented in Table 4.4. As can be observed, extracting
patches in the plane perpendicular to the Axial axis presented the best overall performance with a mean
gain of 2.33% relative to the Coronal plane (Leaderboard: 1.89%, Challenge: 2.78%) and 4.00% relative
to the Sagittal plane (Leaderboard: 3.56%, Challenge: 4.44%). The Axial plane presented better DSC and
PPV scores for both data sets than the Sagittal plane, but worst sensitivity for the Challenge data set and
for the complete region in the Leaderboard data set. Considering Fig. 4.5, this can be explained by an
over-segmentation of the tumor, which is corroborated by the lower PPV score. A similar pattern is found
for the Coronal plane, which was better in the enhanced region for the PPV score and in the complete
region for the Sensitivity score. The better performance obtained using patches extracted in the Axial plane
can be explained by some acquisitions having lower spatial resolution in the Coronal and Sagittal planes,
which can be considered a limitation of the BRATS databases.
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4.1.4.3 General

Finally, as an overall analysis, we note some general trends across all experiments. Considering the
boxplots, Fig. 4.3 and 4.4, we verify a lower dispersion for the complete region, presenting also a higher
mean value for the same region. This lower dispersion is less expressive in the Leaderboard than in the
Challenge data set, which may be explained by the worst performance of the algorithms on LGG subjects
in this data set. Another general trend is found in Table 4.4 that shows that none of the algorithms found

presence of enhanced region among the LGG subjects®.

4.1.4.4 Global Validation

In Table 4.6, we compile the results of the top 5 methods in the Leaderboard and Challenge data sets
of BRATS 2013 (including the proposed method). We also include the proposals by Havaei et al. (2017),
Davy et al. (2014), and Urban et al. (2014) that are based on CNN. Appraising the results in Table 4.6,
we conclude that no method is yet able to achieve the first place in all metrics and regions for brain tumor
segmentation; but, the proposed method obtained the first position in DSC in the three regions (Challenge
data set), according to the online evaluation platform (VirtualSkeleton, 2013). Also, based on the same
evaluation, the proposed method obtained the overall first position in both data sets, outperforming the
other methods.

Assessing the CNN-based methods, we observe that two of those methods (Davy et al., 2014; Urban
et al., 2014) had modest performances, comparing with others not based on CNN; however, the method
proposed by Havaei et al. (2017) exhibit higher metrics. They propose a novel and elaborated training
and concatenation of two CNNs to capture more context into the training. Contrasting the two methods,
while our method is better in Sensitivity, their method is in PPV in the complete region. According to
Menze et al. (2015), the most difficult tasks in brain tumor segmentation are the segmentation of the core
region for LGG and the enhancing region for HGG. In these two tasks our method outperformed Havaei
etal. (2017). We note a larger difference in the core region in the Challenge data, which is considered an
easier region to segment according to Menze et al. (2015). Based on the analysis of the key components in
the previous section, we conclude that although our architecture is simpler, those components permitted
a better training of our CNN classifier, compensating the lack of information of a larger context, which
according to the experiments reported by Havaei et al. (2017) was found to be relevant.

The method proposed by Kwon et al. (2014b) is ranked in the second place in both data sets. They
perform a joint segmentation and registration using a tumor growth model to transform an atlas of healthy
patients into one with the tumor and its intra-tumoral structures. Given the complex shape of tumors,
they refine the initial solution using the Expectation Maximization algorithm. Comparing their approach
with ours in the Challenge data set (HGG tumors), our method obtained higher DSC in the enhancing
region and in Sensitivity in the three regions, and their method was better in PPV in the complete and
core regions. For the Leaderboard data set (LGG and HGG tumors), our method obtained higher metrics
in the enhancing region in DSC and Sensitivity, and their method was better in the complete region in

PPV and DSC, and in the core region in the three metrics. Another strong contender in the Leaderboard

5We currently are not able to confirm if these tumors contain enhanced tumor, since the expert segmentation is private.
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Table 4.6: Results in the Leaderboard and Challenge data sets of BRATS 2013. The relative rank refers
to the combination of the ranking in each metric for the referred class, while the position is the global
ranking, as provided by the online evaluation platform (VirtualSkeleton, 2013).

Methods DSC PPV Sensitivity Relative Rank Position
Comp. Core Enh. Comp. Core Enh. Comp. Core Enh. Comp. Core Enh.
Proposed 084 072 062 08 082 060 08 076 068 367 333 167 1
- Kwon et aI.v (2014b) 08 0.79 059 088 084 060 08 081 063 333 167 500 2
5 ‘Zhaoetal’ (Menzeetal,2015) 0.83 073 055 077 067 046 094 089 078 467 400 933 3
.§ agnm1? 083 0.71 054 085 073 059 084 082 058 6.00 433 10.33 4
2 havam2! 082 0.69 056 083 077 062 083 069 058 7.67 7.00 8.00 5
E Urban et al. (2014) 0.70 057 054 065 055 052 0387 067 060 1400 1867 1233 17
Havaei et al. (2017)1t 0.84 0.71 057 083 079 054 084 0.72 0.68 - - - -
Davy et al. (2014) 072 063 056 069 064 050 082 0.68 0.68 - - - -
Proposed 088 0.83 077 088 087 074 089 083 08l 7.00 333 533 1
Kwon et al. (2014b,a) 088 083 072 092 09 074 084 078 072 933 500 13.00 2
@ Tustison etal. (2015) 087 0.78 074 085 074 069 0.89 0.88 083 10.33 11.67 9.00 3
S havam2? 088 0.78 073 089 079 068 087 079 080 833 1067 1333 4
E akss1? 087 0.78 070 089 083 075 086 078 070 9.67 867 1467 5
O Urbanetal. (2014)f 086 0.75 0.73 082 075 079 092 079 070 11.67 16.00 11.67 12
Havaei et al. (2017) 088 0.79 073 089 079 068 087 0.79 0.80 - - - -
Davy et al. (2014) 085 0.74 068 085 074 062 085 0.78 0.77 - - - -

T Results retrieved from (VirtualSkeleton, 2013) using the cited method.
¥ Results retrieved from (VirtualSkeleton, 2013), but the method or author are unknown.
1t Results provided by the author using the cited method.

is the method proposed by Zhao (Menze et al., 2015). His method was better in the core region in DSC
and outperformed all methods in the complete and core regions in sensitivity; however, since we note a
significant drop in performance in PPV in the same regions, we may infer that probably the method by
Zhao over-segmented the tumor. Also, we note another trend, both our and Kwon methods drop from
the Challenge to the Leaderboard data set in most metrics (Kwon improved in the complete and core
regions in sensitivity); however, appraising the separated metrics for HGG and LGG in the Leaderboard,
Table 4.6, we observe that the performance of our method was similar in the complete and enhanced
regions but dropped more significantly in the core region in DSC and in sensitivity; therefore, given the
lower metric of LGG, we hypothesize that the general drop in both methods from the Challenge data set to
the Leaderboard was mainly due to the LGG subjects; however, the method proposed by Kwon dropped
less in the core region. Considering the performance in both data sets, we argue that both methods were
similar in segmenting the complete tumor, the method proposed by Kwon was in general better in the
core region and our method in delineating the enhanced structure. Assessing the running times, Kwon
reports an average running time of 85 min. on an Intel Core i7 3.4 GHz machine, while our full pipeline
presents an average running time of 8 min. using a GPU NVIDIA GeForce GTX 980 equipped on an Intel
Core i7 3.5 GHz machine. This difference in running times is explained by our method performing an
optimization only during training, which permits a fast segmentation during normal use.

Considering the state of the art, we verify that current CNN-based approaches (Zikic et al., 2014;
Urban et al., 2014; Davy et al., 2014; Havaei et al., 2017; Lyksborg et al., 2015; Rao et al., 2015; Dvorak
and Menze, 2015) have used larger filters and shallow architectures, with some using features computed
by the CNN as input to a RF (Rao et al., 2015), or employing the network for structured prediction (Dvorak
and Menze, 2015). Also, these works did not explore the stacking of several layers to apply more non-
linearities on the data, which we showed to be important. In the CNN, these authors have used more
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common non-linearities, as hyperbolic tangent or ReLU; however, our experiments indicate that LReLU is
a strong alternative to ReLU and do not suffer of the limitations of the hyperbolic tangent (Maas et al.,
2013). Although some authors found no advantage in using data augmentation (Havaei et al., 2017),
we have shown that data augmentation and the adequate pre-processing have a significant impact on
performance. Based on these facts, our conclusion is that the contributions in this article are orthogonal
to current state of the art, existing potential for further improvement in brain tumor segmentation using
MRI images by looking for synergies with the techniques studied by current works.

In Fig. 4.6, we present the segmentation of two patients with HGG and LGG, respectively, from

the Leaderboard data set. Fig. 4.7 shows a patient with two tumors that were correctly detected and

segmented from the Challenge data set.

Figure 4.6: Examples of segmentations in BRATS 2013 Leaderboard data set, showing a HGG in the first
row (subject id: 210) and a LGG in the bottom row (subject id: 105). From left to right: T1, Tlc, T2,
FLAIR, and the segmentation. Each color represents a tumor class: green — edema, blue — necrosis,
yellow — non-enhancing tumor, and red — enhancing tumor.

’
. ‘ .
\

Figure 4.7: Examples of segmentations in BRATS 2013 Challenge data set (subject id: 310). From left to
right: T1, Tlc, T2, FLAIR, and the segmentation. Each color represents a tumor class: green — edema,
blue - necrosis, yellow — non-enhancing tumor, and red — enhancing tumor.
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4.1.4.5 Evaluation in BRATS 2015

The proposed architecture was further evaluated in BRATS 2015 database, both in the Training and
Challenge sets. The differences when comparing with the models trained in BRATS 2013 were the number
of samples for training, given the bigger size of the Training set, and in Dropout (p) that was increased to
0.5 in the HGG architecture.

BRATS 2015 Training set Some segmentation examples obtained in the Training data set are illus-
trated in Figure 4.8, where we can observe the necrosis, edema, non-enhanced, and enhanced tumor
classes; quantitative results in the same set are presented in Table 4.7 and Figure 4.9. These results
were obtained by 2-fold cross-validation and 3-fold cross-validation in HGG and LGG, respectively.

Observing Table 4.7, metrics in the Core and Enhanced regions of LGG are lower than in HGG, which
may be due to the lower contrast of the former. In fact, the contrast in the Core region is lower in LGG
(Menze et al., 2015) than in HGG. Additionally, although brain tumors are very heterogeneous, LGG tend
to be smaller than HGG, with less Core tissues, as observed from the first and third rows of Figure 4.8(b).
Another issue with LGG is the smaller number of training patients, when compared to HGG. From the
boxplots in Figure 4.9, we can observe the larger dispersion in the Core region of LGG compared to
HGG; in the enhanced tumor in LGG the boxplots range almost the full scale of the metrics, possibly
because some of these tumors do not possess enhancing tumor. However, the results for the Complete
region are similar in LGG and HGG, with similar dispersion as observed in the boxplots. There are some
outliers in Figure 4.9, mainly in HGG, which may be due to the high variability of brain tumors and to
the bigger amount of patients with HGG. Following the results in Table 4.7, in Figure 4.8 the boundaries
of the complete tumor seem well defined, both in LGG and HGG. However, from the second and third
rows in Figure 4.8(b) it seems that we are over-segmenting the Core classes in LGG; nevertheless, the
second example looks particularly difficult with a big portion of tumor Core tissues in a very heterogeneous
distribution, sharp shapes and details.

Participation on BRATS 2015 Challenge The CNNs were then re-trained for the participation in the
on-site BRATS 2015 segmentation challenge, where the task was to segment the 53 Challenge subjects.

Figure 4.10 presents segmentation examples obtained in the Challenge data set, while Table 4.8 and
Figure 4.11 present the quantitative results. In this case, all subjects in each grade of the Training data
set were used for training the CNN, with the exception of six validation patients in each grade. To train
the CNNs we extracted around 4,000,000 training patches of HGG and 1,800,000 of LGG, and we used

Table 4.7: Results (mean) obtained with BraTS 2015 Training data set.

DSC PPV Sensitivity
Complete Core Enhanced Complete Core Enhanced Complete Core Enhanced
LGG 0.86 0.64 0.40 0.86 0.67 0.39 0.88 0.71 0.51
HGG 0.87 0.75 0.75 0.89 0.76 0.80 0.86 0.79 0.75
LGG + HGG 0.87 0.73 0.68 0.89 0.74 0.72 0.86 0.77 0.70
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(b)

Figure 4.8: Segmentation examples on the Training data set from a) HGG and b) LGG. From left to
right: T1, Tlc, FLAIR, T2, manual segmentation and obtained segmentation. Colors in the segmentations
represent: blue - necrosis, green - edema, yellow - non-enhanced tumor, red - enhanced tumor.

mini-batches of 128 training samples. However, the number of training patches was 4 times bigger due
to the data augmentation. Observing Figure 4.10, the segmentations seem coherent with the expected
tumor tissues, for example, the enhanced tumor portions appear delineated following the enhancing parts
in Tlc. Also, the complete tumor appears to be well delineated, when comparing with the FLAIR and T2
sequences, where the edema is hyperintense.

The proposed approach achieved the 2™ position among all participating teams.
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Figure 4.9: Boxplot of the results in each of the evaluated brain tumor regions using the Training data set
in a) HGG and b) LGG; black dots represent outliers

4.1.5 Conclusions

In summary, we propose a novel CNN-based method for segmentation of brain tumors in MRl images.
We start by a pre-processing stage consisting of bias field correction, intensity and patch normalization.
After that, during training, the number of training patches is artificially augmented by rotating the training
patches, and using samples of HGG to augment the number of rare LGG classes. The CNN is built over
convolutional layers with small 3 x 3 kernels to allow deeper architectures.

In designing our method, we address the heterogeneity caused by multi-site multi-scanner acquisitions
of MRI images using intensity normalization as proposed by Nyul et al. (2000). We show that this is
important in achieving a good segmentation. Brain tumors are highly variable in their spatial localization
and structural composition, so we have investigated the use of data augmentation to cope with such
variability. We studied augmenting our training data set by rotating the patches as well as by sampling
from classes of HGG that were underrepresented in LGG. We found that data augmentation was also
quite effective, although not thoroughly explored in Deep Learning methods for brain tumor segmentation.
Also, we investigated the potential of deep architectures through small kernels by comparing our deep
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Table 4.8: Results (mean) using the Challenge data set of BraTS 2015.

DSC Robust Hausdorff

Complete Core Enh. Complete Core Enh.
0.78 0.65 0.75 1583  26.54 6.99

CNN with shallow architectures with larger filters. We found that shallow architectures presented a lower
performance, even when using a larger number of feature maps. Finally, we verified that the activation
function LReLU was more important than ReLU in effectively training our CNN.

We evaluated the proposed method in BRATS 2013 and 2015 databases. Concerning 2013 database,
we were ranked in the first position by the online evaluation platform. Also, it was obtained simultaneously
the first position in DSC metric in the complete, core, and enhancing regions in the Challenge data set.
Comparing with the best generative model (Kwon et al., 2014b), we were able to reduce the computation
time approximately by ten-fold. Concerning the 2015 database, we obtained the second position among
thirteen contenders in the on-site challenge. We argue, therefore, that the components that were studied
have potential to be incorporated in CNN-based methods and that as a whole our method is a strong
candidate for brain tumor segmentation using MRI images.
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Figure 4.10: Segmentation examples on the BRATS 2015 Challenge data set. From left to right: T1, Tlc,
FLAIR, T2 and obtained segmentation. Colors in the segmentations represent: blue - necrosis, green -
edema, yellow - non-enhanced tumor, red - enhanced tumor.
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Figure 4.11: Boxplots of DSC and Robust Hausdorff Distance obtained using the Challenge data set of
BraTS 2015.
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4.2 Hierarchical segmentation with Fully Convolutional Net-

works

In this section, we tackle some of the disadvantages of the Classification CNN by conceiving and
adopting a FCN architecture. In these networks, fully-connected layers are changed by convolutional
layers with 1 x 1 kernels, which allows dense predictions by segmenting a full patch, instead of classifying
just the central voxel.

Although with the previous Classification CNN we achieved state-of-the-art results at the time, this kind
of approach has some disadvantages:

1. Itis computationally demanding. We need one forward pass to classify each voxel in the image.

2. It has many parameters. The parameters of the fully-connected layers account for most of the

parameters of the network (roughly 79% in our deeper network). This increases the chances of
overfitting.

3. It has less context into account. Patches were relatively small, since bigger ones would require

even more parameters. This can contribute for a higher number of false positive detections.

Contrasting to Classification CNN, FCN have the following advantages, or improvements:

1. Itis computationally more efficient. In one forward pass, we can classify a patch of voxels/pixels.

2. ltallows to drastically decrease the number of learnable parameters, by changing the fully-connected

layers into convolutional layers with 1 x 1 kernels.

3. It can take more context into account. Since it is much more efficient, we can have bigger patches

as input.

4. |t takes into account more training data in each step, since it computes the loss in relation to a full

patch.

Furthermore, in this section we explore a hierarchical segmentation approach. Therefore, we employ
a binary FCN for segmenting the whole tumor. Then, a bounding box is defined as a ROIl. Finally, a
multi-class FCN segments all the tumor tissues inside the ROI. This approach was motivated by the fact
that brain tumor segmentation is a highly imbalanced problem, hence, the ROl is helpful in that regard.
Although other previous works used a hierarchical approach in the context of brain tumor segmentation,
to the best of our knowledge this was the first time that it was applied to FCNs. This kind of approach
was, then, largely followed by participants of the 2017 edition of the BRATS Challenge.

So, the contributions in this section are: 1) we study and develop an encoder-decoder-based FCN and
apply it to brain tumor segmentation, and 2) we employ hierarchical brain tumor segmentation using FCN.

This section is based on the following publication:

¢ Pereira, Sérgio, et al. “On hierarchical brain tumor segmentation in MRI using fully convolutional
neural networks: A preliminary study.” IEEE 5th Portuguese Meeting on Bioengineering (ENBENG),
2017.
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4.2.1 Introduction

Although brain tumors are not among the most common type of cancers, their mortality rate is quite
alarming. Gliomas are originated from the glial cells of the brain, being the most frequent of these neo-
plasms. Magnetic Resonance Imaging (MRI) is the most used imaging modality to assess brain tumors.
Segmentation of these lesions allows a better diagnosis and treatment planning. However, although MRI
provides good tissue contrast, it also creates a lot of data (due to its 3D nature). Thus, manually labeling
each voxel for volumetric delineation is infeasible in clinical practice and physicians normally just take
rough measures from the tumor, such as diameter. So, these measures are prone to intra- and inter-rater
variability, and use the rich information provided by the MRI image sub-optimally (Menze et al., 2015;
Bauer et al., 2013). There is, thus, a need for reliable automatic and semi-automatic segmentation tools.
However, brain tumor segmentation is a challenging task due to its variable size, shape, and location, as
well as its heterogeneous tissue content. Moreover, MRI image analysis may be difficult since intensities
can vary a lot among acquisitions, even for the same subject and scanner (Nyul et al., 2000).

Discriminative machine learning-based methods for brain tumor segmentation are quite successful
(Menze et al., 2015). In these approaches, there are two main stages: feature computation and classi-
fication. The first approaches of this kind relied on hand-crafted features followed by a classifier (Pinto
et al., 2015a; Meier et al., 2014b; Bauer et al., 2011; Pinto et al., 2015b; Tustison et al., 2015; Zikic
et al., 2012). Some of the features used for brain tumor segmentation are based on appearance (Pinto
et al., 2015a; Meier et al., 2014b; Bauer et al., 2011; Pinto et al., 2015b), context (Pinto et al., 2015a;
Zikic et al., 2012; Meier et al., 2014b; Bauer et al., 2011; Pinto et al., 2015b), edge detection (Pinto
et al., 2015a; Meier et al., 2014b), or brain symmetry (Tustison et al., 2015; Meier et al., 2014b). After
feature computation, most of these methods use ensembles of randomized trees (Pinto et al., 2015a;
Meier et al., 2014b; Pinto et al., 2015b; Tustison et al., 2015; Zikic et al., 2012). Contrasting with the
previous methodologies, more recent proposals based on Convolutional Neural Networks (CNN) learn the
features automatically from data (Lyksborg et al., 2015; Pereira et al., 2016a, 2015; Havaei et al., 2017;
Kamnitsas et al., 2017b). These methods have the advantage of bypassing the feature engineering stage,
which may require high domain knowledge. Additionally, features and classifier are trained end-to-end.
Lyksborg et al. (2015) and Pereira et al. (2016a, 2015) employed CNN using fully-connected layers as
classifier, performing segmentation by classifying the central voxel of each image patch. These methods
have the disadvantage of considering each voxel as independent entities, which may lead to misclassi-
fied small clusters. Havaei et al. (2017) proposed a cascaded CNN architecture where the output of one
network is fed into the following one. With this, the authors include a dependence on the output labels
of the previous network, as an alternative of a Conditional Random Field for segmentation regularization.
Additionally, the fully-connected layers are changed to convolutional layers with 1 x 1 kernels that allow
more efficient inference. Kamnitsas et al. (2017b) developed a 3D multi-scaled CNN. As Havaei et al.
(2017), the last layer is convolutional, but a set of voxels is simultaneously segmented. Fully-convolutional
networks (FCN) (Shelhamer et al., 2016; Ronneberger et al., 2015) employ a contracting pathway re-
sponsible for aggregating features into more complex representations and increase the effective field of
view. Then, the expanding pathway upsamples the features maps to the original pixel space in order to
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semantically segment a patch of voxels. In this way, FCN are very efficient and the segmentations are
more regularized than pixel-by-pixel approaches.

