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4.23 Investigation of Training Set Content. CNN performances according to the
cluster of MSA patients used for training and testing. Mean for each metric
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Convolutional Neural Network; FA: Fractional Anisotropy; GM: Gray Mat-
ter volume; MD: Mean Diffusivity; MR: Magnetic Resonance; MRI: Mag-
netic Resonance Imaging; PCC: Posterior Cingulate Cortex; PreCun: Pre-
cuneus; rs-fMRI: resting-state functional MRI; SD: Standard Deviation; T1:
T1-weighted MRI. Adapted from [228] . . . . . . . . . . . . . . . . . . . 169
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5.3 CNN for Coma Classification - Visual Interpretation. Visualization maps
for each MR index showing the absolute difference between the average
of correctly classified samples per class on the training set. To highlight
salient parts, we applied a threshold equal to the maps at half the maxi-
mum value (Max). CNN: Convolutional Neural Network; FA: Fractional
Anisotropy; GM: Gray Matter volume; L: Left; MD: Mean Diffusivity; MR:
Magnetic Resonance; MRI: Magnetic Resonance Imaging; PCC: Posterior
Cingulate Cortex; PreCun: Precuneus; R: Right; rs-fMRI: resting-state func-
tional MRI; SD: Standard Deviation; T1: T1-weighted MRI. Adapted from
[228] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

15



Résumé

L’Intelligence artificielle est désormais utilisée pour accomplir les tâches les plus di-
verses, de la reconnaissance de visage à la traduction de texte. Parmi ces méthodes inspirées
du fonctionnement du cerveau humain, l’apprentissage profond (deep learning) a montré
d’excellentes performances en analyse d’image à l’aide des réseaux de neurones convolutifs
(CNN). Le milieu médical est en train de bénéficier de la puissance de ces outils consacrés
notamment à l’aide au diagnostic, comme dans la maladie de Parkinson ou d’Alzheimer.
L’utilisation des CNN et de l’imagerie par résonance magnétique nucléaire (IRM), qui per-
met d’étudier le cerveau dans sa structure et son fonctionnement, a montré des résultats très
prometteurs. Toutefois, les CNN sont souvent appelés « boites noires » puisque leur fonc-
tionnement n’est pas transparent pour ses utilisateurs.

Ces travaux de thèse visent à mieux comprendre ces méthodes appliquées aux données
IRM 3D cérébrales pour aider le diagnostic des maladies neurologiques. En première étape,
la manipulation des données d’entrée des CNN, nous a permis d’investiguer leur capacité
discriminative. Nous avons ainsi étudié le comportement des CNN en comparant leur capac-
ité à discriminer des images IRM originales et altérées. Les résultats obtenus par les CNN
ont été très satisfaisants, ce qui a amené à rechercher quelles sont les zones de l’image les
plus discriminantes pour la prédiction.

En deuxième étape, nous avons étudié la pathologie, en nous focalisant sur le nombre des
sujets nécessaires au réseau lors de l’apprentissage pour garantir de bonnes performances.
Cela est aussi un aspect crucial pour les méthodes de deep learning dont l’apprentissage
requiert normalement beaucoup de données. Toutefois, dans le cadre médical nous avons
accès à quelques centaines de données dans la plupart des cas. Nous avons démontré qu’un
réseau de neurones convolutifs est capable de bien discriminer un sujet sain d’un patient at-
teint d’atrophie multisystématisée (AMS), malgré un nombre limité de données d’entrée. A
l’aide d’une technique récemment développée permettant de visualiser les parties de l’image
considérées importantes par les CNN, nous avons montré que les parties discriminantes com-
prenaient des régions notamment d’intérêt pour la physiopathologie connue de l’AMS.
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La puissance discriminante des CNN a aussi été exploitée pour réaliser une discrimination
entre sujets sains et patients en état de coma, en utilisant différentes séquences d’IRM. La
méthode de visualisation a mis en lumière des régions en lien avec le coma, en confirmant
les performances très satisfaisantes du réseau.

Les études présentées dans cette thèse ouvrent la voie pour découvrir comment les in-
formations englobées dans les données d’apprentissage peuvent aider à la recherche des
signatures spatiales significatives obtenues par les CNN dans le cas particulier des données
de neuroimagerie.
L’application des CNN dans le cadre médical offre la possibilité d’aider le diagnostic de
différentes maladies neurologiques en se basant exclusivement sur les données d’entrée.
Cependant, la validité de ces résultats se fonde sur notre capacité à expliquer et éclairer ces
méthodes pour en favoriser l’acceptation et, par conséquence, l’utilisation dans un contexte
clinique.
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Abstract
Artificial Intelligence (AI) currently permeates several aspects of our everyday lives. It

allows for solving complex tasks such as face recognition or text translation. Among these
powerful tools inspired by brain functioning, deep learning methods have recently been gain-
ing ground in image analysis thanks to the rise of Convolutional Neural Networks (CNNs).
In the biomedical domain, these methods have found great success in discriminating neu-
rological diseases, such as Parkinson’s or Alzheimer’s disease. Many applications using
Magnetic Resonance Imaging (MRI) in combination with CNNs have shown promising re-
sults. Despite these outstanding performances, CNNs are considered "black boxes" as their
decision-making process is not always transparent for human operators.