Since brain tumors are made of several tissues, it is possible to devise hierarchical segmentation
strategies where first the complete tumor is segmented, and later the tumor sub-tissues are differentiated,
asin (Baueretal., 2011; Meier et al., 2014b; Lyksborg et al., 2015). Neural Networks may be impaired by
high class imbalance. In brain tumor segmentation this is particularly problematic, as the tumor tissues
encompass just a small portion of the brain. Hierarchical segmentation may alleviate this problem by
considering first the whole tumor, and then constraining the segmentation to a region of interest. In this
paper, we study a hierarchical segmentation approach using FCN to segment patches of voxels. The
remaining of this paper is organized as follows. In Section 4.2.2 we present the methodology. Results
and discussion are shown in Section 4.2.3. Finally, in Section 4.2.4, we outline the main conclusions.

4.2.2 Materials and Methods
4.2.2.1 Dataset

The proposed approach was validated in the Brain Tumor Segmentation Challenge (BRATS) dataset
(Menze et al., 2015). For each patient, there are available four MRI sequences: T1-weighted (T1), post-
contrast gadolinium enhanced T1 (T1c), T2-weighted (T2), and FLAIR. All images are already co-registered
to the T1c, skull-stripped, and interpolated to isotropic resolution of 1 mm. The manual segmentation
of the training set distinguishes four tumor tissue classes: necrosis, edema, non-enhancing tumor, and
enhancing tumor. The 2013 Challenge set consists of 10 subjects without publicly available manual
segmentations. Thus, evaluation is performed by the online platform®. The segmentation task evaluates
three structures: enhancing tumor, core (necrosis + non-enhancing + enhancing), and complete tumor

(all tumor tissues).

4.2.2.2 Segmentation Method

The hierarchical segmentation approach has two main stages: whole tumor binary segmentation,
followed by intra-tumoral tissue segmentation. Thus, after identifying the complete lesion, we use it as
region of interest for the next CNN. Prior to each network, we pre-process the MRI sequences; additionally,
post-processing is only used after the binary whole tumor segmentation.

Pre- and post-processing Similarly to Pereira et al. (2016a), we first pre-process the MRI images by
standardizing their histograms (Nyul et al., 2000). Then, 2D patches are extracted in the axial plane, and
normalized with zero mean and unit variance in each sequence. After the whole tumor binary segmentation

stage we also impose a volumetric constrain on connected components, similarly to Pereira et al. (2016a).

Fully Convolutional Network The implemented FCN is based on the U-net proposed by Ronneberger
et al. (2015). Thus, there is a contracting and an expanding pathway. In the contracting part, the feature

®https://www.smir.ch/BRATS/Start2013
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Figure 4.12: Architecture of the implemented FCN.

maps are subjected to pooling in order to summarize neighboring features and create higher level repre-
sentations. Then, the expanding path upsamples the feature maps to the original resolution, in order to
have correspondence between features and each pixel. However, when up-scaling deeper representations
to the pixel space, we may lose the finer details, such as small objects, or sharper edges. Thus, lower level
feature maps are concatenated with the up-scaled ones. This is then followed by convolutional layers that
learn how to combine the data. The implemented FCN architecture is presented in Fig. 4.12. As non-linear
activation, instead of Rectifier Linear Units (ReLU), we use the Leaky ReLU (LReLU) (Maas et al., 2013),
defined as f(z) = max (0, z) +amin (0, z), where x is the input and « is the leakiness parameter; we
set & = 0.3. Contrasting to ReLU that imposes O for negative inputs, LReLU has a negative component
defined by « that allows the gradients to propagate better. Additionally, after each convolutional layer with
3 x 3 kernels and LReLU activation, we use Dropout (Srivastava et al., 2014) with probability of p = 0.2.
It works by removing random nodes with probability p in each training step. In this way, it acts as training
regularization, preventing overfitting.

4.2.2.3 Setup

We used the FCN architecture in Fig. 4.12 for both the binary whole tumor segmentation and the
multi-class intra-tumoral segmentation networks. The only difference is in the number of kernels of the
last layer, which is related with the number of classes. We used 20 subjects during the training stage:
18 for training and 2 for validation. For selecting the training samples, we adopt the sampling scheme of
Kamnitsas et al. (2017b), by selecting patches that are centered on normal or tumor tissue with probability
of 0.5. No artificial data augmentation was used. The Cross Entropy was defined as the loss function to
be minimized in order to train the CNN. To that end, we used Stochastic Gradient Descent with learning
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rate of 0.01 as optimizer.
The neural networks were implemented using Keras (Chollet, 2015) with Theano backend, and cuDNN
5.1.

4.2.3 Results and Discussion

The described method was used to segment the BRATS 2013 Challenge dataset. As baseline, for
comparison reasons, we also trained another FCN with the same architecture depicted in Fig. 4.12, but
following a single stage (segmenting all tissues at once) approach. We report the results in Table 4.9, using
the metrics Dice Score Coefficient (DSC), Positive Predictive Value (PPV), and sensitivity. Additionally, we
conducted a statistical significance test with the paired Wilcoxon Signed-Rank Test (significance level:
0.05). We can observe from Table 4.9 that the complete tumor segmentation results improved in all
metrics, when using the hierarchical approach. This reinforces the idea that a first pre-segmentation of
the whole tumor is beneficial also for FCN. In the hierarchical approach, we separate the segmentation
task into two simpler sub-tasks. First, the binary complete tumor FCN just needs to learn two classes
distribution and how to detect the whole tumor. In this way, it can focus on MRI sequences where the
complete tumor and its outer border is more conspicuous, such as the FLAIR and T2. Then, the second
network needs to learn a multi-class segmentation task. Nevertheless, it does not need to learn how to
differentiate perfectly the whole tumor from the normal tissue, since it just focus on a region of interest. We
applied the same post-processing to both the binary stage of the hierarchical approach and the single stage
approach. The segmentation of both the core and the enhancing tumor benefited from the hierarchical
approach, too. We can observe from Table 4.9 the improvement in DSC and, especially, in sensitivity.
The DSC in the enhancing tumor, and the sensitivity of core and enhancing, were found to be statistically
different from the results of the single stage approach (p — value < 0.05). To some extent, this
improvement in sensitivity appears at the expense of decreasing core and enhancing PPV; still, these
decrements were not found to be statistically significant from the single stage approach, and the absolute
gain in sensitivity is higher than the loss in PPV. Since there was an improvement in DSC, this means
that more core tissues are being correctly detected and segmented. This may be explained by a better
data balance of training a CNN on a region of interest, which allows it to focus more on tumor tissues,
and less on an excellent delineation of the whole tumor. Brain tumor segmentation suffers from high
data imbalance, as the tumor occupies just a small fraction of brain, and tumor sub-tissues are even less
represented.

Segmentation examples from two subjects of BRATS 2013 Challenge dataset obtained with the single-
stage and hierarchical approaches are shown in Fig. 4.13. We can observe that the tumor appears to be
well delineated, and the segmentation is smooth. Moreover, the single-stage approach can hardly detect
necrosis in tumor core (segmenting it mostly as edema), whereas the hierarchical approach identifies it
better.

All tests were conducted on a desktop equipped with a NVIDIA GeForce GTX 970 GPU, an Intel Core
i7-3930k 3.2GHz (x12) processor, 48 GB of RAM, and running Linux Mint 18 OS. A full MRI image seg-
mentation with the hierarchical approach takes approximately 40 seconds.
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Table 4.9: Results obtained in BRATS 2013 Challenge. We compare the hierarchical approach with the
single stage approach (segmenting all tissues at once). Bold metrics were found to have p—value < 0.05
when comparing the two approaches.

DSC PPV Sensitivity

Method Complete Core Enhancing Complete Core Enhancing ~ Complete Core Enhancing

Single stage 0.83 £0.06 0.75+0.17 0.724+0.10 0.77£0.10 0.80+0.19 0.76 £0.11 091+£0.05 0.734+0.19 0.72+0.18
Hierarchical 0.85 4+ 0.05 0.76 +0.17 0.74 +0.08 0.80 +0.09 0.78 £0.20 0.74 +£0.11 0.92 +0.06 0.79 £+ 0.17 0.78 + 0.15

(b)

Figure 4.13: Examples of segmentations obtained in BRATS 2013 Challenge dataset with the subjects:
a) 0308, and b) 0310. From left to right, we show the T1, Tlc, FLAIR, and T2 sequences, followed by the
tumor segmentation obtained by the single stage and hierarchical approaches, respectively. Each color
represents a tumor class: green — edema, blue — necrosis, orange — non-enhancing tumor, and dark red
- enhancing tumor.

4.2.4 Conclusion

Brain tumor segmentation is a multi-class problem, where we need to discriminate several tumor
tissues. Thus, methods need to learn how to correctly detect the whole tumor and its sub-tissues. Previ-
ously, hierarchical approaches where the whole tumor is firstly binary segmented, and later sub-divided,
were proposed. In this paper, we study a hierarchical brain tumor segmentation approach in the context
of FCN. These networks allow to segment a full patch, achieving better regularization. It was found that
this approach is beneficial for brain tumor segmentation using FCN, not only for detecting the tumor as a
whole, but also for a better delineation of the core and the enhancing tumor. The improvements over the
single stage approach were found to be statistically significant in DSC of complete and enhancing tumor,

as well as sensitivity of core and enhancing tumor.
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4.3 Adaptive feature recombination and recalibration

In the previous section we developed a hierarchical brain tumor segmentation approach using FCNs.
In this section, we employ the same approach, but we explore adaptive feature recombination and recali-
bration. Additionally, our networks in this section are trained with MRI images from gliomas of both grades
mixed.

Feature recalibration for classification consists in modeling the channel-wise relationships of feature
maps and suppress the least informative ones (Hu et al., 2018). However, this approach, as proposed for
object recognition problems, suppresses a feature map as whole. Hence, this is not adapted for semantic
segmentation with FCN, where certain regions of the feature map may be relevant for the voxels in the
same location, while others may be less important. Therefore, we propose adaptive spatial-wise feature
recalibration.

Feature recombination consists in combining the feature maps using convolutional layers with 1 x 1
kernels. Before, this was employed for reducing the number of feature maps. However, we found that
mixing the feature maps into a higher dimension followed by restoration of the number of channels leads
to more complex features.

Therefore, the contributions in this section are: 1) we propose feature recombination by means of
linear expansion and compression. 2) We adapt and propose feature recombination for FCNs. 3) We
show experimentally that whole map feature recalibration is not well-suited for semantic segmentation with
FCNs. Finally, 4) we evaluate these methodologies in brain tumor segmentation, and achieve competitive
single-model results in BRATS 2017, and state-of-the-art results in BRATS 2013.

This section is based on the following publication:

¢ Pereira, Sérgio, et al. “Adaptive feature recombination and recalibration for semantic segmentation:
application to brain tumor segmentation in MRI."” Medical Image Computing and Computer Assisted
Intervention (MICCAL), 2018.

4.3.1 Introduction

Brain tumor segmentation plays an important role during treatment planning and follow-up evaluation.
But, it is time-consuming and prone to inter- and intra-rater variability. Therefore, automatic and reliable
methods are desirable. However, brain tumor segmentation is a challenging task, due to their irregular
shape, appearance, and location (Pereira et al., 2016a; Zhao et al., 2018). Recently, CNN-based ap-
proaches have achieved state-of-the-art results (Pereira et al., 2016a; Zhao et al., 2018; Kamnitsas et al.,
2018). With enough data, CNNs can learn complex patterns, such as brain tumor attributes, which are,
otherwise, difficult to capture by feature engineering.

Despite being used in many applications, many CNN developments are first evaluated in image clas-
sification. In VGGNet (Simonyan and Zisserman, 2014) it was shown that replacing a layer with large
kernels by blocks of several layers with 3 x 3 kernels results in deeper and more powerful CNNs. Later,
He et al. (2016) proposed residual learning using identity-based skip connections that allow better gradient
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flows and training of very deep CNNs. Other studies explored the recombination of feature maps, either by
compression with convolutional layers with 1 x 1 kernels (Lin et al., 2013), or by dividing a stack of feature
maps into smaller groups with grouped convolutions (Xie et al., 2017). More recently, Hu et al. (2018)
proposed feature map recalibration with the Squeeze-and-Excitation (SE) block. This block is inspired by
the intuition that not all feature maps are informative for all classes. Therefore, the SE block learns how
to adaptively suppress the least discriminative feature maps (recalibration). They showed that the simple
addition of this block to state-of-the-art CNNs increased their representational power.

Semantic segmentation is one of the domains where CNNs have been pervasively used. Although one
can use conventional CNNs with fully connected layers (Pereira et al., 2016a), FCNs (Ronneberger et al.,
2015) are arguably one of the most important advancements regarding CNNs for semantic segmentation.
In these architectures, fully-connected layers are replaced by convolutional layers, usually, with 1 x 1
kernels. In this way, a set of voxels from an image patch can be efficiently classified in just one forward
pass. In FCNs, there is a direct spatial correspondence between units in the feature maps and the
classified voxels. Most of the advancements in CNN design can be easily incorporated into FCN. For
instance, the principles of VGGNet (Simonyan and Zisserman, 2014) and residual learning (He et al.,
2016) were incorporated in (Pereira et al., 2016a) and (Kamnitsas et al., 2018), respectively. However,
although the SE block has the attractive property of re-calibrating feature maps, it was conceived to weight
whole feature maps, which is not optimal for FCN. Since there is a spatial correspondence between units
in feature maps and the voxels, it is desirable to emphasize or suppress certain regions of the feature
maps, instead of the whole feature map.

In this paper, we explore the recombination and recalibration of feature maps. In recombination,
instead of reducing the feature maps number only, we employ linear expansion followed by compression
for mixing the information. Additionally, we study how to incorporate recalibration into FCN. In SE block,
global average pooling captures the whole contextual information in a feature map. Instead, we argue
that dilated convolution (Yu and Koltun, 2016) is better suited for the recalibration block in FCN. Hence,
the contribution of this paper is threefold. First, we propose recombination of feature maps by linear
expansion and compression. Second, we explore feature maps recalibration in the context of FCN. We
observe that the original SE block is not optimal for FCN, and we propose a better-suited alternative. Third,

we evaluate our proposal on brain tumor segmentation, using publicly available data.

4.3.2 Methods

We follow a hierarchical FCN-based brain tumor segmentation approach. Thus, we start by roughly
segmenting the whole tumor with a binary FCN (WT-FCN). Using this segmentation, we define a bounding
box around the tumor with a margin of 10 extra voxels in each side. Finally, a second multi-class FCN (MC-
FCN) is responsible for segmenting the multiple tumor structures inside the region of interest (ROI). The
proposed FCNs are inspired by an encoder-decoder architecture with long skip connections (Ronneberger
et al., 2015). The input for the FCNs are image patches extracted from all the available MRI sequences.
In this section, we start by defining the baseline FCNs; then, we present the proposed recombination and
recalibration (RR) block. This block is evaluated in the more challenging multi-class segmentation prob-
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lem. The WT-FCN is fixed across all experiments to isolate and make it easier to compare improvements
introduced by the RR block.

4.3.2.1 Baseline segmentation approach

The architecture of the 3D WT-FCN is depicted in Fig. 4.14. We used both regular blocks of convo-
lutional layers, and blocks with residual connections and pre-activation (He et al., 2016). This network
segments 3D patches, with the three pooling layers providing a large field of view. These two charac-
teristics contribute for reducing the number of voxels with false positive tumor detections. The baseline
MC-FCN architecture can be perceived from Fig. 4.15(a), by not considering the RR block. We design
the MC-FCN as a 2D network, as a proof of concept to evaluate the proposed component, which makes
it computationally cheaper than the WT-FCN. Hence, 2D image patches are extracted in the axial plane.
Additionally, we observed no benefits from using residual connections, or from being as deep as the
WT-FCN.

4.3.2.2 Recombination and recalibration

We propose recombination and recalibration of feature maps as complementary operations. Recombi-
nation consists in mixing the information across feature maps channels to create new combined features.
In the past, convolutional layers with 1 x 1 kernels were proposed as cross channel parametric pooling
(Lin et al., 2013) to decrease (compress) the number of feature maps. Also, bottleneck blocks in ResNet
compress the channels, process them, and expand to more channels. Instead, we propose linear recom-
bination of feature maps to increase the number of feature maps (expansion), followed by compression
to the original number. This operation is done by convolutional layers with 1 x 1 kernels (Fig. 4.15(b)).
Experimentally, we found an expansion factor of 4 to work well. Linear recombination of units in a given
spatial location of the feature maps results from the weighted sum of the units in the same location of all
feature maps. Hence, expansion combines features into a higher dimension, while compression learns
how to compress features and suppress the least discriminative ones.

We propose the RR block (Fig. 4.15(c)) that combines both feature map recombination and recalibra-
tion. Feature map recalibration with the SE block, as proposed in (Hu et al., 2018), is shown in Fig. 4.15(c)
- SE block. First, global average pooling summarizes each feature map into its average value to capture
contextual information. Then, two fully connected (FC) layers’ capture cross-channels relations. The first
one is a compression layer with a factor of r, followed by RelLU activation. The second FC layer restores
the original dimension, and is followed by the sigmoid activation function. Finally, this vector is channel-
wise multiplied with the input feature maps, i.e., each feature map is multiplied by a corresponding scalar
value, resulting in each feature map being scaled as a whole. Ideally, less discriminative feature maps
are suppressed. This approach was shown to improve learning in image classification. In this problem,
a feature map may have a strong response for a given class or subset of classes. However, in semantic
segmentation with FCN, a patch of voxels is segmented at once. So, there is a correspondence between

segmented pixels and units in feature maps. In this scenario, some regions of the feature maps may

7Equivalently implemented as convolutional layers with 1 x 1 kernels.
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upsampling to increase the feature maps size, and 1 x 1 convolutional layers to adjust the number of
feature maps, before addition. b) Recombination block. ¢) RR block, and the SE and SegSE blocks.

have strong activations that are relevant for the structure that is being segmented in that spatial location.
Hence, the SE block may be not optimal for semantic segmentation, since it collapses the whole feature
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map into a single value, regardless of the regions. Thus, the proposed RR block includes a segmentation
adapted SegSE block. A straightforward approach for adapting the SE block for semantic segmentation is
by simply removing the global average pooling layer. In this way, the spatial correspondence among units
and voxels is maintained. However, this is also not optimal, since contextual information is important to
evaluate the spatial importance of a given feature. In preliminary experiments, this approach resulted in
worse performance. Therefore, we propose our SegSE block (Fig. 4.15(c)) that uses a convolutional layer
with 3 x 3 kernels with dilation d for context aggregation. Simultaneously, this layer is responsible for the
compression stage. Experimentally, we found that the best dilation rates depend on the resolution of the
feature maps. This is due to the fact that deeper layers already have a larger field of view. Hence, we set
the rate in { RR', RR?, RR3} (c.f. Fig. 4.15(a)) to {3,2, 1}. In preliminary experiments, we evaluated
using spatial average pooling followed by convolutional and transposed convolutional layers, but, we ob-
tained worse performance. The reason is probably due to the checkerboard artifacts that appear with this
combination of layers, but not with dilated convolution.

4.3.3 Experimental Setup

We evaluate the proposed blocks in the Brain Tumor Segmentation Challenge (BRATS) 2017 and 2013
databases (Bakas et al., 2017; Menze et al., 2015). BRATS 2017 has two publicly available datasets:
Training (285 subjects) and Leaderboard (46 subjects). In BRATS 2013 we use Training (30 subjects)
and Challenge (10 subjects). For each subject, there are four MRI sequences available: T1, post-contrast
T1 (Tlc), T2, and FLAIR. All images are already interpolated to 1mm isotropic resolution, skull stripped,
and aligned. Only the Training sets contain manual segmentations. In BRATS 2017 it is distinguished
three tumor regions: edema, necrotic/non-enhancing tumor core, and enhancing tumor. In BRATS 2013
the manual segmentations have necrosis and non-enhancing tumor separately, although we fuse these
labels to be similar to BRATS 2017. Evaluation is performed for the whole tumor (all regions combined),
tumor core (all, excluding edema), and enhancing tumor. Since annotations are not publicly available for
2017 Learderboard and 2013 Challenge, the evaluation is computed by the CBICA IPP and SMIR online
platforms®. The development of the RR block was conducted in the larger BRATS 2017 Training set, which
was randomly divided into training (60%), validation (20%), and test (20%)°. However, networks tested in
BRATS 2013 Challenge were trained in the 2013 Training set.

Image pre-processing included bias field correction, and standardization of the intensity histograms
of each MRI sequence, as in (Pereira et al., 2016a). During training, we use the crossentropy loss, the
Adam optimizer with learning rate of 5 x 10~°, weight decay of 1 x 107°, and spatial dropout probability
of 0.05. Since we used convolution without padding, during multiplication or sum of feature maps with
different sizes, we cropped the center part of the biggest one. The compression factor r in the SE and
SegSE blocks was set to 10. Data augmentation included sagittal flipping and random rotations of 90°.
For training the binary whole tumor FCN, all tumor regions in manual segmentations were fused into a

single label. All the hyperparameters were found using the validation set, before evaluation in the test set.

®https://ipp.cbica.upenn.edu/ and https://www.smir.ch/BRATS/Start2013
9Subjects id in each set are available: https://github.com/sergiormpereira/rr_segse.
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The FCNs were implemented using Keras and Theano.

Metrics provided by the online evaluation platforms differ in BRATS 2017 and 2013. Hence, in BRATS
2017 we use Dice and the 95" percentile of the Hausdorff Distance (HDgs). In BRATS 2013, the online
platform computes Dice, Sensitivity, and Positive Predictive Value (PPV).

4.3.4 Results and Discussion

We evaluate the effect of recombination and recalibration of feature maps using the SegSE block
in the test set (20% of BRATS 2017 Training), and compare it with the baseline and RR with SE block.
Quantitative results are presented in Table 4.10, and segmentation examples in Fig. 4.16. When we
include the recombination by expansion followed by compression stage to the baseline FCN, we observe
that Dice improves in all tumor regions. Although this improvement is negligible in the enhancing region,
it is substantial in the whole tumor and in the tumor core. In fact, it achieves the highest Dice for tumor
core of all the blocks. However, the HDgs is higher in all classes, when compared with the baseline.

In Table 4.10 we can find results for the recalibration stage, when joined with recombination to form

Table 4.10: Results (average) obtained in the test set (20% of BRATS 2017 Training). We evaluate recom-
bination (Recomb.) of feature maps, and RR using both SE and SegSE blocks. Bold results show the best
score for each tumor region.

Dice HDy;
Method Whole Core Enh. Whole Core Enh.
Baseline 0.857 0.739 0.682 8.645 10.761 6.672
Baseline + Recomb. 0.865 0.769 0.687 9.720 11.453 7.790
Baseline + RR SE 0.859 0.756 0.672 8939 13.306 7.319

Baseline + RR SegSE 0.866 0.766 0.698 8.475 10.513 6.131

Tic GT Baseline Baseline + Recomb.

Figure 4.16: Examples of the segmentation obtained with each of the evaluated RR blocks. The colors in
segmentations mean: green — edema, blue - tumor core, and red — enhancing tumor.
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the RR block. We observe that the SE block, proposed in (Hu et al., 2018), leads to worse Dice, when
compared to the baseline with recombination layers. Actually, the Dice of the enhancing tumor is even
lower than the baseline. This may be due to enhancing region usually being a smaller part of the whole
tumor volume. Additionally, finer details are needed to define this region, hence its contribution to a whole
feature map response may be less strong than the other tumor regions and end up being suppressed
by the SE block. Therefore, we conclude that the SE block, acting as whole feature map recalibration
is not optimal for segmentation. Finally, it is possible to observe from Table 4.10 that the RR block
with the proposed SegSE recalibration achieves the best scores, both in Dice (excepting core by a small
margin) and HDg5. We note that the SegSE block is the only approach that substantially improves the
Dice of enhancing tumor over the baseline. Moreover, the HDg5; suggests that besides achieving good
overlap scores, it also obtains the best contour definition. The SegSE stage comes at the cost of more
parameters. In order to evaluate if its performance is due to these extra capacity, we proportionally
increased the width of the baseline, such that its parameters number becomes similar to the network
with RR + SegSE. The results obtained with this larger network in terms of Dice/HDgs were 0.852/9.049,
0.751/10.647, and 0.678/7.065 for the complete, core, and enhancing regions, respectively. So, the
RR SegSE block improvements are due to better learning, and not directly to the higher capacity.

We compare with the state of the art in BRATS 2017 Leaderboard and BRATS 2013 Challenge in
Tables 4.11 and 4.12, respectively. In BRATS 2017, most of the top performing methods are ensembles
of FCN. In principle, taking a CNN or FCN and building an ensemble will certainly lead to better results.
Since we are evaluating the effect of the SegSE block, we need to assess it in a single model. So, we
compare our results with other single CNN approaches, such as Islam and Ren (2018) and Jesson and
Arbel (2018), for the sake of fairness. Nevertheless, we present results obtained by the multi-model
and multi-training settings ensemble proposed by Kamnitsas et al. (2018), the winner of BRATS 2017
Challenge. In the single network approaches, Islam and Ren (2018) employed a hypercolumns-inspired
CNN. Jesson and Arbel (2018) used a FCN with multiple prediction layers and loss functions in different
scales. Additionally, the authors employed a learning curriculum to deal with class imbalance. From Table
4.11, we observe that the baseline achieves competitive results, when compared with the single-model
approaches. The Dice is comparable with Islam and Ren (2018), while the HDg5 scores are smaller.
Regarding the RR SegSE block, we confirm that it improves the baseline performance. Indeed, the results
are competitive with Jesson and Arbel (2018), with better Dice for core and enhancing regions, and HDg5
in the enhancing region. In BRATS 2013 Challenge (Table 4.12), the proposed FCN with the RR SegSE
block improves over the baseline, again. The other compared methods are all recent and top performing
CNN-based approaches. Pereira et al. (2016a) uses a plain CNN with fully-connected layers. Shen et al.
(2017) uses a FCN enhanced by input symmetry maps and a boundary-aware loss function. Zhao et al.
(2018) also proposes a FCN followed by a Conditional Random Field trained as Recurrent Neural Network
and a sophisticated post-processing stage. We note that the proposed method achieves the highest Dice
and Sensitivity scores. In fact, the baseline with the RR SegSE block is ranked 1% by the online evaluation
platform.
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Table 4.11: Results (average) obtained in BRATS 2017 Leaderboard set. Bold results show the best
score for each tumor region. Underlined scores are the best among single-model approaches (excluding
Kamnitsas).

Dice HDy;
Method Whole Core Enh. Whole Core Enh.

Islam and Ren (2018) 0876 0.761 0.689 9.820 12.361 12.938
Jesson and Arbel (2018) 0.899 0.751 0.713 4.160 8.650 6.980
Kamnitsas et al. (2018) 0.901 0.797 0.738 4.230 6.560 4.500

Baseline 0878 0.760 0.692 6.597 11915 5.978
Baseline + RRSegSE 0.884 0.771 0.719 6.202 10.215 6.702

Table 4.12: Results (average) obtained in BRATS 2013 Challenge set. Bold results show the best score
for each tumor region.

Dice PPV Sensitivity
Method Whole Core Enh. Whole Core Enh. Whole Core Enh.
Pereira et al. (2016a) 0.88 0.83 0.77 088 0.87 0.74 0.89 0.83 0.81
Shen et al. (2017) 0.88 0.83 0.76 0.87 0.87 0.73 0.9 0.81 0.81
Zhao et al. (2018) 088 0.84 0.77 0.9 0.87 0.76 0.86 0.82 0.8
Baseline 0.87 0.83 0.77 0.81 081 0.71 0.94 0.88 0.87

Baseline + RR SegSE 0.89 0.84 0.78 086 083 0.71 0093 0.89 0.88

4.3.5 Conclusion

Recalibration of feature maps has the power to adaptively emphasize discriminative feature maps and
suppress the uninformative ones. However, this is not optimal in the context of FCN for segmentation. In
this work, we propose recombination and recalibration of feature maps for semantic segmentation. The
former employs linear expansion followed by compression of feature maps for mixing features, while the
later adaptively recalibrates regions of the feature maps. We show that both recombination and recali-
bration improve over a competitive baseline. Although we opted for a simple U-net inspired network, the
proposed block can be used in other more complex FCN. Still, our FCN with the RR SegSE block achieves
competitive results in BRATS 2017 Leaderboard, when compared with other single-model approaches,
and superior results in BRATS 2013 Challenge.
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4.4 Summary

Convolutional Neural Networks possess the capability of efficiently learning features directly from the
data. These models were proved to be extremely powerful for Computer Vision, getting wide attention due
to their capabilities for object recognition.

In this chapter, we explored the capabilities of CNNs for brain tumor segmentation. We started from
a Classification CNN-inspired network. We employed convolutional layers with small 3 x 3 kernels that
allowed a deeper network. Also, we experimentally show evidences that careful pre-processing with his-
togram standardization in the context of CNNs is beneficial. This was novel, since the mindset at the
time was that Deep Learning-based models could learn directly from the data. Additionally, we proposed
inter-grade data augmentation, which was beneficial for the segmentation of LGGs.

Novel developments in CNN's design led to the development of FCNs for semantic segmentation.
These architectures are much more efficient than Classification CNNs. First, they can process a set of
voxels in just a forward pass. Second, it allows CNNs to process more data, enabling taking larger contexts
into account. Finally, during training time, we can backpropagate the errors in relation to much more
voxels. Because of these advantages, we adopted FCNs for our brain tumor segmentation pipeline. We
further proposed and employed a hierarchical brain tumor segmentation approach using FCNs. This was
pivotal in decreasing the amount of false positive detections, as well as in balancing the class distributions
during training time. In fact, it allowed us to reduce the need for post-processing, which was a weakness
of the Classification CNN-based approach.

Finally, having tuned the FCN-based hierarchical brain tumor segmentation approach, we proposed
feature recalibration and recombination. Although CNNs can optimize the representations for the task at
hand, some features are obviously more important for detecting some classes than others. Recalibration
consists in suppressing the less informative ones. However, in FCNs a feature map may contain relevant
data in some spatial locations, whereas in others it may be less important. Hence, recalibration must be
adaptive in relation to location. This was shown to be, indeed, better-suited than whole-maps recalibration.
Additionally, feature maps recombination by means of linear expansion to higher dimensions followed by
restoration of the number of feature maps was shown to be beneficial. The reason for this observation
may be because it enables the mixture and generation of complex features.
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Chapter 5

Interpretability of Machine Learning
System for Segmentation

In this chapter we investigate the interpretability of a Machine Leaning-based system. The proposed
system is composed of a Restricted Boltzmann Machine for unsupervised feature learning, and a Random
Forest classifier. The case studies at hand are brain tumor segmentation and penumbra estimation in
ischemic stroke lesions. We are interested in interpreting the system in relation to the input MRI sequences.
To that end, we define two levels of interpretation: global and local.

This chapter is based on the following publication:

¢ Pereira, Sérgio, et al. “Enhancing interpretability of automatically extracted machine learning fea-
tures: application to a RBM-Random Forest system on brain lesion segmentation.” Medical Image
Analysis, 2018.

Contribution The work in this chapter resulted from an internship of the author of this thesis in the
Medical Image Analysis group of the Institute for Surgical Technology and Biomechanics at the University of
Bern, Switzerland with Professor Doctor Mauricio Reyes. The development of the ideas and methodologies
was done jointly with Doctor Raphael Meier. The author implemented the methodologies, the experiments,

and the collection of results. Finally, the author was the main writer of the manuscript.
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5.1 Introduction

Machine learning approaches can be broadly divided into two categories: those using hand-crafted
features, and those relying on Representation Learning techniques. Representation Learning refers to a
set of general machine learning methods for automatic learning and extraction of features directly from
data. By contrast, hand-crafted features require expert knowledge on the problem, hence making them
more problem-dependent (LeCun et al., 2015). Notwithstanding, there is usually a data representation
mapping stage that takes the input data and transforms it into a more discriminative representation.

Despite the success of Representation Learning-based methods (Salakhutdinov et al., 2007; Krizhevsky
et al., 2012; Pereira et al., 2016a; Kamnitsas et al., 2017b), they are often regarded as uninterpretable
“black boxes”. This is due to the large number of layers, or nodes, which makes it difficult to unveil the
relations between inputs and outputs. In fact, this undesirable characteristic is shared with other machine
learning models, such as Random Forests (RFs) with many trees, or linear models with thousands of
features (Ribeiro et al., 2016a,b; Lipton, 2016). Thus, in general, there is a trade-off between the capac-
ity/complexity of the model and its interpretability. Nevertheless, while much of the focus on machine
learning has been dedicated to solving complex problems with high performance, the possibility of inter-
preting a decision of a model is still a very desirable property of a predictive system, but has not received
much attention so far. This is especially important with the pervasive adoption of machine learning-based
models in critical areas such as in radiology (Wang and Summers, 2012), where a prediction should not
be blindly followed. “Black box” models may look untrustworthy in the sense that a decision cannot be
explained, especially in case of failure.

However, as stated by Lipton (2016), trust and interpretability may be ill-defined. We can understand
trust as the confidence in the model itself, or its prediction (Ribeiro et al., 2016b; Freitas, 2014). In the
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former, we can trust a model if we have confidence that it will behave as expected after deployment. We can
base this trust on the measured performance. Yet, adversarial examples (Szegedy et al., 2014; Nguyen
etal., 2015) show us that unpredictable, or bizarre, behaviors may arise, even in highly accurate systems.
Trusting a prediction means that we have enough confidence that a given prediction is correct (Ribeiro
et al., 2016a,b; Lipton, 2016). Interpretability is a way to enhance trust in a system. Understanding the
predictions and how information is encoded in a model can help us to comprehend as to why it fails, and
avoid the undesirable trial and error development procedure (Zeiler and Fergus, 2014). Interpretability
can appear as an interpretation of the model itself, or as a post-hoc interpretation of the model through
its predictions. The former is hindered by the complexity of the model, which is usually proportional to
the difficulty of the task and model performance. On the other hand, post-hoc interpretability is based on
a qualitative explanation of an already trained system, by means of visualization, or study of examples.
In this way, there is less need to sacrifice model’s performance/complexity for the sake of interpretability
(Ribeiro et al., 2016a,b; Lipton, 2016). To further contextualize these ideas, the state of the art in model
interpretation is presented in the following section.

5.1.1 Previous work

We can broadly differentiate between two approaches for model interpretation: global and local in-
terpretation. The global interpretation of a machine learning model is aimed at understanding how infor-
mation extracted from the input data is used by the model to perform predictions. Local interpretation is
aimed at understanding why a certain decision was made by the model at hand.

In order to enable global interpretability, some authors proposed to simplify, or transform the mod-
els (Tibshirani, 1996; Olden and Jackson, 2002; Craven and Shavlik, 1996; Hara and Hayashi, 2016).
Tibshirani (1996) proposed Lasso to force some weights of the model to be exactly 0, which enhances
its interpretability. Craven and Shavlik (1996) converted a previously trained neural network into a more
interpretable decision tree. Olden and Jackson (2002) proposed a method to remove unimportant con-
nections from a neural network. Hara and Hayashi (2016) interpreted tree ensembles by approximating
a simpler model derived from the minimization of the KL-divergence between that simpler model and the
more complex model. Gallego-Ortiz and Martel (2016) deduced rules from RFs and presented them for
interpretation. These proposals have been defined for particular models and attempt to simplify models to
make them globally interpretable. While these models provide information about how the model learned
the training data, they can be less practical when there are high-dimensional feature vectors.

Another group of methods that are more model-agnostic treat the model as “black boxes”, and bring
understanding about their decisions. This is accomplished either by perturbation of the features (Cortez
and Embrechts, 2011; Krause et al., 2016; Ribeiro et al., 2016b), or by fitting a simpler model to the
predictions of the more complex one (Baehrens et al., 2010; Ribeiro et al., 2016a,b). These approaches
are post-hoc in the sense that they do not explain the inner workings of the model itself, but its predictions.
Particularly, perturbing features (Cortez and Embrechts, 2011; Krause et al., 2016; Ribeiro et al., 2016b)
and observing its impact on the decision may provide an estimate of the feature importance, but it does not
take into account correlations among features. Additionally, it may be impractical for high-dimensional fea-
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ture vectors. Other approaches try to interpret the learning algorithm locally, i.e., its behavior in the vicinity
of the test samples (Baehrens et al., 2010; Ribeiro et al., 2016a,b). To this end, Baehrens et al. (2010)
approximated the predictions of the model under analysis with another model. Then, an explanation vector
was defined as the derivative of the probabilistic output in relation to the data point. Explanation vectors
provide information about which features would affect more the prediction of that sample. Although the
method by Baehrens et al. (2010) may provide some insight about the model, a human may not extract
any interpretation from it, if the explanation vector is high-dimensional. Ribeiro et al. (2016b) also pur-
sued local interpretability as a way to achieve model agnostic interpretation that could be applied even for
very complex deep networks. For a given sample in the feature space of the model, a set of synthesized
examples in the vicinity of the sample is created, whose prediction is obtained from the model under
analysis. Then, a simpler model is fitted to these samples and interpreted. The simpler model does not
represent the original complex model globally, but it is an approximation of its behavior in the vicinity of
the given sample. Nevertheless, this approach is agnostic to the model being interpreted and robust to
its complexity. Most of the previous proposals relied on some sort of visualization to present the data for
human interpretation, focusing on approximations of the model under analysis. Other approaches purely
relied on visualizing the topology of neural networks (Hinton et al., 1986; Wejchert and Tesauro, 1989;
Tzeng and Ma, 2005). Zrinem et al. (2016) used t-SNE (Maaten and Hinton, 2008) in the context of deep
reinforcement learning to reduce the dimensionality of neural activations of a Deep Q Network, in order
to study the policies of the agent at hand. Visualization in the context of Convolutional Neural Networks
(CNN) comes in the form of saliency maps that inform which region of the image was important for a
given class (Simonyan et al., 2013), or deconvolving an activation and projecting it in the image space
(Zeiler and Fergus, 2014). The later involves coupling a deconvolutional neural network to the CNN under
analysis.

High-dimensional feature vectors increase the computational load and complexity of a machine learn-
ing model, as well as the risk of overfitting due to irrelevant features having spurious correlations with
the target variable. Furthermore, it may render the interpretability of a model more difficult (Tibshirani,
1996). Hence, feature selection may be seen as a prerequisite for enabling model interpretation. Univari-
ate feature selection methods evaluate the relationship of each feature with some condition of interest,
but cannot detect interactions among features, which is the advantage of multivariate methods. Some of
the latter approaches are wrappers around a learner that iteratively evaluate subsets of features in relation
to their predictive power (Ganz et al., 2015). However, these recursive feature elimination methods may
be unpractical for very large datasets. Random Forests also stand as a multivariate approach for feature
selection (Konukoglu and Ganz, 2014), due to their capability to measure feature importances through
the mean decrease impurity (MDI), allowing us to rank features. The drawback is that one still needs to
choose a user-defined threshold on the ranking, or, as proposed by Konukoglu and Ganz (2014), on an
upper bound on false positive rates in selecting unimportant features as relevant ones.