This Ph.D. thesis aims to better understand these methods applied to 3D brain MRI data
and aid the diagnosis of neurological diseases. First, we characterized CNN behavior by
altering ad hoc brain MRI data. That allowed the investigation of CNN performance to
distinguish original from altered brain MRI images. Given the satisfying results, we searched
for a spatial signature to discover the most discriminant image parts for CNN prediction.

Secondly, we examined CNN performance by considering a specific pathology and fo-
cusing on the number of training data needed to discern patients with Multiple System At-
rophy (MSA) from healthy controls. Indeed, another crucial aspect of deep learning is the
quantity of data necessary for the network to learn. However, it is not uncommon to deal with
a lack of data in the medical domain, with only a few hundreds available. We showed that,
even with a limited number of samples, the network could perform the task on new data. Us-
ing a recently developed visualization technique, we found that the most discriminant regions
were in line with the known MSA physiopathology. Furthermore, using different MRI se-
quences, we exploited the discriminating power of CNNs to classify normal subjects against
comatose patients. We obtained excellent performances supported by the visualization maps,
which included regions of interest for patients in coma.

The work presented in this thesis opens the way for discovering how the information
enclosed in the input data may aid the diagnosis and provide evidence for CNN decisions.
That can lead to finding significant spatial signatures relative to the pathology.
CNN methods for health applications offer the possibility to support the diagnosis of neuro-
logical disorders with a data-driven approach. Nevertheless, it is pivotal to demonstrate the
validity of these methods to favor their acceptance and use.
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1 State of the Art
1.1 Neuroimaging

Over the past few decades, advancements in technology have led to thorough in vivo

analyses of the structure and functioning of the brain. Biomarkers extracted using imag-
ing techniques such as Positron Emission Tomography (PET), Computed Tomography (CT),
and Magnetic Resonance Imaging (MRI) allow for characterization and follow-up regarding
a plethora of brain-related pathologies [1–3].
A particular focus on MRI is provided in the following sections with an overview of princi-
ples and techniques.

1.1.1 Magnetic Resonance Imaging

MRI is a non-invasive and non-ionizing imaging technique based on the nuclear mag-
netic resonance phenomenon. The latter occurs when atomic nuclei (e.g. hydrogen protons),
subject to an intense static magnetic field, are exposed to a variable magnetic field at a spe-
cific frequency, called the Larmor fequency. MRI has proven extremely helpful in gaining
insights into anatomical and functional aspects of the human body.

Protected by a thermally isolated container, superconducting coils immersed in liquid
helium at 4 K can produce high-intensity magnetic fields. This type of coil avoids energy
dissipation due to Joule heating. Nowadays, imaging at 1.5 T, 3 T, and even 7 T is feasible
and used for diagnostic purposes.
Only nuclei with non-null spin are eligible to perform MRI [4]. In physics, the spin of
an elementary particle was considered at first a property related to magnetic moments, later
associated with a pure quantum property, expressed by a number multiple of 1

2 . Let us briefly
explain some concepts necessary to understand the MRI phenomenon.

A particle with charge q moving at velocity v⃗, immersed in a magnetic field B⃗, undergoes
the effect of a magnetic force known as Lorentz force, defined in (1.1):

F⃗ = qv⃗ ∧ B⃗ (1.1)

We can also define the magnetic moment µ⃗ as in (1.2), being the product between γ, the gy-
romagnetic ratio specific to the type of nuclei, and J⃗, the angular momentum of the particle.
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µ⃗ = γJ⃗ (1.2)

Hydrogen nuclei are eligible for MRI, having spin I = 1
2 . They present two possible orien-

tations for magnetic moments: parallel µ⃗p and antiparallel µ⃗ap, respectively with equal and
opposite orientations to the magnetic field. Under a static magnetic field B⃗0, the spins of
these protons orient around B0 in a double cone as in Fig. 1.2.
Immersed in a magnetic field B⃗0, charged particles with magnetic moment µ⃗ are submitted
to the moment Γ⃗ due to the magnetic force, defined in (1.3). That makes magnetic moments
µ⃗ initiate a precession movement around the magnetic field direction.

Γ⃗ = µ⃗ ∧ B⃗ (1.3)

Proton precession occurs at a specific frequency, known as Larmor frequency, identified by
ν0 in (1.4).