Taking into account the aforementioned interpretability-related studies, one can draw some conclu-
sions. 1) Post-hoc approaches provide tools to potentially interpret more complex models. This copes with
modern trends favoring powerful, yet complex, approaches, such as methods based on Deep Learning. 2)
A model can be agnostically, but locally, interpreted, providing insights regarding each individual decision.
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This may allow us to infer about its coherence and to reason about mistakes. 3) On the other hand,
approaches that focus on a global interpretation can provide clues about how the model learned to look
at the data, however, they are model-specific and lack the local interpretability necessary to understand
individual predictions. 4) High-dimensional feature representations may pose difficulties for interpretation.
Thus, effective feature selection methods might be required. 5) Visualization tools are natural human un-
derstandable data exploration tools for enhancing interpretability. 6) Interpretation is ultimately performed
by the human expert. For example, in radiology, clinical experts tend not to trust machine decisions as
the interpretability and ultimately the trustworthiness of automatic algorithms tend to be low (Wang and
Summers, 2012). If we want to increase trust, we should devise methodologies for interpretability that
are simple and understandable by humans. Additionally, with interpretability methodologies, we expect to
retrieve hints to answer the following questions: 1) How does a system use the input data to solve the task
at hand? 2) When a system fails, why does it fail? 3) Is the system capturing the relevant relations in the
data? For instance, Ribeiro et al. (2016b) found that a system that was accurately detecting Husky dogs
in pictures was basing its prediction in the presence, or not, of snow and not in the dog itself. This is an
example of a system that bases its predictions on a feature that does not coherently fit into the concept
of the target variable (Husky dog).

5.1.2 Motivation and contributions

Motivated by the current trend for favoring complex models at the expense of interpretability, in this
paper we propose to interpret a machine learning system both globally and locally. In contrast to previous
studies, we hypothesize that both global and local interpretability provide complementary insights about the
machine learning system at hand. The focus of this work is on the interpretation of automatically learned
features for lesion segmentation in medical images. Particularly, we will study the interpretation of features
stemming from Magnetic Resonance Imaging (MRI) sequences. We propose to drive feature selection for
the task at hand by coupling a Restricted Boltzmann Machine-based data representation model with a RF
classifier, to jointly consider existing correlations between imaging data, features, and target variables. The
contributions in this work are the following: i) We explore a strategy for global interpretability by inferring
which parts of the input data contributed the most for highly important features in different segmentation
tasks, thus indirectly interpreting how a RBM encoded the data. ii) We interpret image segmentations
locally through assessing the spatial relevance of the features distributed in the image space. Finally, iii)
in order to leverage interpretability, we also evaluate a joint Mutual Information and RF feature importance
strategy for automatically selecting important features. We evaluate the proposed approaches in brain
tumor segmentation and penumbra estimation in ischemic stroke lesions. In an ischemic stroke, the
closest tissues to the blocked blood vessels are at high risk of infarction. Those tissues around this
core that suffer from the reduced blood supply, but are still salvageable, form the penumbra region. The
databases used in this study for brain tumor segmentation and penumbra estimation are publicly available
and being actively used in recent research (Menze et al., 2015; Maier et al., 2017); thus, enabling future
comparison with our proposal.

The remainder of this paper is organized as follows. In Section 5.2, we introduce the two basic
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components used for our interpretable machine learning system. The proposed system, feature selection,
and interpretability methodologies are presented in Section 5.3. In Section 5.4 we describe the databases
and experimental setup. Results are presented in Section 5.5. Then, in Section 5.6, we discuss our
results. Finally, we draw the main conclusions in Section 5.7.

5.2 Preliminaries

Our machine learning system is based on a Restricted Boltzmann Machine (RBM) (Smolensky, 1986)
to learn features, and a RF classifier (Breiman, 2001) as discriminative model. RBMs are generative
unsupervised Representation Learning techniques that learn the intrinsic representation of the data without
information regarding any target variable (Hinton et al., 2006). Hence, RBMs can be trained on large
unlabeled data sets, as typically found in the clinics. This represents an advantage over supervised learning
approaches, as manual labeling of large data sets is expensive, time-consuming, and prone to intra- and
inter-observer variability. Features extracted by these unsupervised models have proven to be useful
for texture classification (van Tulder and de Bruijne, 2016) and volume estimation (Zhen et al., 2016).
Since RBMs are an unsupervised method, after feature learning it is necessary to employ a task-related
supervised learning algorithm (van Tulder and de Bruijne, 2016, 2015; Zhen et al., 2016), or supervised
fine-tuning stage (Nair and Hinton, 2010) that learns how to map the learned features to the desired task.
RFs are one of the possible supervised learning algorithms, which have shown advantages as a classifier,
such as being robust to overfitting, and successfully dealing with high-dimensional feature vectors by
identifying and ranking relevant features (Criminisi and Shotton, 2013). While this capability of RFs may
be used to find which features better explain the target variables, or for feature selection (Konukoglu and
Ganz, 2014), getting unbiased feature importance measures is not trivial (Louppe et al., 2013). Due to
its advantages, RFs have been successfully used in medical image analysis, e.g. (Criminisi and Shotton,
2013; Meier et al., 2014c; Zhen et al., 2016; Menze et al., 2016; Pereira et al., 2016b; Maier et al., 2017;
Meier et al., 2016; McKinley et al., 2016).

Since high-dimensional feature vectors may impair the interpretability of a model, feature selection is
required (Tibshirani, 1996). Filter-based feature selection methods have the advantages of scaling well
and being computationally efficient. Mutual Information (Ml) is an information measure that can be used
to assess feature relevance. Moreover, it has the advantage of measuring any kind of relation among
variables, even non-linear ones (Bennasar et al., 2015; Vergara and Estévez, 2014). Methods based
on this measure evaluate the M| between features and target variables (Peng et al., 2005; Battiti, 1994).
However, there is no involvement of the learning algorithm that is supposed to employ the selected features
in the actual selection procedure. In this paper, however, we use Ml both between data and features, as
well as between features and task-related classes through a RF.
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5.3 Methods

In this work, we consider two main blocks: the machine learning system, and the interpretability sys-
tem (Fig. 5.1). Taking into account the previous work (Subsection 5.1.1), feature selection is required to
enable an effective model interpretation. Thus, we will first introduce our machine learning system and
propose a methodology for feature selection. Subsequently, we will present methods for model interpre-
tation, which exploit the feature selection.

Machine learning system Result

Input data

Representation Task-related
mapping learner

Interpretability system

Global Local
interpretability interpretability

Figure 5.1: Proposed system. The machine learning system is composed of a representation mapping
stage that generates the input features for a task-related learner, which computes the prediction. Feature
selection is performed to enable an effective interpretation of the machine learning system. In order to
enhance model interpretability, the combined use of global and local interpretability is proposed. Blue
colored frames mark the modules representative of the main contributions in this paper. The visualization
of the training stage of the machine learning system and feature selection is omitted for simplicity. We
show an example application in brain tumor segmentation.

5.3.1 Machine learning system

There are two main stages in a machine learning system: representation mapping and the task-
related learner. The former corresponds to the feature computation stage, which can be performed by
representation learning or feature engineering. The latter is the predictive model, which is task-dependent
since it is a supervised learning algorithm.

5.3.1.1 Representation mapping

We use RBM (Smolensky, 1986) to realize the representation mapping stage of our machine learning
system. This is an undirected graphical Representation Learning model. The nodes are organized into
one visible and one hidden layer, whose states are represented by the vectors v = [v; : i = 1,...,m],

99



CHAPTER 5. INTERPRETABILITY OF MACHINE LEARNING SYSTEM FOR SEGMENTATION

and h = [h; : j =1,...,n], respectively. All nodes in one layer are connected to all nodes in the
other layer with weights represented by the matrix W = [wij]. No intra-layer connections exist. In this
work, the inputs to the visible layer are patches of shape d x d x d extracted from the set of available
MRI sequences C. Then, the patches are represented as a 1D vector and fed into the visible layer; thus,
m = d-d-d-|C| (Fig5.2). Originally, RBMs were proposed to model binary data in both layers. However,
image patches are represented by a continuous range of values. Thus, the visible units are defined as
linear units with independent Gaussian noise, which allows us to model continuous-valued inputs (Hinton,
2012). Noisy Rectifier Linear Units (NReLU) are used to represent the hidden units, since they proved to
be suitable for feature extraction (Nair and Hinton, 2010). Thus, after receiving the input in the visible
layer, the RBM can compute the activations in the hidden layer, thus mapping the input into a feature
vector. The joint configuration of the states of the visible and hidden units is represented by an energy
function defined as

2
Vv, — a; V;
E('U,h) :Z% —ijhj —Z;hjwij, (51)
g J ij o

where a; is the bias of the visible unit ¢, b; is the bias of the hidden unit j, and o; represents the standard
deviation of the Gaussian noise of v; (Hinton, 2012; Nair and Hinton, 2010). Having the energy function,

the joint probability distribution over v and h is

1
= Ee—EW h), (5.2)

where Z represents the partition function. Computing Z is impractical, but we can still sample in parallel

P(v,h)

the state of all the units in one layer conditioned on the other layer, given that there are no intra-layer
connections. Thus, we sample the hidden and visible units, respectively, as (Nair and Hinton, 2010; van
Tulder and de Bruijne, 2015)

P (hj|v) = max (O, Z wiv; + b + N <O, sigm (Z wW;;v; + bj> )) , (5.3)

P (UZ’h) = N (Z wijhj -+ Cli,O'i) s (54)
J

where N represents the Gaussian distribution and sigm the sigmoid function.

We use Contrastive Divergence (Hinton, 2002) with one step of alternating Gibbs sampling to train
the model. Since learning o is difficult, following Hinton (2012), we normalize each component of the
data with zero mean and unit variance and consider o; = 1. We also employ momentum, and both L1
and L2 weight-decay. L1 enforces sparsity, which leverages interpretability (Hinton, 2012), similarly to
Lasso (Tibshirani, 1996). After training, we compute features as noise-free activations of the NReLU units.
These units exhibit intensity equivariance if they are noise free and have zero biases (b; = 0) (Nair and
Hinton, 2010).
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I Input data — Represen_tatlon Task-related -
Mapping learner
RBM RF classifier

MRI sequence 1 (unsupervised model)

(supervised model)

f

MRI sequence ¢

fa

1xd-d-d-|c|

Label
(Training stage only)

____________________________________________________________

Figure 5.2: Machine learning system. We use RBM as Representation Mapping and RF classifier as
Task-related Learner. Patches are extracted from each MRI sequence, flattened, and concatenated into
one single 1D vector. The RBM receives the imaging data in the visible layer, and maps it into a feature
vector, as activations of the hidden units. G, identify meaningful groups of visible units that receive data
from a distinct MR sequence. The color in the connections identify weights that are linked to a given MRI
sequence. The feature vector is fed into the RF classifier, which outputs a prediction for the central voxel
of the patch (black dot).

5.3.1.2 Task-related learner

The RBM learns features from data in an unsupervised way, and without knowing the task for which
the features will be used for. So, we need a supervised learning algorithm to learn how to make predictions
out of those features. We use a RF classifier (Breiman, 2001) as task-related learner, by training it in a
supervised way. This model is an ensemble of Decision Trees, each one trained on a randomly selected
subset of the training set with replacement (bootstrap). Each training and testing sample is represented by
the activations of the hidden layer of the RBM. So, each sample is represented by a n-dimensional feature
vector and fed into the RF (Fig. 5.2). As the samples traverse the trees, a subset of features (randomly
chosen during training) is evaluated in each node. This characteristic, together with the number of trees,
allows the algorithm to deal with high-dimensional feature vectors. The randomness in the algorithm
allows it to be robust to overfitting. At the same time, although RF can estimate the feature importance,
getting unbiased measures is not trivial (Louppe et al., 2013; Criminisi and Shotton, 2013). For the
reader interested in more details regarding the RF classifier, we refer to Breiman (2001) and Criminisi
and Shotton (2013).
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5.3.1.3 Joint RBM-RF Mutual Information approach for feature selection

Usually, a feature represents the response of a feature detector applied over the data. Having noise
is harmful since the learning algorithm may capture spurious correlations between the features and the
labels. Additionally, feature noise, arising from detectors that enhance spurious variations in the data, may
be adverse for the learning algorithm (Zhu and Wu, 2004). So, we hypothesize that a good feature should
correlate with the class labels, and represent the data from which it was computed; hence, effectively
connecting data with class labels. If it holds true, then interpreting a prediction may be more feasible
in terms of which input caused it. Since Ml is a measure of statistical dependence, we employ it to
quantify the quality of the mapping between data and labels, through the features. Our procedure consists
of the following steps: First, after training the RBM, we compute n features (activations of the hidden
units) for each of the s training samples. Thus, for each & € {1,---, n} feature, we define a vector
fr=1[fr:r=1,--- s] that represents the values of feature % in all the training samples. Then, in
the case of multisequence MRI data, which is typically used in many clinical scenarios such as the ones
presented here, we measure M| between each feature f; and the intensities of each ¢ MRI sequence
(2. = [i,]) to quantify the statistical dependence between features and each sequence. Finally, for each
feature, we combine the MI measure between f; and each MRI sequence, as

MIy, (i ic) =Y H (i) + H (i) — H (£, i), (5.5)

where H corresponds to the Shannon entropy. We will refer to M I}, as RBM-MI in order to express that
the features are calculated by the RBM.

In RF, the contribution of each feature to decrease the impurity of training samples as they traverse
the RF nodes can be evaluated with the MDI metric (Louppe et al., 2013). Although this estimate may
be biased, it is still recommended, as obtaining unbiased feature importance estimations from tree-based
ensemble methods is quite impractical (Louppe et al., 2013). MDI is computed using the Information Gain
as splitting criteria in the nodes, which is equivalent to measure Ml between the decision in the nodes and
the class of the samples (Nowozin, 2012). We will denote this second component as RF-MDI.

The key idea in our proposal is to unify RBM-MI and RF-MDI into a common metric, in order to evaluate
the overarching mapping between data and labels. Hence, for feature selection, we link Ml measures
between features and data (through RBM-MI) with Ml measures between features and classes (through RF-
MDI). From experiments, we observe that when we plot the RF-MDI and RBM-MI for feature & in descending
order (Fig. 5.3, left) the curves are similar in shape, with a steep initial decrease. Then, features are
gradually less important. We want to find the point that corresponds to the transition between important
and unimportant features, both in terms of data representation and class label characterization. To this
end, we measure the Pearson correlation coefficient between the sorted RF-MDI and RBM-MI measures
for increasingly larger feature subsets; we note that the Pearson correlation coefficient is computed over
the RF-MDI and RBM-MI measures, not the features themselves. Finally, the maximum in the Pearson
correlation coefficient curve indicates the transition point v between important and unimportant features
(Fig. 5.3(b)). The final subset of selected features corresponds to the union of the best -y features sorted
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according to RF-MDI and RBM-MI (c.f. Fig. 5.3 and Algorithm 5). As noted in (Ganz et al., 2015), using
intersection instead of union can result in an empty set, although it can be prevented by including domain-
specific knowledge. The proposed approach has the advantage of not requiring any pre-defined threshold
(e.g. on the number of features). Still, if desired, one can define a minimum percentage or number of

features to be evaluated through Ml and MDI, and retrieve the union of those subsets.

5.3.2 Interpretability system

The interpretability of a machine learning model can be defined as the human reasoning on how
a model captures the input data, and why a certain decision is made. In contrast to previous works,
we acknowledge the relevance of both global and local interpretability as providers of complementary
information.
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Figure 5.3: Feature selection is based on RF-MDI and RBM-MI. a) RBM-MI (red) and RF-MDI (blue) of each
feature are plotted in descending order. b) Pearson correlation coefficient between accumulating subsets
of features MDI and MI. The dotted green vertical line marks the maximum of the Pearson correlation
coefficient.

Algorithm 5 Joint RBM-RF Mutual Information feature selection

function FeatureSelection (mi, mdsi)

Input: The vector sorted in descending order of RBM-MI values between each feature and the MRI
sequences mz; the vector sorted in descending order of RF-MDI mdz

Output: The subset S’ C S containing the index of selected features

pc + initialize_zeros()
for j € Sdo
pc; < pearson_correlation(md ... ;, mdi.... ;)
end for
v < argmaz(pc)
S« get_features(S,mi,y) U get_features(S, mdi,~)
return &’
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Global interpretability is defined as the reasoning and identification of relevant inputs for the machine
learning system as a whole. Although less model agnostic, it may help us answering how a model captures
the (training) input. In the context of medical imaging, it is a description of what the system learns from a
population. This may be used as a sanity check before deployment of the given machine learning model,
since the expert can infer whether the way the model is capturing the input data is coherent with his
prior knowledge on the problem. In addition, it is a valuable tool to unveil possible biases in the datasets
introduced by the population subjects’ selection or data processing.

We define local interpretability as the reasoning and identification of the relevant inputs for a given
decision, on a per-sample basis. Thus, locality is more related to why a decision is made, which becomes
more relevant after deployment, especially to study failures. In the context of medical imaging, it can
retrospectively help in understanding model decisions for a particular subject. Since our application is on
image segmentation, local interpretability is at the voxel level and thus also patient-level.

Our approach is post-hoc in the sense that interpretation comes at a later stage to model training,
instead of being embedded in the system itself. In this way, we avoid sacrificing complexity/ performance
of the model in favor of interpretability. In the following subsections we describe how global and local
interpretability are implemented in the proposed approach.

5.3.2.1 Global interpretability

We propose to study the relationship between the input data (in our example applications, the different
MRI sequences) and the RBM features. We define first a set containing all available n feature indices,
ie. S ={1,2,...,n}. Based on our feature selection method presented in section 5.3.1.3, we can
generate a reduced feature set S’ C S, which is more suitable for model interpretation than the complete
set of features. Some visible units may be grouped into ~ subsets of meaningful groups G,, such that
g = {gy sy = 1,2,...,z}. Each G, contains the indices of the visible units belonging to that
meaningful group. For instance, when using image patches from multi-sequence MRI acquisitions we can
group visible units belonging to the same sequence. In other words, the z-available image sequences
define the groups G, (see Fig. 5.2). In the extreme case where no meaningful groups can be defined,
each visible unit v; is a subset in itself. For interpretation, we compute the squared L2-norm of the weights
connecting a hidden unit to the visible units of each group G,,. This way, we determine the contribution of
each group G, to a hidden unit (i.e. feature). We repeat this procedure for all hidden units. We compute
the squared L2-norm because a negative weight may still make a visible unit contribute positively to the
hidden unit response, since the inputs are normalized with zero mean and unit variance. Additionally,
it decreases the contribution of very small valued weights that would contribute to noise, which may
impair the interpretability through visualization techniques. Algorithm 6 presents the complete procedure.
Taking brain tumor segmentation as example, we identify the relevance of the different MRI sequences
for a specific task (e.g. segmentation of the complete tumor vs. normal tissues) by studying the weights
connecting the hidden units of the most and least important features.

To facilitate interpretability, we sort the selected features in descending order of their importance (we
took the RF-MDI as a measure of feature importance for the classifier itself). Then, we plot the squared
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Algorithm 6 Squared L2-norm computation for global interpretability
function Globallnterpretability (W, S, G)
Input: The weight matrix W, the set S’ C S containing the index of selected features (=output of
algorithm 5), and the set of meaningful groups G
Output: Matrix with shape [|G], |S’|] of squared L2-norms L = [l,, ;/]
for j// € S’ do
for G, € G do
by, j < Zi'egy wy i
end for
end for
return L

L2-norm of the weights connecting the hidden units of the RBM to the subgroups of meaningful features
(e.g. Fig. 5.4(c)).

5.3.2.2 Local interpretability

We start by selecting the most meaningful features of a sample x (e.g. voxel of interest) by examining
its neighborhood. By randomly perturbing the feature vector, which is the activations of the hidden layer
of the RBM, of the selected sample x, a set of 7 synthetically generated samples (X = {z, : p =
1,--- ,m}), with feature vector Sz, is created. These synthetic neighbors are close to the original sample
in the feature vector space. Then, a classification (y,) for each neighbor is calculated with the classifier
under analysis f(-) (RF in our machine learning system), as y,, = f(fxp). Afterwards, a Ridge regression
model (g(+)) is trained on the synthetic set, using the output provided by the classifier under analysis as
target, to select a pre-defined number of explaining features, corresponding to those yielding the strongest
responses to the input, i.e. highest value of the product between the weights of the Ridge regressor and
features. The output of g(-) is a subset S” of the available feature indices contained in S’. Neighbors are
weighted according to their euclidean distance to the original test case (d,.,). Ridge regression has the
advantage of being simple and extremely efficient, which allows it to be applied voxelwise!. The procedure
is depicted in Algorithm 7. Here, we consider S’ provided by a previous feature selection procedure, which
selects features that highly correlate both with labels and the data. However, there is nothing that prevents
Algorithm 7 from being applied while taking the full set of features into consideration. Additionally, this
procedure can be used both in binary and multi-class problems.

Having the selected features, we could generate L2-norm plots similar to the ones proposed for global
interpretability for each test sample. However, since we are dealing with images, it is more insightful to
observe which parts of an image are more important for a given task, such as segmenting a particular
tumor compartment. After selecting the features that better explain a prediction, we assume that all of
those features must be equally taken into account for interpretation. However, the weights may be in
different ranges. So, we independently normalize the absolute value of weights connecting each hidden

linstead of the proposed approach with Ridge, we could use stability selection with Lasso (Meinshausen and Buhimann,
2010), which can select the optimal number of features. However, it still needs a threshold above which a feature is considered
relevant. Additionally, it works by training several models on randomly chosen subsets of the training set, making it much more
computationally demanding than Ridge.
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unit to the visible units to [0, 1]. In our case, we predict the class of each voxel = based on the features
computed by the hidden units of the RBM, which are extracted from a patch p centered on that voxel.
Thus, we proceed by summing the weights connecting each selected hidden unit to the visible units of
each sequence for all corresponding voxels contained in the patch centered on voxel z. By repeating this
for all voxels in the image space Z, we obtain, for each MR sequence ¢ € C, a corresponding image
H.. that contains voxel-wise importance values. We denote this procedure as spatial feature relevance for
local interpretability. The procedure is described in Algorithm 8.

The selection of locally relevant features is inspired by Ribeiro et al. (2016b) and motivated by some
features being important for some classes, while other features may be important for some other classes.
Thus, even though we selected a subset of important features before, some of them are more relevant
depending on the sample under analysis. Contrasting with Ribeiro et al. (2016b), where a simpler, yet
interpretable, model (Ridge regression in our case) serves as feature selector and explainer, we go further
as to explain which parts of the input data mostly contributed to the features response of the sample
under analysis. We realized this by projecting the MRI sequence relevance for a given feature back to the

image space of the respective MR sequences. Additionally, we previously selected a subset of features

Algorithm 7 Local test case specific feature selection
function LocalFeatSel (x, f(-), nfeat, Ny, 9(-),S’)
Input: Atestsample z, a model f(-), the number of desired features 7 ¢4, the number N, of neighbors
of x, and feature selection method g(.)
Output: Indices of the selected features S” C &’
{z,, d;,} < Perturb(z, n,,)
Yp < [flp)
S" < g(zp, Yp, duy, Nfeat)
return S”

Algorithm 8 Spatial feature relevance for local interpretability
function SpatialFeatureRelevance (Z, S”, C, W)
Input: the image space Z, the selected features for each test sample S” (=output of algorithm 7), the
set of (pre-aligned) MRI sequences C (e.g. C = {11, T\, T5, FLAI R}), and the weights matrix W
Output: Images with the voxel-wise importance for each sequence H = { H..}
H < initialize_zeros(ZT)
W <« normalize_weights(W')
forz € Z do
p < get_patch_indices(x)
for j/ € S” do
forc € C do
w, + sequence_weights(W 5" c)
fore c pdo
H._.(e) + H_.(e) +w,(e)
end for
end for
end for
end for
return H
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that correlate both with the labels and the data, which differs from Ribeiro et al. (2016b).

5.4 Experimental Setup

5.4.1 Databases

The proposed methodologies were applied to two segmentation problems with multisequence MRI
data: brain tumor segmentation and penumbra estimation in acute ischemic stroke, for which model pre-
dictions can be interpreted in the context of clinical expert knowledge and manual segmentation protocols
(Menze et al., 2015; Maier et al., 2017).

5.4.1.1 Brain tumor segmentation

For this problem, we used the publicly-available BRATS 2013 database (Menze et al., 2015) of the
MICCAI Brain Tumor Segmentation (BRATS) Challenge. The database has three sets with different num-
ber of subjects: Training (30), Leaderboard (25), and Challenge (10). The Training set contains manual
ground truth segmentations, distinguishing four tumor tissues: necrosis, edema, contrast-enhancing tu-
mor, and non-enhancing tumor. The evaluation of the Leaderboard and Challenge segmentation was
performed via the online platform SMIR? for three tumor regions: complete (all tumor tissues combined),
core (necrosis + enhanced + non-enhanced), and enhancing tumor. For each subject there are four
MRI sequences available with interpolated isotropic resolution of 1 mm: T1l-weighted (T1), gadolinium-
enhanced T1 (T1c), T2-weighted (T2), and Fluid-attenuated Inversion Recovery (FLAIR). All sequences are
already rigidly aligned, and skull-stripped. Further pre-processing included bias field correction (Tustison
et al., 2010), and normalization of the intensities in each MRI sequence with a histogram standardization
method (Nyul et al., 2000). Finally, we normalized the intensities of brain voxels to zero mean and unit
variance.

We chose the BRATS 2013 database due to two reasons: First, the ground truth data are manual
segmentations obtained by the fusion of four expert raters. These expert raters followed a manual seg-
mentation protocol (Menze et al., 2015) to acquire the ground truth data. Hence, it enables us to interpret
our machine learning system with respect to this protocol. Second, the dataset contains preoperative
brain tumor images only. In contrast to postoperative images, treatment-related imaging changes (e.g.
radiation necrosis (Mullins et al., 2005)) are absent in preoperative images thus rendering an evaluation
of our interpretation methodologies less complicated.

5.4.1.2 Penumbra estimation in acute stroke

For investigating the penumbra estimation in acute ischemic stroke, we employed the Stroke Perfu-
sion Estimation (SPES) database of the MICCAI Ischemic Stroke Lesion Segmentation (ISLES) Challenge
(Maier et al., 2017). The Training dataset includes 30 subjects with publicly available manual ground

“https://www.smir.ch/BRATS/Start2013
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truth segmentations, while the Challenge set is composed of 20 subjects. As in BRATS, the results for
the Challenge set are computed by an online platform®. Seven MRI sequences, comprising structural
and physiological sequences, were available: T1c, T2, Diffusion Weighted Imaging (DWI), cerebral blood
flow (CBF), cerebral blood volume (CBV), time-to-peak (TTP), and time-to-max (Tmax). All sequences are
already rigidly registered to the T1c sequence with image resolution of 2 mm and skull stripped. Further
pre-processing included the bias field correction (Tustison et al., 2010), and normalization of the inten-
sities with a histogram standardization method (Nyul et al., 2000) for the T1lc, T2, and DWI sequences.
Additionally, we clipped Tmax intensity values above 60 (Tmax > 6s threshold, as followed by the manual
segmentation protocol experts (Maier et al., 2017)). Finally, we normalized the intensities of brain voxels
to zero mean and unit variance.

5.4.2 Model training & parameters

Around 40,000 samples were extracted from each subject, and classes were balanced by having 50%
of normal tissue and 50% of total lesion tissue (in BRATS we further approximately balance the sampling of
tumor tissues). The RBM consisted of 600 hidden units (=features). For training the RBM, the learning rate
(€) was kept constant for the first 10 epochs, and then linearly decreased until the end of the training. In
the case of momentum (n), it was kept constant until epoch 100, and then linearly increased until the end
of training; no momentum was used in SPES. For penumbra estimation we thresholded the probabilistic
output of the RF at 0.6 (empirically found in the validation set). The remaining hyperparameters of the
RBM and RF are shown in Table 5.1. For training the RBM, we extracted the patches centered on a given
voxel from all MRI sequences. Then, the patches are represented as a 1D vector and fed into the visible
layer of the RBM. So, for brain tumor segmentation the visible layer has 4 - 9 - 9 - 9 = 2916 units, while
for penumbra estimation itis 7-5-5-5 = 875 (see Fig. 5.2). For the local interpretability method, each
image voxel's features were perturbed to generate 2400 synthetic samples, and the 10 most representative
features were selected. We set the regularization parameter \ of the Ridge regression model to 1.0. We
used the RF implementation in Scikit-learn (Pedregosa et al., 2011); the hyperparameters that are not
defined in Table 5.1 were set to default values. We used LIME* for generating the neighborhood of the
points and select the local relevant features for local interpretability. The implementation of the proposed
algorithms is available online®.

In this paper, we focus on enhancing the interpretability of the machine learning system at hand, thus
a thorough performance evaluation is out of scope. Nevertheless, evaluating the segmentation to some
extent is imperative to assess if the model is learning. Thus, we report the Dice Similarity Coefficient (Dice)
for BRATS and SPES, as well as the Average Symmetric Surface Distance (ASSD) for the latter, as defined
in (Menze et al., 2015; Maier et al., 2017).

Shttps://www.smir.ch/ISLES/Start2015
*https://github.com/marcotcr/lime
*https://github.com/sergiormpereira/EIML
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Table 5.1: Hyperparameters of the RBM and RF of our machine learning system. In RF, when not indi-
cated, default values were used.

Database Algorithm Hyperparameter Value
Hidden units 600
Mini-batch 32
BRATS RBM Gibbs samp. steps 1
SPES W init. N (0, 0.0001)
a, binit. 0
RE Trees 200
Split. crit. Info. gain
Patch size I9Ix9x9
Epochs 262
BRATS RBM Initial €; Final € 0.0001; 0.0000004
Initial n; Final n 0;0.5
L1; L2 0.001; 0.02
Patch size H5Xd XD
Epochs 498
SPES RBM Initial €; Final € 0.001; 0.00001
L1; L2 0.0002; 0.0002

5.5 Results

5.5.1 Feature selection

In Table 5.2, we present segmentation results using features selected with the proposed method in
BRATS and SPES. In order to have our approach compared with other methods for automatic feature
selection, we also present results when features are selected by Embedded or Wrapper feature selection-
based approaches. Embedded methods are represented by Lasso, Elastic Net, and stability selection with
Lasso (Meinshausen and Buhlmann, 2010). Recurrent feature elimination using a linear kernel Support
Vector Machine (RFE L-SVM), a RF, or a Ridge are categorized as wrapper approaches. We note that the
results reported in Table 5.2 were obtained using the RF classifier, but, with features selected by those
feature selection approaches.

In BRATS, with the proposed approach, we obtained a set of 329 features. The remaining methods
selected the following number of features: elastic net — 440, Lasso — 168, RFE L-SVM - 420, RFE RF
- 350, RFE Ridge - 400, and Lasso stability selection — 572. For the case of SPES challenge data, the
proposed approach yielded a subset of 117 features. In this application, the other methods selected the
following number of features: elastic net - 383, Lasso — 376, RFE L-SVM - 200, RFE RF - 350, RFE
Ridge — 550, and Lasso stability selection — 583. See # features BRATS/SPES in Table 5.2. It is important
to note that these embedded and wrapper methods were executed in a cross-validation scheme to find
the optimal parameters and features. The only statistical difference was observed when comparing the
proposed method with RFE RF in SPES, under a paired Wilcoxon Signed-Rank Test with significance level
of @ (Bonferroni-correction).

109



CHAPTER 5. INTERPRETABILITY OF MACHINE LEARNING SYSTEM FOR SEGMENTATION

Table 5.2: Comparison of feature selection methods on BRATS and SPES data. The percentages indicate
the fraction of features retained after feature selection. The metrics in the right correspond to the Dice on
BRATS 2013 (Leaderboard and Challenge) and SPES.

BRATS Leaderboard BRATS Challenge SPES
Selection approach Method # features BRATS # features SPES  Complete Core Enh. Complete Core Enh. Penumbra
Elastic Net 440 (73%) 383 (64%) 0.73+£022 0.60+028 058+033 0.81+005 075+0.14 072+0.10 0.75+0.14
Embedded Lasso 168 (28%) 376 (63%) 073+022 057+028 056+032 081+005 073+0.14 071+0.10 0.74+0.14
Lasso stability selection 572 (95%) 583 (97%) 0.74+021 0.61+028 0.57+033 080+005 075+0.14 072+0.10 0.74+0.14
RFE L-SVM 420 (70%) 360 (60%) 0.74+022 061+028 058+033 080+005 074+014 072+0.10 0.75+0.14
Wrapper RFE RF 350 (58%) 200 (33%) 0.74+021 060+028 058+033 080+005 074+0.14 072+0.10 0.75+0.14
RFE Ridge 400 (67%) 550 (92%) 0.74+021 0.60+028 0.57+033 080+005 074+0.13 072+0.10 0.74+0.14
Proposed - All feat. 600 (100%) 600 (100%) 0.74+021 0614028 058+0.33 081+005 074+0.13 072+0.10 0.75+0.14
Proposed - Sel. feat. 329 (55%) 117 (20%) 0.73+022 0.60+028 058+033 081+004 074+013 072+009 0.74+0.14

5.5.2 Comparison with other segmentation methods

Although the focus of this work is on interpretability of our machine learning system instead of perfor-
mance, we compared our results with the contestants of the on-site BRATS 2013 (Table 5.3) and SPES
2015 (Table 5.4) challenges. The compared methods include proposals based on ensembles of random-
ized trees, such as Festa, Meier, Reza, and Tustison, in BRATS; or CH-Insel, DZ-Uzl, and BE-Kul2, in SPES.
The method CA-Usher, in SPES, is built over a supervised Representation Learning algorithm (CNN).

We observed that in BRATS the set of important features changes accordingly to the task at hand
(c.f. Subsection 5.5.3.1). For example, when we segment the complete tumor as a binary problem, or
all tissues as a multi-label segmentation problem. Hence, motivated by this observation, and inspired by
Meier et al. (2014a), we evaluated a hierarchical approach: First, we segmented the complete tumor,
then we segmented the tumor tissues inside the previously defined region of interest. In Table 5.3 it is
possible to observe that the detection of the complete tumor improved with the hierarchical approach,
suggesting that different features are useful for different tasks. In BRATS (Table 5.3), the proposed model
achieved a lower Dice compared to Tustison. However, it is on pair with the other top methods. In SPES
(Table 5.4), the obtained results are comparable with the algorithms in the mid-table positions.

Table 5.3: Comparison with other methods on BRATS 2013 challenge set. Results obtained from (Menze
et al., 2015).

Dice

Method Complete Core Enh.
Cordier 0.84 0.68 0.65

Doyle 0.71 0.46 0.52

Festa 0.72 0.66 0.67

Meier 0.82 0.73 0.69

Reza 0.83 0.72 0.72
Tustison 0.87 0.78 0.74

Zhao 0.84 0.70 0.65
Proposed — All feat. 0.81 0.74 0.72
Proposed — Sel. feat. 0.81 0.74 0.72

Proposed — Hierarchical 0.84 0.74 0.71
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Table 5.4: Comparison with other methods on SPES challenge set. Results obtained from (Maier et al.,

2017).
Penumbra
Selection method Dice ASSD

CH-Insel 0.82 +£0.08 1.65+1.40
DE-Uzl 0.81+0.09 136+0.74
BE-Kul2 0.78+£0.09 2.77 £3.27
CN-Neu 0.76 £0.09 229+ 1.76
DE-UKF 0.73+0.13 244+1.93
BE-Kull 0.67 £0.24 4.00 + 3.39
CA-Usher 0.54 +£0.26 5.53+7.59
Proposed — All feat. 0.75+0.14 243 +193
Proposed — Sel. Feat. 0.74 +0.14 2.48 +2.04

5.5.3 Interpretability

We present two case studies for interpretability: brain tumor segmentation (Subsection 5.5.3.1) and
penumbra estimation in acute ischemic stroke (Subsection 5.5.3.2). In both cases, we present global and
local interpretation results.

5.5.3.1 Brain tumor segmentation

Since the segmentation of brain tumors and their sub compartments reflect a multi-label classification
problem, we can define different segmentation tasks: all tissues at once, complete tumor vs. normal
tissue, enhancing tumor vs. remaining tissues, or necrosis vs. remaining tissues. The first task is a
multi-label classification problem, where the target labels are all tissues — normal, necrosis, edema, non-
enhancing, and enhancing tumor. The other tasks are binary classification problems; in the case of
complete tumor vs. normal tissue, we fuse all tumor tissues of the manual segmentation into just one
class, and we use it for training. These different segmentation tasks serve the purpose of interrogating the
machine learning system at hand on the usefulness of features extracted from the different MRI sequences.
To leverage interpretability, we selected important features with the proposed feature selection method
(Subsection 5.3.1.3), leading to the following number of selected features: 329 (all tissues at once), 403
(complete tumor vs. normal tissue), 149 (enhancing tumor vs. remaining tissues), and 92 (necrosis vs.
remaining tissues). For each resulting feature set, we trained a RF model and performed global and local
model interpretation analyses.

Global interpretation We can interpret the model from a global point of view by inspecting how it
learned the input data. Fig. 5.4 shows the squared L2-norm plots for global interpretability, as well as
some feature maps representative of each zone of importance alongside with the sequence to which they

are more related to (in terms of mutual information). In Fig. 5.4 it is possible to observe that features
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encoding information from the T1 sequence are mostly relegated to the tail of the important features. In
contrast, features computed by hidden nodes that were strongly connected to Tlc, T2, or FLAIR are given
more importance. In very specific tasks, such as segmenting enhancing tumor (Fig. 5.4(c)), or necrosis
(Fig. 5.4(d)), some particular sequences are preferred, such as Tlc, or T2, respectively. On the other
hand, the top features of more complex (multi-label) tasks, such as segmenting all tissues at once, have a
higher mixture of features strongly connected to Tlc, T2, and Flair. A similar behavior is observed when we
segment the complete tumor (Fig. 5.4(b)), with the difference that T1c is less important, because FLAIR
and T2 are sufficient to delineate the lesion as a whole. Interestingly, the hidden nodes of the RBM are
more connected to one specific MRI sequence, instead of collecting information and combining multiple
sequences. This is confirmed by the feature maps that can depict some specific tissues. For instance
in Fig. 5.4(a), left, it is conspicuous for enhancing tumor, or in Fig. 5.4(b), second from left, the feature
map appears to enhance edema.

Local interpretation From the local interpretability point of view, we studied the local spatial feature
relevance for assessing how the input data was used for voxel-wise predictions in a given test subject
(Fig. 5.5 and Fig. 5.6). Similarly to the global interpretability, we studied the local interpretability for the
different tumor segmentation tasks (i.e. “all tissues at once”, “complete vs. normal tissue”, “enhancing
vs. remaining tissues”, and “necrosis vs. remaining tissues”). From Fig. 5.5 it is observed that the
identification of each class is attributed to a subset of the available MRI sequences coherent with obser-
vations from the global analysis. For instance, enhancing tumor is strongly linked to T1c, while necrosis
extracts more information from T2, but also from T1c in some extent. In the case of complete tumor (Fig.
5.6(a)), FLAIR resembles to play an important role, although T1c contributes considerably in the region of
enhancing tumor. In contrast to global interpretability, the local interpretability analysis allows us to better
disentangle the relevance of the different sequences for a particular patient and image region as well as to
study the cause of false positive segmentations. As an example, in Fig. 5.6(a) on the superior part of the
brain there are some false positive tumor segmentations visible. We observed that they are more related
to Tlc and FLAIR than to the remaining sequences. As discussed below, the local interpretability analysis

allowed us to find potential causes and pre-processing related issues that led to these false positives.

5.5.3.2 Penumbra estimation

Contrasting to the multi-class brain tumor segmentation, in SPES the task is binary and aims at
segmenting the penumbra region. On the other hand, SPES contains seven MRI sequences including
structural and physiological information, in contrast to the four structural MRI sequences in BRATS. In this
dataset, the number of selected features by the proposed approach was 117.

Global interpretation Fig. 5.7 shows the squared L2-norm plots for the global interpretability of the
model, as well as some feature maps and the MRI sequence to which the respective hidden unit is most
connected. First, we can observe that some specific MRI sequences contribute much more than others to
the most relevant features. The first three most important features come from the TTP sequence, while
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Figure 5.4: Global interpretability on the BRATS model. Several segmentation tasks are studied: a) all
tissues at once (multi-label), b) complete tumor vs. normal tissues, c) enhancing tumor vs. remaining
tissues, and d) necrosis vs. remaining tissues. For each task we show: top) squared L2-norm plots.
Features are sorted from most to least important (left to right). Brighter means higher squared L2-norm
of the weights connecting the hidden unit of a given feature to a given MRI sequence. Bottom) examples

of pairs of MRI sequences (left) and feature maps (right).
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Figure 5.5: Spatial feature relevance for local interpretability of the Challenge subject 0310 in BRATS for
the task of segmenting all tissues at once (multi-label classification). From left to right, we show the T1,
Tlc, T2, and FLAIR sequences, as well as the obtained segmentation in the first row. In the segmentation,
the tumor tissues are: blue — necrosis, green — edema, orange — non-enhancing, and red - enhancing
tumor. Each row corresponds to how the input data was used for predicting each class.

overall the Tmax sequence has the largest number of most important features. Observing the feature
maps in Fig. 5.7, they characterize the stroke region either as a hypointense or hyperintense area. MRI
sequences such as DWI, Tlc, and T2, have some features strongly connected to them for the most
important features, but appear mainly on the least important section of the ranked features in Fig. 5.7
top. Interestingly, contrasting to BRATS (Fig. 5.4) where features are mostly related to just one MRI
sequence, in penumbra estimation some features are computed from both the DWI and T2 sequences.
Finally, the CBF and CBV sequences are barely represented.