ν0 =
γ

2π
B0 (1.4)

As a result of magnetic interactions under the effect of B⃗0, the hydrogen nuclei population
split into two energy levels. This phenomenon is known as the Zeeman effect. The resulting
magnetization M⃗ = M⃗0 is directly proportional to the difference between these two energy
levels.
Since M⃗0 has a very low intensity, measuring it with a classic approach may reveal quite
challenging. To tackle this issue, we can perturb the system by applying an electromagnetic
wave. The latter presents low energy but the same precession frequency ν0 (i.e. the Larmor
frequency) inducing the resonance phenomenon and must be perpendicular to the direction
of B⃗0. The Radio Frequency (RF) wave is then produced by the magnetic resonance field B⃗1

and the electric field E⃗1. B⃗1 is needed for the imaging part, whereas E⃗1 is just responsible for
heat deposition in the body.

The application of B⃗1 causes parallel and anti-parallel magnetic moments to get into
phase coherence, resulting in the transversal component of the magnetization.
To quantify the energy absorbed per unit mass under the effect of an RF wave, we measure
the Specific Absorption Rate (SAR) during image acquisition. According to safety standards,
it should not overcome a value of 4 W/kg on the entire body for an acquisition lasting 15 min.
Shortly after the application of B⃗1, due to the resonance, the resulting magnetization M⃗ is
directed around B⃗1 with angular velocity equal to ω1 in (1.5).

ω1 = γB1 (1.5)
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When the RF pulse lasting a time interval ∆t stops, an angle φ appears and characterizes the
two components of the resulting magnetization. This angle is defined in (1.6) and represented
in Fig. 1.1. The effect of an RF pulse on magnetic moments can be observed in Fig. 1.2.

φ (rad) = ω1∆t = γB1∆t (1.6)

Figure 1.1: Representation of the angle φ resulting from the application of an RF pulse. Reproduced with
permission from [4]

Figure 1.2: Effect of an RF pulse on magnetic moments. At the equilibrium, the resulting magnetization M⃗ is
directed as the static magnetic field B⃗0. After a pulse with φ = π/2, M⃗ is directed perpendicularly to B⃗0.

Reproduced with permission from [4]

RF sequences are also characterized by the Repetition Time (TR), which is the time in-
terval between two consecutive pulses (application of B1), and the Echo Time (TE), which is
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the time between the RF pulse delivery and the actual receipt of the echo signal.
Once the RF pulse ends, the system returns to the equilibrium state, which is called relax-

ation. The magnetic field variation produces an electric current in the coil, proportional to
the variation of the transverse component Mx. This signal is known as Free Induction De-

cay (FID) and represents the Magnetic Resonance (MR) signal to be measured, represented
in Fig. 1.3.

Figure 1.3: Example of free-induction decay signal. Adapted from [4]

According to relaxation time and pulse angle, we can distinguish [5]:

• T1, known as longitudinal relaxation time, indicating the time at which excited protons
return to equilibrium and realign with B⃗0;

• T2, known as transverse relaxation time, indicating the time at which excited protons
return to equilibrium or go out of phase. It determines the time necessary to lose phase
coherence among the nuclei spinning perpendicularly to B⃗0.

1.1.2 MRI Sequences

Tweaking the parameters of FID signals, different MRI sequences (also called modalities
or indices) can be defined, each expressing specific properties of the imaged tissues. The
most common sequences are briefly described in the following.

• T1-weighted, produced by short TR (≈ 500 ms) and TE (≈ 15 ms), with image char-
acteristics (e.g. contrast, brightness) depending on the T1 spin-lattice relaxation time
of each tissue [5]. In T1-weighted images, the Cerebrospinal Fluid (CSF) is dark, and
gray matter appears darker than white matter.
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• T2-weighted, produced by long TR (≈ 4000 ms) and TE (≈ 90 ms), with image char-
acteristics dictated by T2 spin-spin relaxation times [5]. In these images, gray matter
appears brighter than white matter, whereas the CSF is bright.

• Dynamic Contrast-Enhanced Magnetic Resonance Imaging (DCE-MRI), injecting a
contrast agent with paramagnetic properties (e. g. Gadolinium). It can enhance image
quality and analyze vascular structures or lesions, including cancerous ones [6].

• Diffusion-Weighted Imaging (DWI) can examine tissue structure on a microscopic
scale. By studying the Brownian motion of water molecules, DWI can reveal patho-
logical alterations and physiological details about the brain [7]. Worth mentioning is
that the signal characterizing each image volume element (i.e. a voxel), at the milli-
metric resolution, derives from all microscopic movements of water molecules in the
considered voxel.
When applying a magnetic field that varies in space via a gradient determined by the
b value measured in s/mm2, each molecule emits an RF signal with slightly different
phases. In a voxel, these randomly distributed phases reflect the trajectory of single
molecules. The latter represents the diffusion process, which causes an attenuation of
the MRI signal. We can compute the attenuation A as in (1.7), where D is the diffusion
coefficient.