Local interpretation Local spatial feature relevance for penumbra estimation is presented in Fig.
5.8. It is possible to observe that Tmax and TTP are the sequences from which the model takes more
information. TTP appears with higher magnitude for relevance, but in the posterior part of the segmentation
it is lower compared to Tmax. Features related to the other MRI sequences are less preferred than
Tmax and TTP, with Tlc appearing with a larger contribution to approximate the overall stroke region
segmentation, and CBV appearing to be the least important for voxel-wise predictions.

Removal of MRI sequences Given the observations from the global and local interpretations that
CBV and CBF play a minor role in penumbra estimation, we experimented to train the system without
those MRI sequences. The system trained without the CBV sequence results in ASSD of 2.58 and Dice
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Figure 5.6: Spatial feature relevance for local interpretability of the Challenge subject 0310 in BRATS
for the tasks: a) complete tumor vs. normal tissues, b) enhancing tumor vs. remaining tissues, and c)
necrosis vs. remaining tissues. From left to right we show the T1, Tlc, T2, and FLAIR sequences, as well
as the obtained segmentation in the first row of each task.
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of 0.74. When we further removed both the CBV and CBF sequences the results were: ASSD - 2.54 and
Dice - 0.74. Comparing with Table 5.4, we can observe that the results are equivalent to those using all
the available MRI sequences.
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Figure 5.7: Global interpretability on the SPES model. Top) squared L2-norm plots. Features are sorted
from most to least important (left to right). Brighter means higher squared L2-norm of the weights con-
necting the hidden unit of a given feature to a given MRI sequence. Bottom) examples of pairs of MRI
sequences (left) and feature maps (right).

MRI sequences + segmentation

Figure 5.8: Spatial local interpretability of the SPES Challenge subject 1. Top) MRI sequences and seg-
mentation. From left to right we show the Tlc, T2, DWI, Tmax, TTP, CBY, and CBF sequences, as well as
the obtained segmentation. Bottom) local interpretability maps.

5.6 Discussion

Machine learning systems are pervasively being adopted as decision-support systems in critical fields,
like the medical domain. At the same time, the models are increasingly complex for the sake of perfor-
mance. This may pose a problem in their adoption due to trust reasons, as it is difficult to explain the
model and/or the respective predictions. Thus, there is a need to understand how a model learned the
input data, and why a certain prediction was made. In this paper, we propose a novel methodology to
enhance the interpretability of automatically extracted machine learning features. We also investigated
the notion of global and local interpretability. Global interpretability provides insights as to how the model
learned the data from a population. This allows us to infer if the studied model is coherent with the experts
knowledge. On the other hand, local interpretability leverages the understanding on why a prediction on
a subject-specific level was made. A limitation of interpretability systems is that there is no quantitative
metric available to measure interpretability of a machine learning system yet. Thus, we base our discus-
sion on extensive comparison with medical domain knowledge. The proposed machine learning system
encompasses a RBM as representation mapping stage and a RF as task-related learner. High-dimensional
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feature vectors may impair interpretability. Thus, we propose a Ml-based feature selection scheme that
simultaneously take into account the mapping between the input data and its representation (features),
and from the representations to the the task at hand (labels).

5.6.1 Joint RBM-RF approach for feature selection

From Table 5.2 we observed that all feature selection methods perform similarly, both in mean and
standard deviation; the only statistical difference was found when comparing the proposed approach with
RFE RF in SPES. However, just by looking at the metrics, some embedded wrapper methods seem to
achieve slightly better performances. However, they were evaluated in a cross-validation scheme to find
the best parameters and number of features. Moreover, Wrapper recursive feature elimination schemes
require training several models with progressively smaller feature vectors. The embedded methods do not
require the recursive feature elimination scheme. However, the selected features may be optimal for the
used learner, but not for the model that we must use in the end. Contrarily, by combining RBM-MI and RF-
MDI, the proposed approach offers the advantage of automatically selecting the optimal number of features
and does not require a threshold to be defined, nor a recursive feature elimination scheme. The main
motivation for feature selection in the context of this paper is to choose features that both correlate with the
data and the labels, and to leverage interpretability. In that sense, the proposed approach provides more
satisfactory results than the other methods, by decreasing the dimension of the feature vector to almost
half in BRATS, and to around 20% in SPES (only Lasso in BRATS achieves a more compact feature subset).
Moreover, the proposed feature selection approach does not impact the segmentation performance, when
comparing results to a model using all 600 RBM-derived features. Thus, the hypothesis that selecting
features with high mutual information both with labels and the data is viable. In this experiment, we
proposed to use Pearson Correlation Coefficient computed over the RBM-MI and the RF-MDI measures to
detect the transition between important and unimportant features. This choice came from the observation
of the decreasing regime of both metrics, and its empirical nature represents the main limitation of the
feature selection approach.

At the same time, this big reduction in the number of features imply that although RBM can automati-
cally compute features, many of them can be useless in the presence of more powerful ones. This may be
caused, in part, by the unsupervised nature of RBM, since it does not know for which task the features are
going to be employed (Larochelle and Bengio, 2008). Although models using a high number of features
can be prone to overfitting, in our experiments we did not observe such tendency, probably due to the
robustness of RF (Criminisi and Shotton, 2013).

Observing that the subset of important features changes with the task at hand, we devised a hier-
archical approach in BRATS. This allowed us to improve the segmentation of complete tumor. With this
approach, we are on pair with the methods of the on-site results of BRATS 2013 Challenge, with the excep-
tion of the winner of that edition. We note that despite these methods being from 2013, they still remain
as representative of RF-based approaches. All of them rely on hand-crafted features, while ours is based
on an unsupervised representation mapping algorithm. In SPES, the proposed machine learning system
is positioned on pair with the mid-table methods. However, top methods incorporate expert prior knowl-
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edge. CH-Insel includes atlases information, and presence of the voxel in the ipsi- or contralesional side.
Additionally, both CH-Insel and De-Uzl compute features of symmetry in relation to the mid-sagittal plane.
This kind of information cannot be captured by a representation learning algorithm. Even so, although
the proposed system is based on an unsupervised model, it achieved better metrics than a CNN-based
proposal (CA-Usher). We note, however, that the CA-Usher team achieved high performances in terms of
metrics in the training set (similarly as all the other teams). This behavior may be related to overfitting on
the training by this team, which may have been alleviated by the unsupervised nature of our approach.

5.6.2 Interpreting automatically extracted features in brain tumors

We can define several segmentation tasks in brain tumor image analysis. This allows us to interrogate
and interpret the machine learning system and assess if it is learning well, according to clinical expert
knowledge on the problem. Observing the squared L2-norm plots of the RBM weights connecting the
hidden and visible units representing each MRI sequence in Fig. 5.4, we obtained insight into which
sequences are more important for the different tasks. When we segment all tissues at once (Fig. 5.4(a)),
the most important features extract information from the Tlc, T2, and FLAIR sequences. As expected,
since T1 adds less information to the other ones, the features connecting strongly to this sequence are
the least important, or appear sparsely represented in the most important features. From a clinical point
of view, this result is valid for pre-operative brain tumor images as contained in the BRATS 2013 data
set. In the feature maps, we note that specific patterns of enhancing tumor and edema were extracted
from T1lc and FLAIR. Fluid-filled compartments are mostly enhanced in T2, while T1 encodes the fatty
tissue, mainly. This global interpretation is in line with clinical domain knowledge, and, hence, allows
us to conclude that the model is correctly utilizing the imaging information. From the local interpretation
results, in Fig. 5.5, we can observe not only which sequence contributes the most for each label class, but
also study this contribution with respect to image regions. For example, segmentation of edema is mainly
based on FLAIR. However, according to Menze et al. (2015), segmentation of edema is also based on T2.
The reason for the model to prefer FLAIR may be because it can differentiate edema from the cerebrospinal
fluid, which is contained e.g. in the ventricles. Tlc is the second choice in predicting edema. Although
one could expect T2 to appear after Flair, the enhancing rim reflects a strong prior on the extent of the
tumor core (hence limiting the extent of edema, too), at least in the images of BRATS 2013, which are
mostly high-grade glioma. Thus, since we deal with patches in our system, the model may learn that
close to edema, features with high response on Tlc may exist. As expected, T1lc clearly dominates the
predictions of enhancing tumor.

5.6.2.1 Interpreting the binary brain tumor segmentation tasks

Regarding the binary brain tumor segmentation tasks, we observed that among the most important
features for complete tumor (Fig. 5.4(b)) there are features strongly related to all sequences, contrasting,
for instance, with segmentation of the enhancing tumor, or necrosis. This is due to the higher variability
of the tumoral tissues included in the “complete tumor” region, than in the other binary tasks where the

tissue type shows much lower intensity variability across sequences. For the binary task of segmenting
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the complete tumor as a whole, the T2 and FLAIR sequences are more important. This is in accordance
with the manual segmentation protocol used in BRATS, where the complete tumor was firstly defined
based in those same MRI sequences (Menze et al., 2015). From the first (i.e. most-left) feature map in
Fig. 5.4(b), it can be observed that the hypointense portion of the T2 image is encoded in the respective
feature map, including mainly areas of white matter and solid tumor tissue. Interestingly, some Tlc-
based features appear to capture intra-tumoral regions. This can be observed in the third (from left to
right) feature map of Fig. 5.4(b), and in the local explanation of predictions in Fig. 5.6(a), where Tlc is
important in the enhancing rim region. This observation shows that the Ridge regression is able to identify
locally important features, indeed. However, following results from both global and local analysis, features
derived from FLAIR appear to be the most dominant for defining the complete tumor, in general. When we
segmented the enhancing tumor against all the other tissues, the most important features are provided
by hidden units with their weights strongly connected to the Tlc visible units. In Fig. 5.6(b), we also
observed that locally the T1lc sequence completely dominates over the other ones. This was expected,
since enhancing tumor region is characterized by the Tlc image. Finally, in the necrosis segmentation
task, features that are strongly connected to the T2 sequence appeared more often among the most
important features in the global squared L2-norm plots (Fig. 5.4). However, some Tlc-based are also
ranked among the top. For the patient case 0310, shown in Fig. 5.6(c), we can see two lesions, each
with necrotic tissue. Interestingly, for segmenting the larger necrotic core of the more central lesion, the
T2 sequence seems to be more relevant than Tlc. In contrast, for segmenting necrosis in the smaller
lesion both sequences appear equally important. This observed complementarity of T1c and T2 is in line
with the manual segmentation protocol (Menze et al., 2015), since both T1c and T2 are used for defining
the tumor core and for differentiating the non-enhancing part of the tumor from necrosis and enhancing
tumor. Necrotic regions are mostly surrounded by the enhancing tumor, hence the importance of the Tlc
for this task. Indeed, in the feature map related to this sequence, shown in Fig. 5.4(d), the enhancing rim
appears completely dark, while the inner part, corresponding to necrosis, is enhanced. In this way, we
are able to verify and conclude that the system learned the correct relations in the data. We emphasize,
however, that these observations apply for pre-operative acquisitions only. In a post-operative setting the
relevance of the different MRI sequences for tumor segmentation is different (Meier et al., 2017).

5.6.2.2 Further considerations

Apart from studying the relevance of the different sequences for tumor tissue predictions, we observed
for patient case 0310 in Fig. 5.6(a) some misclassified tumor regions on the top of the brain. The dom-
inant source for this misclassification are features related to the T1c or FLAIR sequences. Hence, these
misclassifications are probably caused by errors of the skull-stripping procedure, which was insufficient
for this image region (remaining extra-cerebral tissue such as e.g. meningeal tissue that typically appears
enhanced in T1c, similarly to tumor tissue).

All the previously mentioned observations suggest that, despite being a completely unsupervised al-
gorithm, the RBM is able to identify tissue patterns and the most important spatial features of the imaged
pathologies at hand. Moreover, by inspecting the strength of the weights we can identify which inputs
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were considered more important for each feature. Taking these results into account, it is clear that RBM
computes representations that are more important depending on the task at hand. This is confirmed by
our hierarchical approach yielding improved results over the “segment all at once” scheme, and more
similar to those obtained by hand-crafted features.

Although some sequences are clearly less important than others, we observed a degradation in perfor-
mance if some MRI sequence is removed. This is in accordance with Havaei et al. (2016), since the authors
observed a performance drop when some sequence is missing, too. Brain tumors are characterized by
being a heterogeneous kind of lesion, with some portions conspicuous only in some MRI sequences. As
we can observe in Fig. 5.4, 5.5, and 5.6, all the four MRI sequences have some importance for some
task.

5.6.3 Interpreting automatically extracted features in acute ischemic stroke

We also evaluated the proposed methodologies in a penumbra estimation problem, using the SPES
database of the ISLES2015 MICCAI challenge. During acute ischemic stroke, the most severely affected
region, the core lesion, consists of irreversibly damaged tissue. Penumbra refers to the larger region of
dysfunctional, but salvageable, tissue at risk of infarction. Hence, it is imperative to treat this region as
fast as possible. The core lesion is conspicuous in DWI, but penumbra is not (Copen et al., 2011; Straka
et al., 2010). Additionally, the core lesion is smaller than the penumbra region. Possibly because of this,
features computed by hidden nodes that are strongly connected to the DWI sequence were not ranked
among the most important features in the squared L2-norm plot for global interpretability, Fig. 5.7. If
the system heavily relied on DWI, it could underestimate the penumbra extension (observe third feature
map in Fig. 5.7, which relies both on DWI and T2). Conversely, the penumbra is better visualized in
Perfusion Weighting Imaging. CBV corresponds to the blood volume in the area. Regions of low CBY
correlate with the core and final outcome of the infarction; however, we are interested in predicting the
complete penumbra. Inturn, CBF is related to the supply of oxygen and nutrients to the tissue, being more
correlated to the salvageable tissue. Thus, CBF allows us to study which regions are underperfused. Still,
both CBV and CBF have some disadvantages: they are heterogeneous between gray and white matter,
even in normal tissue; they are susceptible to errors caused by signal clipping, and they are affected if
the blood-brain barrier is not intact (Copen et al., 2011; Straka et al., 2010). Moreover, the penumbra in
those sequences is underestimated if the bolus is delayed and in short acquisitions. Nevertheless, CBF
suffers less from this problem than CBV (Copen et al., 2011; Straka et al., 2010). While the machine
learning system selected just a few hidden nodes that compute CBF-related features, it did not select
any for CBV, Fig. 5.7. This may be related with CBF being more related to the penumbra, while CBV
appears to identify regions closer to the core. Additionally, the disadvantages of these sequences, pointed
out above, may contribute for a more heterogeneous data, hence being harder to capture relations in it.
On the contrary, TTP and Tmax are the sequences with the highest importance, according to the squared
L2-norm plots of Fig. 5.7. In fact, these sequences are not directly measuring perfusion, but correlate well
with hypoperfusion. TTP and Tmax are more independent of the tissue type (less heterogeneous in gray
and white matter) and the acquisition time, than CBV and CBF. Moreover, the lesions are conspicuous in
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these sequences (Copen et al., 2011; Straka et al., 2010). For this reason, Straka et al. (2010) proposed
a method for penumbra estimation based on thresholding the Tmax > 6 s, and further removal of small
clusters. Furthermore, the manual segmentation protocol of the SPES database starts by thresholding the
Tmax sequence to have a first segmentation of the hypoperfused region. The other MRI sequences are
then used to refine it, by removing the sulci, non-stroke pathologies, and previous infarcts (Maier et al.,
2017). These considerations show the importance of Tmax for estimating penumbra. The feature maps
shown in Fig. 5.7 appear to identify penumbra patterns, by appearing hypointense in the TTP image and
hyperintense on the Tmax, in the area of interest. Some features based on Tlc and T2 also appear as
important, which may be related to the suppression of sulci, similarly to the manual segmentation protocol.
In the spatially distributed explanation of the predictions (Fig. 5.8), the importance of TTP and Tmax is
confirmed. Interestingly, one can note that those two sequences change their importance according to
the location. The importance of CBV is not zero everywhere because, although no features are strongly
linked to that sequence, there are some residual weights that accumulate during the local interpretability
algorithm, even though we employed L1-norm to turn the least important weights to 0. This may be an
artifact of the algorithm, although the magnitude of importance of CBV is much lower than the strongest
responses, thus can be considered as negligible.

Although the system learned to rely on Tmax and TTP at the expense of CBV and CBF, we know
from the literature that the latter sequences should have some discriminative power (Copen et al., 2011;
Straka et al., 2010). Still, as previously mentioned, their importance is reduced, as computed by our
methodologies. However, upon confirmation with a clinical expert, this may point to a bias introduced
during the manual segmentation step, since it heavily relies on the Tmax perfusion sequence that is
thresholded at 6 s. The machine learning system may learn to recognize its importance, since the expert
similarly applies an intensity threshold on the Tmax image. Moreover, this may account for the success
of the top-2 methods in Table 5.4, since both thresholded Tmax. So, interpreting a model may unveil
potentially imperceptible biases on the training data. In fact, the possibility to disclosure problems in
the data is pointed out by Ribeiro et al. (2016b) as one of the advantages of developing interpretation
methodologies for machine learning systems.

When we trained a system without the CBV and CBF sequences, the results were similar to using all
the MRI sequences. Of course, as mentioned before, this may be due to a bias in the manual segmentation
procedure. Nevertheless, the interpretation of the system allowed us to identify MRI sequences that are
less important and remove them from the system. Thus, interpretation may help to identify unimportant

MRI sequences for some tasks, which can be helpful for reducing acquisition time and cost.

5.7 Conclusion

In conclusion, we propose a machine learning system based on a RBM as representation mapping
and a RF as task-specific learner. Furthermore, we propose methodologies and definitions for the machine
learning system interpretability, both globally and locally. Despite being a shallow model, a RBM can still
learn meaningful features in an unsupervised way that are useful for segmentation. Indeed, although being
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unsupervised, it learned to compute tissue specific features, as observed in the feature maps. The fact that
it is shallow, however, makes it simpler to find useful information in its weights. This suggests that despite
being regarded as “black boxes”, we can still interpret the behavior of these models. We observed that
the most important features could extract sequence- and task-specific knowledge. Contrasting with the
common belief that these models mix all the information in their weights, in fact these findings suggest that
it is employed in an organized fashion. Furthermore, we could verify that the system was able to capture
information coherent with expert knowledge, such as the manual segmentation protocol used for BRATS
2013 (Menze et al., 2015) and penumbra estimation for SPES (Maier et al., 2017). This was observed
both globally and locally (spatially distributed in the image space). For instance, in the complete tumor vs.
normal tissue in BRATS, it was observed through the local interpretability methodology that FLAIR is the
most important sequence, as expected. However, for the regions overlapping with the enhancing tumor
the system still recognized the importance of the T1c sequence. Also, we could suggest a possible bias
towards the importance of the Tmax sequence introduced by the manual segmentation protocol in SPES.
With our interpretability methodologies, we aimed at improving the transparency and interpretability of
Representation Learning-based methods to increase their acceptance in clinical applications. Finally, we
proposed a strategy for feature selection combining RBM features and RF MDI. Summarizing, we present
a methodology joining RF and RBM for data understanding, and feature extraction and selection. This
approach opens opportunities to understand how MRI sequences are being used for each segmentation
task; thus, it can potentially be useful to refine imaging protocols for a given segmentation task, with an
impact both in acquisition time and cost. As well, it may be helpful to understand and take advantage of
sequence specific features. In the future, we want to investigate how these findings can be extended for
other models (for instance, Deep Belief Networks) and applications. Additionally, we will investigate more
principled approaches for feature selection using both RBM-MI and RF-MDI.

5.8 Summary

Machine learning systems are achieving better performances at the cost of becoming increasingly
complex. However, because of that, they become less interpretable, which may cause some distrust by
the end-user of the system. This is especially important as these systems are pervasively being introduced
to critical domains, such as the medical field.

Representation Learning techniques are general methods for automatic feature computation. Nev-
ertheless, these techniques are regarded as uninterpretable “black boxes”. In this chapter, we propose
a methodology to enhance the interpretability of automatically extracted machine learning features. The
proposed system is composed of a Restricted Boltzmann Machine for unsupervised feature learning, and
a Random Forest classifier, which are combined to jointly consider existing correlations between imaging
data, features, and target variables. We define two levels of interpretation: global and local. The former is
devoted to understanding if the system learned the relevant relations in the data correctly, while the latter
is focused on predictions performed on a voxel- and patient-level. In addition, we propose a novel feature
importance strategy that considers both imaging data and target variables, and we show the ability of the

122



CHAPTER 5. INTERPRETABILITY OF MACHINE LEARNING SYSTEM FOR SEGMENTATION

approach to leverage the interpretability of the obtained representation for the task at hand.

We evaluated the proposed methodology in brain tumor segmentation and penumbra estimation in
ischemic stroke lesions. We show the ability of the proposed methodology to unveil information regarding
relationships between imaging modalities and extracted features and their usefulness for the task at hand.
In both clinical scenarios, we show that the proposed methodology enhances the interpretability of au-
tomatically learned features, highlighting specific learning patterns that resemble how an expert extracts

relevant data from medical images.
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Chapter 6

Automatic Brain Tumor Grading From MRI
Data Using Convolutional Neural Networks
and Quality Assessment

In this chapter we investigate automatic glioma grading from structural MRI sequences using a CNN-
based approach. Glioma grading is a crucial step for treatment planning. However, biopsy and histological
studies are time demanding, and prone to sampling error. Therefore, automatic glioma grading may
expedite treatment planning. Furthermore, we incorporated interpretability techniques in the developed
CNN-based method for quality assurance. In this way, we verify if the model is taking into consideration
correct patterns of the data. Finally, we show that interpretability is helpful in identifying learning problems,
thus allowing correction strategies.

This chapter is based on the following publication:

¢ Pereira, Sérgio, et al. “Automatic brain tumor grading from MRI data using convolutional neural
networks and quality assessment.” Workshop on Interpretability of Machine Intelligence in Medical
Image Computing, Lecture Notes in Computer Science, 2018.

Contribution The author of this thesis was responsible for conceiving and implementing the ideas and
methods described in this chapter. Furthermore, he also conducted the experiments, and analyzed the
resulting data. Finally, the author was the writer of the manuscript listed above.
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6.1 Introduction

Gliomas are the most common primary brain tumors, being graded according to their malignancy. The
most aggressive one is Glioblastoma Multiforme. These HGGs proliferate and infiltrate the surrounding
tissues at a very fast pace. In fact, patients have a very short life expectancy, even if under treatment
(Van Meir et al., 2010). Lower grade gliomas are less aggressive, and patients have a better prognosis.
Nevertheless, LGGs can evolve into HGGs, hence, follow-up is required (Grier and Batchelor, 2006). Glioma
grading is crucial when deciding the treatment procedure, which can range from surgery followed by
chemo- and radiotherapy, to a “wait and see” approach. The latter avoids invasive procedures and is
more common with LGGs (Grier and Batchelor, 2006; Menze et al., 2015).

Histopathological diagnosis of biopsy specimens is the gold standard for glioma grading. However, it
is time consuming, invasive, and prone to sampling error (Zacharaki et al., 2009). MRI is the standard
imaging technique for brain tumor diagnosis in clinical practice. In general, attributes of HGG in MRI in-
clude the contrast enhancing tumor tissue, necrotic core, edema, non-enhancing tumor, and mass effect.
LGGs are usually more diffuse, non-enhancing, smaller, and cause less mass effect. Nonetheless, some
HGGs may have some attributes of LGGs, and vice versa (Grier and Batchelor, 2006; Steed et al., 2018;
Van Meir et al., 2010). Tumor grading from imaging data would be useful in clinical practice, since it
would avoid the sampling error, and expedite treatment planning by anticipating the histopathological re-
sults (Zacharaki et al., 2009). Additionally, it would avoid the invasive biopsy procedures during follow-up.
Studies suggest that perfusion MRI is more informative for glioma grading than structural MRI sequences
(Zacharaki et al., 2009). Still, perfusion MRI is not widely acquired in clinical practice (Essig et al., 2013);
in fact, perfusion MRl is seen as a plus, while structural MRI is part of the current consensus recommen-
dations for standardized brain tumor imaging (Ellingson et al., 2015). Computer-based tumor grading
from MRI is relatively unexplored. Zacharaki et al. (2009) predict the grade of gliomas from MRI images
using a Support Vector Machine classifier. The method requires radiologists to manually define four ROls
in the tumor. Khawaldeh et al. (2017) use CNNs in a semi-automated approach where the tumor grade
is predicted from 2D slices selected by radiologists, which may result in multiple and possibly ambiguous
predictions for the same patient.

Convolutional Neural Networks offer the potential for learning tumor grading directly from imaging
data without human-defined ROls. However, these methods may fall into overfitting, and learn spurious
patterns in the data. Hence, a quality assurance stage before deployment of these methods is desirable.
As shown by Pereira et al. (2018c), interpretability of machine learning methods, through explanations of
their predictions, allows one to assess which parts of the MRI image are more important for a prediction.
In this way, one can evaluate if a model is trustworthy. Moreover, explanations may provide hints on

undesirable behaviors, and allow one to devise improving strategies.

126



CHAPTER 6. AUTOMATIC BRAIN TUMOR GRADING FROM MRI DATA USING CONVOLUTIONAL NEURAL NETWORKS AND
QUALITY ASSESSMENT

The contributions in this section are the following. i) We propose to use 3D CNN for automatic glioma
grading from conventional multisequence MRI, either from the whole brain, or an automatically defined
tumor ROI. ii) We assess the predictions by means of visual explanations. In this way, we were able
to assess the predictions’ trustworthiness and, as shown in the experiments, detect a problem in pre-
processing. Finally, iii) we validate our approach on a publicly available database, making it more easily
comparable with future proposals.

6.2 Methods

The proposed grading system has two main stages: ROl extraction, and glioma grade prediction.
Additionally, we have an interpretation of predictions stage that serves as prediction quality assessment,
and we use it for two purposes. First, to evaluate if regions indicative of tumor grade are the most relevant
ones for classification. Second, to identify possible problems with the method (e.g. focus on spurious
patterns) and devise strategies to obtain better classifiers.

6.2.1 Extraction of the region of interest

We consider and evaluate glioma grading from two ROI: the whole brain, and the tumor region. First,
we automatically identify these regions in the image, and define a bounding box around them. Second,
these volumes are extracted, resized to a fixed size, and fed into the tumor grade classification CNN.
We note that an independent CNN is trained for each of the ROIl. Regarding the whole brain region, in a
skull-stripped image a bounding box can be easily defined from the brain mask.

For the tumor ROI, a bounding box is defined after segmenting the whole tumor. In order to account for
segmentation mistakes, we give a margin of 10 voxels in each side of the bounding box, while maintaining
the aspect ratio of the tumor.

Segmentation of the whole tumor from multisequence MRI is achieved with a 3D U-net-inspired (Ron-
neberger et al., 2015) fully convolutional network; the network architecture is depicted in Fig. 6.1 (top).
A 3D patch is extracted from each MRI sequence, stacked as channels, and fed into the network. The
encoder path is responsible for learning the higher order features. Max-pooling layers increase the field
of view, but downsample the feature maps. Features computed by higher (deeper) convolutional layers
are more abstract. However, these features lack fine details that are important for segmentation. Since
the feature maps are downsampled, we need to map the lower resolution feature maps back to the input
patch resolution. This is done by upsampling. As we upsample feature maps, we sum them with the
feature maps of equivalent size of lower layers of the encoder path. Further convolutional layers fuse the
lower and higher-level features. We also employ residual blocks with pre-activations (He et al., 2016) that
make training of deep networks easier. To deal with overfitting, we used a variant of Dropout called Spatial
Dropout (Tompson et al., 2015). The last layerisa 1 x 1 x 1 convolutional layer, with sofmax activation.

127



CHAPTER 6. AUTOMATIC BRAIN TUMOR GRADING FROM MRI DATA USING CONVOLUTIONAL NEURAL NETWORKS AND
QUALITY ASSESSMENT

Glioma ROI segmentation CNN
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Figure 6.1: Architectures of the CNNs used for glioma segmentation (top), and tumor grade classification
(middle). Description of each block can be found in the bottom. BN stands for batch normalization, SD
for spatial dropout, and Drop. for dropout.

6.2.2 Glioma grading CNN

We train a glioma grading CNN with similar architecture for each ROI (Fig. 6.1, middle). The ROl is
extracted from each MRI sequence and resized to 963, before feeding it to the CNN. In these architectures,
we also employ residual convolutional blocks with pre-activations (He et al., 2016), which contribute for
better learning. After the convolutional feature computation layers, we use Global Average Pooling to sum-
marize each feature map. Then, a cascade of 1 x 1 x 1 convolutional layers act as fully-connected layers.
Finally, the last layer outputs a probabilistic prediction of the tumor grade. Given the amount of available
data, we use aggressive on-the-fly data augmentation during training. The data augmentation procedures
were: sagittal flipping, rotation of [—20°, 20°], 90° rotation, and exponential intensity transformation
with random ~ € [0.85, 1.15].

6.2.3 Grade prediction interpretability

To perform quality assessment of tumor grade prediction, we use the interpretability methods Guided
Backpropagation (Springenberg et al., 2014) and Gradient-weighted Class Activation Mapping (GradCAM)
(Selvaraju et al., 2017), after extending them to 3D. This is done at prediction time.

Guided Backpropagation (Springenberg et al., 2014) is based on the idea that the gradient with respect
to the input image, visualized in the image space, is informative of which parts of the image are more
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discriminative for the neurons activation. It starts by computing a forward pass through the network
layers. During backpropagation, the true gradient is not calculated. Instead, a variation that results in
better explanations of ReLU activations is used. This is performed by zeroing both the gradients in the
units with O value after ReLU activation, and the negative gradients. In this way, the backward signals of
neurons that contribute for decreased activation are discarded. Although visually discriminative, Guided
Backpropagation has the disadvantage of not being discriminative in relation to the predicted class (i.e. it
can highlight areas of interest to the network but not to which class).

In contrast to Guided Backpropagation, GradCAM is class discriminative, but the explanation maps
may have lower resolution. GradCAM tries to explain how the feature maps F' of a layer [ support the
class prediction y¢. To that end, the gradient of the unit predicting the class with respect to the feature
class prediction is computed as the global average pooling of the gradients. Being ¢, j, k the indices of

maps of the layer of interest is backpropagated. Then, the weight «; of each feature map for the

each of the N elements of the gradient, the weights are given by

1 e
af = NZZ;WZ (6.1)
i J P

Finally, the explanation map E° for the class is generated by the sum of ' weighted by o€, as

E° = max (Z o F', o) . (6.2)
l

The max (-, 0) function discards information contributing for decreased activation for the class. The
explanation map has the same resolution as the feature maps of interest, thus, interpolation is typically

needed to map results to the original image space.

6.3 Experimental Setup

The proposed methods were evaluated using BRATS 2017 Training set (Bakas et al., 2017; Menze
et al., 2015), which has the particularity that subjects are organized according to the tumor grade into
HGG (Glioblastoma Multiforme) and LGG. There are 285 pre-operative acquisitions: 210 HGG, and 75
LGG. For each subject there are 4 MRI sequences available with 1 mm isotropic resolution: T1, Tlc, T2,
and FLAIR. All sequences are already aligned, and skull stripped. We randomly divided the 285 subjects
into 60% training, 20% validation, and 20% testing!. The manual segmentations of the different tumor
compartments were merged into a single label to train the whole tumor segmentation network.

Two pre-processing steps are applied: bias field correction (Tustison et al., 2010), and standardization
of the image intensities inside the brain mask to zero mean and unit variance. All networks were trained
with the Adam optimizer and crossentropy loss. For the whole tumor segmentation, learning rate was set
to 5 x 1072, spatial dropout probability to 0.05, and weight decay to 1 x 107°. Regarding the CNNs

1Grades’ proportions were maintained in each set. The subjects* id in each set are available online: https://github.
com/sergiormpereira/brain_tumor_grading.

129


https://github.com/sergiormpereira/brain_tumor_grading
https://github.com/sergiormpereira/brain_tumor_grading

CHAPTER 6. AUTOMATIC BRAIN TUMOR GRADING FROM MRI DATA USING CONVOLUTIONAL NEURAL NETWORKS AND
QUALITY ASSESSMENT

for tumor grade prediction, the hyperparameters of the network were: learning rate — 1 x 10~*, dropout
probability — 0.4, and weight decay — 1 x 10~*. We used convolutional operations without padding,
therefore, in skip connections, we cropped the feature maps to the same size of the smaller ones, before
summing. During training, the bounding box of tumor ROl was defined using the manual segmentations.
The grading CNNs were implemented with PyTorch and experiments were conducted using a NVIDIA
GeForce Titan Black GPU.

For evaluation, we computed precision, recall, and fl-score. Since these metrics are influenced by
class imbalance, we provide them for both LGG and HGG. Additionally, we compute the accuracy (acc)
and the area under the receiver operating characteristic curve (ROC-AUC), which provide insights on the
general ability of the classifier to distinguish between the classes.

6.4 Results and Discussion

Table 6.1 shows quantitative results for tumor grade prediction from each of the ROl (whole brain,
and tumor). We note that it is expected to achieve lower fl-score, precision, and recall for LGG, since
it is the minority class. Before feeding the images to the CNNs, we standardize the image intensities
with zero mean and unit variance. Common approaches in the computer vision domain compute these
statistics from the whole image. However, in MRI images, the background region is usually filled with O
intensity values after skull stripping. When we standardize the intensities in the whole image, we achieve
acc. of 0.895 (whole brain) and 0.877 (tumor ROI). However, from the Guided Backpropagation maps
(Fig. 6.2), we observe that the CNN considers the border of brain as discriminative, which for our data
should not be a predictor of tumor grade. This is probably due to high gradients, since background has
negative values, after standardization. Hence, we changed our pre-processing strategy by standardizing
the image intensities inside the brain mask, only. After this approach, we observed that, mostly, the
CNN does not consider the brain border as relevant for tumor grading. More interestingly, this simple
change considerably boosted the metrics of tumor grade prediction from the tumor ROI (Table 6.1). For
instance, acc. and ROC-AUC improved from 0.877 and 0.8841 t0 0.9298 and 0.9841, respectively. This
shows an advantage of the interpretability stage, since it allowed us to identify a systematic problem and
correct it; we note that the border problem would otherwise have gone unnoticed, as results were already
competitive.

Focusing on the variant with the standardization in the brain mask, we observe in Table 6.1 that
grade prediction from the tumor ROI (acc — 0.9298, ROC-AUC - 0.9841) achieves better scores than
grade prediction from the whole image (acc. — 0.895, ROC-AUC - 0.8913). Despite this, we note that
tumor grade prediction from the whole brain achieves an acc. of 0.895, fl-score of 0.9286, precision
of 0.9286, and recall of 0.9286 for HGG. Fig. 6.3 shows interpretability maps for some examples. We
note that GradCAM provides maps with the same resolution as the feature maps of the layer of interest.
We compute GradCAM maps with the output of the third (Res3) and fourth (Res4) residual blocks (Fig.
6.1). Fig. 6.3(a) shows interpretability maps for grade predictions from the whole tumor. In the first
row, the CNN was able to correctly grade it as HGG. From the two GradCAM maps we observe that the
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Table 6.1: Tumor grade results for LGG and HGG in the two ROI: whole brain, and tumor. We show results
for each variant of the image intensities standardization procedure.

Region Standardization Grade F1l-score Precision Recall Acc ROC-AUC

_ LGG 0.8000 0.8000  0.8000
Whole image HGG 0.929 0.929 0.929 0.8950  0.8857

Whole brain
_ GG 0.8000  0.8000  0.8000
Brain mask HGG 09286 09286 09286 0890 08913
_ LGG 07879 07222  0.8667
Whole image HGG 0.9136 0.9487 0.881 0.8770  0.8841
Tumor ROI

_ GG 08667 08667 0.8667
Brain mask HGG 09524 09524 095024 09298 09841

Figure 6.2: Example of the effect of intensity standardization on the Guided Backpropagation maps.
Warmer colors represent stronger responses. From left to right: Tlc, T2, Guided Backpropagation map
on image standardized over the whole image, and Guided Backpropagation map on image standardized
in the brain region only.

region of tumor was considered the most discriminative. The Guided Backpropagation shows focus on
the ventricles, but, more interestingly, on both tumor lesions. In the second row, a HGG was mistakenly
classified as LGG. The GradCAM maps are dispersed across the brain, instead of focusing in the tumor. We
note that GradCAM is class discriminative, so, we show maps for LGG class. The Guided Backpropagation
map concentrates in the ventricles. We observe that the CNN for tumor grading from the whole image
focus on the ventricles frequently. We know that mass effect is a feature of HGG, and the ventricles are
largely affected by it (Steed et al., 2018). Hence, the CNN may have learned that it is a predictor of
malignancy. Actually, the subventricular zone is thought to be the origin of glioma cells, and nearby brain
tumors are associated with worse prognosis (Liu et al., 2016). The focus on ventricles may explain why
the example in the second row is misclassified as LGG, since its effect on ventricles is smaller than the first
row example. Fig. 6.3(b) shows examples of tumor prediction from the tumor ROI. In the first row, a HGG
is correctly classified. From the GradCAM maps, we observe that the CNN correctly locates the tumor.
Additionally, the Res3 and Guided Backpropagation maps appear to focus on the transition from necrosis
to enhancing tumor and edema. This is in accordance with domain knowledge, as such an enhancing rim
is characteristic for HGG. The second row of Fig. 6.3(b) is a LGG misclassified as HGG. In this case, itis a
LGG with enhancing tumor. For this reason, the GradCAM maps for HGG and the Guided Backpropagation
map seem to indicate that the enhancing tissues were responsible for the prediction, as it is a feature of
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GradCAM — Res3 GradCAM — Res4

Figure 6.3: Interpretability maps for grade predictions from a) the whole brain, and b) the tumor ROI.
Warmer colors represent stronger responses. In a) the arrows indicate the tumor lesions; example on top
is correctly classified as HGG, while example in the bottom is a HGG misclassified as LGG. In b), the top
example is a correctly classified HGG, while in the bottom a LGG is misclassified as HGG.

HGG. It is possible that this is an evolving LGG that requires monitoring.

From the previous discussion, we see that GradCAM and Guided Backpropagation maps provide
insights into the factors that contribute for a classification. So, we can see this interpretability stage
as a quality assurance that enables us to check if the generated explanations are according to clinical
knowledge. For instance, in the first row of Fig. 6.3(a) the explanations are focused on the tumor region.
However, in the second row, the interpretability maps have high responses in regions that do not contain
tumor. Thus, it may be a sign of an unreliable prediction, since it was based on regions of the image that
are probably irrelevant. Additionally, the border effect problem, detected from the Guided Backpropagation
maps, was a spurious pattern learned by the CNN.
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6.5 Conclusion

Tumor grading from imaging data offers a fast and non-invasive approach for anticipating tumor grad-
ing, compared with histopathological diagnosis of biopsy specimens. We propose CNN for automatic brain
tumor grading from MRI images, without the need of expert ROl definition. When we predict the grade
from the whole brain, we achieve acc. of 0.895, while the prediction from the tumor ROl reaches an
acc. of 0.9298. Therefore, our results show that grading is possible from both ROls, although the latter
achieves substantially better scores. Additionally, we employed interpretability approaches for prediction
assessment, which allowed us to improve the pre-processing stage. Moreover, it may help in assessing
if a decision is trustworthy by observing if it was actually based on the tumor region, or regions that are

coherent with clinical knowledge.

6.6 Summary

Glioblastoma Multiforme is a high grade, very aggressive, brain tumor, with patients having a poor
prognosis. Lower grade gliomas are less aggressive, but they can evolve into higher grade tumors over
time. Patient management and treatment can vary considerably with tumor grade, ranging from tumor
resection followed by a combined radio- and chemotherapy to a “wait and see” approach. Hence, tumor
grading is important for adequate treatment planning and monitoring.

The gold standard for tumor grading relies on histopathological diagnosis of biopsy specimens. How-
ever, this procedure is invasive, time consuming, and prone to sampling error. Given these disadvantages,
automatic tumor grading from widely used MRI protocols would be clinically important, as a way to expedite
treatment planning and assessment of tumor evolution. In this chapter, we propose to use Convolutional
Neural Networks for predicting tumor grade directly from imaging data. In this way, we overcome the
need for expert annotations of regions of interest. We evaluate two prediction approaches: from the whole
brain, and from an automatically defined tumor region. Finally, we employ interpretability methodologies
as a quality assurance stage to check if the method is using image regions indicative of tumor grade for

classification.
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Chapter 7
Conclusions

The aim of this thesis was the automatic segmentation and classification of brain tumors on multi-
sequence MRI images with Deep and Representation Learning-based methods. Our contributions were
detailed in the previous three chapters, following three main topics: segmentation, glioma grading, and
interpretability of opaque Machine Learning methods. In each topic we have presented the developed
methods and the obtained results, as well as discussion wrapping up our observations and conclusions.
Therefore, in this last chapter, we sum up the main contributions and conclusions. Finally, we close this
document with our perspectives on opened lines of research that we consider deserving further investiga-

tion.
Contents
7.1 Generalconclusions . . . . . . . . . .t i i 4 i i h t e e e e e e 135
7.1.1 Imagesegmentation . . . . . . ... .. ... ... 136
7.1.2 Gliomagrading . . . . . . . . . e 137
7.1.3 Interpretability of Machine Learning . . . . . . . . . ... ... ... ... 138
7.2 Perspectives on Opened ResearchlLines . . ... ... ........... 138

7.1 General conclusions

Brain tumors are not the most frequent cancers. Yet, they have high mortality rates, especially gliomas,
which are the most common ones. The most used imaging technology for assessing these tumors in clini-
cal practice is MRI. Multi-sequence MRI provides rich information, such as volumetric data and sequences
with different contrasts. However, this richness comes at the expense of requiring more time for its anal-
ysis. Indeed, physicians often rely on simplified measurements in clinical practice, which may not exploit
the full potential of MRI, while at the same time being prone to intra- and inter-rated variability. Therefore,
we focused the work in this thesis on glioma MRI image analysis, with the ultimate objective of enabling

the development of automated computerized solutions.
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Gliomas are very heterogeneous in appearance, size, shape, and location. Moreover, MRI acquisitions
vary a lot with the acquisition site and the equipment. This makes it technically very challenging to develop
image analysis tools. In this thesis, we focused our research on learning from data using Machine Learning,
especially on Deep and Representation Learning techniques.

Representation Learning has the capability of learning features directly from the data. It was a transver-
sal objective to all the developed methods to understand its capabilities. Indeed, we observed that it can
learn powerful and discriminative features. Actually, we have achieved state-of-the-art results in brain
tumor segmentation using a CNN-based approach. This allowed us to surpass hand-crafted based and
probabilistic modeling approaches, which require domain expert knowledge. Also, using RBMs, we man-
aged to achieve competitive results, even though being an unsupervised shallow model. Therefore, we
confirmed the capabilities of Representation Learning to learn complex and powerful features. Addition-
ally, it tells us quite a lot about the challenges of brain tumor image analysis and the difficulties of its
modeling by human reasoning.

In the following subsections we overview our main conclusions and contributions regarding each of

the topics of this thesis.

7.1.1 Image segmentation

Arguably, our segmentation approach was the topic that mutated the most during this thesis work.
This is a reflection of the fast pace in Deep Learning research observed in the last years.

We proposed classification CNNs for glioma segmentation in Section 4.1 (Pereira etal., 2015, 2016a).
In this first approach, only the central voxel of a patch was classified. Inspired by Simonyan and Zisserman
(2014), we investigated the use of small 3 x 3 kernels. By stacking several layers with small kernels, we
can achieve the same field of view as larger kernels, but with the advantage of having a deeper network
with less parameters. Indeed, this proved beneficial, and we may observe that the use of small kernels is
now the preferred choice in CNN models (Litjens et al., 2017; He et al., 2016; Hu et al., 2018; Xie et al.,
2017; Pereira et al., 2018b; Kamnitsas et al., 2016). Using this approach, we verified how sampling is
important for achieving a balanced segmentation system. In segmentation, there are often some classes
that are much less represented, raising a problem of class imbalance. Hence, care must be taken during
sampling. The issue with class imbalance was especially observed when we needed to sample from HGGs
to overcome the lack of enhancing samples in LGGs.

In the literature using CNNs for brain tumor segmentation, we commonly find simple pre-processing
stages (Kamnitsas et al., 2017b; Havaei et al., 2017), e.g., only standardization of the image intensities
with zero mean and unit variance. The reason is the belief that CNNs, and Deep Learning techniques
in general, can deal well with the raw data. However, we observed that careful pre-processing with his-
togram normalization is very beneficial for CNNs. This is due to the variability of multi-site multi-scanner
acquisitions of MRl images. Indeed, we observed smoother training and better results. Note that we kept
this pre-processing during the development of all segmentation methods.

A classification CNN can be quite effective for segmentation, but it has some issues, such as being
heavy on learnable parameters. This not only makes it prone to overfitting, but it makes the classification
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CNN computationally demanding for voxel-wise segmentation. Therefore, in Section 4.2 (Pereira et al.,
2017), we explore FCNs with an encoder-decoder topology. In this approach, fully-connected layers are
discarded and substituted by convolutional layers. In his way, we could significantly reduce the number of
learnable parameters. Moreover, it can process a patch of voxels in just one forward pass, which pushes
computational efficiency even further.

While in a classification CNN we can more or less accurately enforce a training data sampling scheme,
in FCNs approaches this is not straightforward. The reason is that in the former, each patch is mapped
to a single class, while in the latter a patch is mapped to a patch of labels. Observing that the number of
voxels of normal tissue largely exceeds the number of tumor voxels, we devised a hierarchical FCN-based
scheme. Therefore, we first roughly segment the whole tumor, then we define a cuboid ROI, and finally we
segment all tissues (normal + tumor tissues) inside the ROL. In this way, by training the multi-class FCN
inside a ROI, the class imbalance problem is mitigated. To our knowledge, this was the first hierarchical
brain tumor segmentation approach using FCNs. Similar and related approaches have since then been
successfully used, such as the method proposed by Wang et al. (2018).

An important topic in Deep and Representation Learning is related with improving the discriminative
power of features. In Section 4.3 (Pereira et al., 2018b) we explored both feature recombination and
recalibration in FCNs for semantic segmentation. In feature recombination we linearly recombine the
features. This alone demonstrably improved the results. Actually, the combination of features results
into more complex ones. Not only recombination is beneficial, but also recalibration was shown to be.
In semantic segmentation using FCNs, a unit of a feature map is directly related with the prediction of
the corresponding voxel class. Therefore, we have proposed and shown how to adaptively and spatially
recalibrate features maps. Consequently, in some locations of the feature maps, the features that are
more irrelevant for the predicted class are suppressed. Therefore, we may also conclude that improving
the performance of a CNN can be done through design strategies, and not only by increasing depth.

7.1.2 Glioma grading

Gliomas are very heterogeneous in appearance and characteristics, in such a way that some features
may be observed in both HGGs and LGGs. Of course, some of the features are more associated with one
of the grades. This aspect makes automatic glioma grading a difficult task.

We tackled automatic glioma grading from conventional MRI using a 3D CNN in Chapter 6 (Pereira
et al., 2018a). The whole volume 3D assessment is important for two main reasons. First, a tumor
mass must be classified as just one grade. And, second, because a slice-wise approach would require
the implementation of some slice selection criteria such as manual selection by a radiologist. This not
only may introduce intra- and inter-rater variability, but may also result in different grade classifications
depending on the chosen slice.

An advantage of using CNNs for classification is that they can efficiently process large amounts of
data, such as a whole volume. In the case of grading, the CNN was able to learn the task with surprisingly
good results while being fed with the whole brain. However, we also employ grading with the binary
segmentation stage used in Section 4.3. In this way, we define a ROl around the tumor, which we feed
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into the CNN. In this case, we verify that it achieves better results. Yet, it is more sensitive to pre-processing.
In fact, we verify again the importance of pre-processing. Finally, we concluded that these algorithms offer
the opportunity for accurate tumor grading from MRI data acquired in clinical routine. Furthermore, they
leverage automatic glioma grading without the need for an accurate segmentation.

7.1.3 Interpretability of Machine Learning

Deep and Representation Learning-based systems are often regarded as “black boxes” due to their
lack of explainability. This is especially true for large and complex models. However, starting from a RBM +
RF classifier system, in Chapter 5 (Pereira et al., 2018c), we showed that it is possible to extract intelligible
information about how the model encoded learning. We may define two levels of interpretability: global
and local. In the former, we aim at explaining what the model learned. Specifically, how input data is
encoded by relevant features. In local interpretability, we aim at explaining which data was more relevant
for a prediction. In this regard, we use a surrogate and much simpler model that learns the predictions
of the model under analysis in the neighborhood of the sample being predicted. This simpler model is
more interpretable. It represents the decision function of the main model only locally. Nevertheless, it
provides satisfactory insights into the reasons behind predictions. Using Mutual Information, we were able
to devise a feature selection strategy. This was motivated by the fact that very large feature vectors are
less interpretable.

In the tasks of brain tumor segmentation and penumbra estimation we were able to verify that the
system learned and made predictions in a way that was coherent with human expert knowledge. Moreover,
the proposed interpretability methodologies were able to show intriguing findings. We observed that some
misclassifications in brain tumor were due to defective skull stripping, especially in the Tlc and FLAIR
sequences. Also, interpretability provided hints that in penumbra estimation there may exist a bias in the
manual segmentations towards the Tmax sequence. Therefore, we concluded that interpretability helps
in detecting causes of failure, as well as problems in the data.

In the case of CNNs one may explore the gradients for explainability purposes. In glioma grading,
it was possible to observe the impact of the brain ventricles, as it shows the mass effect of the tumor,
typically found in HGGs. Enhancing tumor was also correctly found to be a predictor of the glioma grade.
Furthermore, we observed again that by using interpretability, it was possible to detect causes of failures,
and improve the development of the methods. Indeed, we managed to correct the pre-processing used
for glioma grading, which significantly boosted the accuracy.

Summarizing, interpretability is crucial for increasing trust in machine learning-based systems, but

may also positively contribute for more efficient development cycles.

7.2 Perspectives on Opened Research Lines

During the course of this thesis work we identified interesting lines of research for future work, which

will be presented in the following paragraphs.
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The return of domain knowledge One often cited advantage of Deep Learning models over more
conventional Machine Learning models is their capability of handling raw data (LeCun et al., 2015). This is
actually true, as state-of-the-art results are being achieved with Deep Learning-based approaches in several
applications, from pure object recognition (He et al., 2016; Hu et al., 2018), to biomedical and medical
image segmentation (Pereira et al., 2018b, 2016a; Kamnitsas et al., 2018; Ronneberger et al., 2015).
Nevertheless, the fast progress in performance observed in recent years seems to be slowing down.
Taking brain tumor segmentation into consideration, our proposal (Pereira et al., 2016a) considerably
improved over the winner of BRATS 2013 (Tustison et al., 2015). Although we were able to achieve a
new state of the art in the same dataset in our recent work (Pereira et al., 2018b), when we compare
with other top performing methods (Zhao et al., 2018; Shen et al., 2017; Pereira et al., 2016a) we
observe a smaller magnitude on the improvement than before. Similar observations can be found for
BRATS 2015, as in (Qin et al., 2018). The winner of BRATS 2017 (Kamnitsas et al., 2018) achieved
that rank by employing a large ensemble of CNNs with different architectures, and trained with different
settings (optimizer, hyper-parameters, or loss functions), which shows the difficulty in coming up with
an architecture that outperforms in every object and metric. However, experts in the medical field, such
as radiologists, have strong domain knowledge. In fact, in the “pre-Deep Learning era”, segmentation
methods were dominated by approaches including prior knowledge, either through probabilistic priors
(Menze et al., 2010), or domain-specific handcrafted features, such as symmetry (Tustison et al., 2015).
Recently, we verified that a CNN may benefit from the addition of channels from the wavelet transform
(Oliveira et al., 2018), which are commonly used as handcrafted features. Therefore, we envision that in
the near future the most successful models will join both learned features and domain knowledge.

The inclusion of more sequences In this work we focused the developed methods in brain tumor
image analysis using conventional structural MRI. These sequences are routinely acquired in clinical prac-
tice, being part of the consensus for standardized brain tumor imaging protocol (Ellingson et al., 2015).
Therefore, the developed methods present higher potential of having practical value. Nevertheless, some
other MRI sequences may provide extra information. For instance, perfusion MRI was found to encode
information that may be useful for brain tumor classification and grading (Zacharaki et al., 2009; Essig
etal., 2013). Perfusion and diffusion acquisitions may be indicative of the physiology and microsctructure
of brain tumors. Although not conclusive, they may potentially be helpful in assessing the extension of
the tumor beyond what is visible in T2 and FLAIR sequences (Milchenko et al., 2014; Guo et al., 2016;
Svolos et al., 2014; Essig et al., 2013). It is still to be investigated if these sequences can boost the
performance of Deep Learning-based brain tumor segmentation and classification methods. At the same
time, research is needed regarding how to exploit it. For instance, perfusion acquisitions are 4D because
of its time component. Recently, Pinto et al. (2018a) encoded the time slices as channels in a CNN after
defining a window of interest for lesion outcome prediction in stroke. Hence, one still needs to verify if a
similar approach would be feasible in brain tumors. Another approach would be to encode that data using
sequence modeling.
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The search for reliability Despite the rapid improvement observed in brain tumor segmentation
performances, an issue is still to be solved - reliability. We refer to reliability as the ability of the system to
maintain its performance regardless of the difficulty of the tumor being segmented or graded. For example,
in the boxplots of Figures 4.3, 4.4, and 4.11 we can observe large variabilities in metrics. In some subjects
we achieve excellent performance, while in others the performance is poor. This is generally observed in
brain tumor segmentation, such as in Figure 10 of (Havaei et al., 2017), or Table 2 of (Wang et al., 2018).
Note, however, that it may be partially caused by existing LGGs not having some of the tumor tissues.
Furthermore, the large heterogeneity in the appearance, shape, and size of gliomas may also influence.
More data may be necessary to deal with this issue. Also, this means that brain tumor segmentation
and classification are not closed topics, and we predict that future winners of the BRATS challenge will
be the ones with better reliability, instead of methods that may be almost perfect in some subjects, while
significantly degrading in others. It may be more desirable to achieve a slightly lower average performance,
as long as the variance across subjects is much smaller.

Something that may especially hinder Machine Learning-based methods is the differences between the
conditions during training and after deployment. This poses an obvious reliability challenge. In the case
of MRI a source of variability may be the differences observed in acquisitions from different scanners and
sites. In our proposals, we mitigated this issue by pre-processing the images with a histogram matching
approach. Therefore, more effective pre-processing may be researched. Recently, Karani et al. (2018)
shared the parameters of a CNN across several scanners and protocols, while shortly retraining the Batch
Normalization blocks in new settings. A downside is the need of annotated training samples. Kamnitsas
et al. (2017a) proposed an unsupervised domain adaptation approach using adversarial training. Its
unsupervised nature obviates the need for manual segmentations. However, the network needs a training
stage for adaptation. The advantage of our pre-processing is that it maps the test image into a learned
histogram, hence no re-training is required. However, it obviously depends on the learning stage of the
histogram. Therefore, we point out that research into dealing with data from different sources is crucial
for improving reliability, not only to improve performance, but also to make models better suited for
deployment.

Another issue is the distribution of the labels in the training set. Class imbalance is a serious problem
that may impact the performance of the deployed solutions. In (Pereira et al., 2016a) we carefully sampled
patches to balance the classes, since we only classified central voxels. This approach is not feasible
in FCNs, therefore, in (Pereira et al., 2017) we devised a hierarchical segmentation scheme. Other
approaches were proposed, such as a two-stage sampling scheme during training (Havaei et al., 2017),
or enforcing half of the samples in a batch to be selected from the foreground (Kamnitsas et al., 2017b).
More elaborated approaches try to balance the classes through the loss function by weighting classes
differently (Sudre et al., 2017), or with the Dice loss function (Milletari et al., 2016). However, the former
introduces new hyper-parameters that are highly dependent on the training labels distribution, which may
not faithfully represent the distribution that is observed in real clinical practice. The Dice loss is effective,
but in prior experiments we observed that it leads the probabilistic predictions to concentrate either in 0
or 1, which makes it useless to regard the probabilities as confidence measures. The same was observed
by Kamnitsas et al. (2018). In tumor grading, we balance training by sampling LGGs twice, but better
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approaches are sure to exist. Therefore, we believe that class imbalance is still an open problem, both in
segmentation and classification tasks.

The quality and safety assurance Partially related with reliability is the quality and safety assurance
of the methods. We observed that sometimes Machine Learning-based methods may produce huge mis-
takes. In this case, is it safe to provide them, especially in critical domains, such as the medical field?
Should a physician extract measurements from a poor quality segmentation? We believe that research
is needed regarding quality assurance. Interpretability is certainly important for explaining predictions,
therefore providing the tools for checking if a prediction is trustworthy is necessary. We made efforts
in this direction in segmentation (Pereira et al., 2018c) and grade classification (Pereira et al., 2018a).
Uncertainty is another strong line of research. For instance, people can visualize the regions of the segmen-
tations with low certainty, and decide to trust it or not, or even target those regions for manual correction
(Jungo et al., 2018). In another direction, Valindria et al. (2017) try to estimate the performance of a
segmentation algorithm in a test subject without available manual segmentation through Reverse Classi-
fication Accuracy. A setback of this approach is its assumption that a similar subject will be available in a
reference database with manual segmentations.

In summary, we identify three lines of research for quality and safety assurance: interpretability,

uncertainty, and performance estimation.

The enhancing of architectures through adaptive modules For several years, improvements in
performance were based on increasing the depth of Deep Learning architectures (Simonyan and Zisser-
man, 2014; He et al., 2016). However, really deep and big models, like ResNet-1001 (He et al., 2016) or
GoogleNet (Szegedy et al., 2015), may not be feasible in the case of medical imaging because of scarcer
labeled data. Notwithstanding, there are other architecture options in neural networks besides depth that
deserve research. Examples are the cardinality explored in ResNeXt (Xie et al., 2017), dilated convolution
(Yu and Koltun, 2016), and feature maps recalibration (Hu et al., 2018).

In the case of brain tumor segmentation, although we have witnessed the proposal of deeper architec-
tures over time (Pereira et al., 2016a; Kamnitsas et al., 2017b; Wang et al., 2018), there is no evidence
that going to extreme depths is beneficial. We also observed this in our experiments. Hence, recently,
other architectural designs are being tested, without the explicit purpose of increasing the depth per se,
but to extract more discriminative features. In Pereira et al. (2018b), we explored feature recombination
and recalibration for semantic segmentation. On another direction, Qin et al. (2018) investigated the au-
tomatic choice of scale. Both approaches extract features in an adaptive manner, i.e., in such a way that
they are more useful for the sample under inference. Therefore, adaptive feature learning is a potential
research direction.

The increasing importance of interpretability As discussed along this document, interpretability
of Machine Learning-based methods is very important, especially in critical domains.

We proposed global and local interpretability approaches in (Pereira et al., 2018c), and we showed
them in image segmentation context. Further research is needed to explore if and how similar approaches

141



CHAPTER 7. CONCLUSIONS

can be used in other models, such as Deep Belief Networks. In (Pereira et al., 2018a) we used inter-
pretability for assessing the regions of the image that are important for a grade prediction. This allowed
us to detect and correct a pre-processing issue. Therefore, something that deserves further research is
the inclusion of such methods in the development cycle, and study how it helps in guiding the develop-
ment. GradCAM was one of the used methods. It provides an interpretation on the regions of the image
that contributed the most for the predictions. However, in MRI, there are several sequences that may
contribute differently. So, methods are needed that explain predictions in terms of sequences. Moreover,
all of the interpretability methods explored in this thesis deal with single predictions. In other words, an
input is mapped to a single output. To our knowledge, interpretability approaches for the case of FCN for
segmentation, where we have a set of pixels/voxels predicted at once, is still to be researched.

A major challenge when developing and using interpretability methods is their evaluation. How do we
know that an explanation is actually correct? How can we compare the explanations provided by different
approaches? One possibility would be to compare the explanations with the ones given by human experts
(Doshi-Velez and Kim, 2017; Pereira et al., 2018c). Doshi-Velez and Kim (2017) propose a taxonomy for
the evaluation of interpretability, but more work needs to be done regarding this issue.

Finally, the term interpretability may be ill-defined (Lipton, 2016). Different authors use it with different
meaning. Hence, an important task in the domain of interpretability is to formalize it. Furthermore, since
interpretability of Machine Learning-based methods is very important in critical domains, it is crucial to
develop it further in order to enhance trust by their end users. We believe that more work on applying

interpretability methods is needed to show without doubt their capabilities.
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