A = e−bD (1.7)

One currently used measure is the Apparent Diffusion Coefficient (ADC), requiring
image acquisition of at least two b values (e.g. 0 and 1000 s/mm2). The variation
between the two acquired signals can be modeled by several functions, but the most
frequently used is defined by the following monoexponential equation in 1.8.

S b1000 = S b0 · e
−b·ADC (1.8)

This biomarker can provide quantitative measures of the extracellular fraction and cell
density [8].
Focusing on white matter mapping, Diffusion Tensor Imaging (DTI) is widely used
to extract different indices sensitive to the displacements of water molecules such as
Mean Diffusivity (MD) and Fractional Anisotropy (FA) [9,10]. DTI provides informa-
tion about diffusion directionality useful to characterize brain tissue architecture [11].
MD maps are particularly informative as they express a quantitative parameter, mea-
sured in mm2/s, corresponding to the mean voxelwise diffusion of water molecules.
An increase in MD values can indicate pathophysiological changes observed in neu-
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rodegenerative diseases such as Alzheimer’s Disease (AD) [12], Parkinson’s Disease
(PD) [13], and Multiple System Atrophy (MSA) [14].

• functional Magnetic Resonance Imaging (fMRI) can give insights into brain functions
by using the Blood-Oxygen-Level-Dependent (BOLD) signal. This modality considers
T2* relaxation to find local changes in hemoglobin concentration. Indeed, hemoglobin
presents paramagnetic properties (diamagnetic when oxygenated, paramagnetic when
deoxygenated) [15]. When an area of the brain is activated, more oxygenated blood
flow is delivered to support this effort. By measuring the ratio between oxygenated
and deoxygenated hemoglobin using several acquisitions in time, we can trace the
Hemodynamic Response Function (HRF), reflecting the underlying neural activity.
Given different tasks (e.g. auditory or visual) alternating with baseline conditions (i.e.
resting state), fMRI allows for localization of the activated brain areas, represented in
an activation map [16, 17].

For an exhaustive overview of current advances, pitfalls, and clinical applications of MRI,
please refer to [11, 18].

1.2 Into the World of Artificial Intelligence

Artificial Intelligence (AI) empowers many aspects of our everyday life in the economy,
health, communication, and transportation systems. Its capabilities stem from image recog-
nition to text translation, potentiated by the advent of Deep Learning (DL) [19].
We can define AI as the ability of a machine to try and emulate intelligent behavior through
the creation of sophisticated algorithms integrated into electronic devices or computers [20].

The great challenge AI responds to is performing tasks people generally do automatically
but find difficult to explain formally, e.g. identifying faces or spoken words [21]. How can
machines perform these tasks? They learn from experience, in other words, data, construct-
ing hierarchical representations, thus freeing human operators from defining the required
knowledge. Instead of learning from hard-coded knowledge, AI systems become more effi-
cient when learning their knowledge by extracting patterns directly from raw data. This is
the definition of Machine Learning (ML). Building from low- to high-level concepts allows
these intelligent systems to understand complex patterns. Representing this procedure with
a graph, we might notice it is deep, characterized by several layers of processing units. This
approach is known as deep learning [21].

It may be challenging to know a priori which is the best set of features suited for the task at
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hand. Traditional ML algorithms require a preconceived set of features to function well. For
instance, they may receive data to decide whether a patient should undergo surgery. They
can infer the relationship between these data and the corresponding outcome, but they cannot
change data representation, i.e. the set of features. That may lead to poor performances. Rep-

resentation learning addresses this issue by learning rather rapidly relevant features instead
of manually designing them.

Finally, the ultimate goal of AI is to create an Artificial General Intelligence (AGI) and
possibly overcome human-level performance [22] by mimicking brain functioning. How-
ever, there is still a long way to go.
Fig. 1.4 offers a representation of the principal AI sub-fields. The following sections provide
some insights into these different domains.

Figure 1.4: Representation of the different AI disciplines. Adapted from [21]

1.2.1 Brief History of AI

Humans have always dreamed of creating a machine able to think and act intelligently.
In the 1950s, this did not seem such a utopia after the first robots and computers appeared.
However, today this is not yet a reality.
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The term "artificial intelligence" was proposed in 1956 by John McCarthy in an act re-
suming the principles of this newborn field. Indeed, in the summer of the same year, John
McCarthy and Marvin Minsky held a conference at Dartmouth College (New Hampshire),
gathering other scientists to discuss the emerging domains of cybernetics and informat-
ics [20]. At that time, some researchers thought of intelligent machines solely based on
logical rules, e.g. the Expert System (ES). An example is the Logic Theorist, a program able
to demonstrate mathematical theorems as a mathematician by using decision trees [23].
Unfortunately, no more funding was granted to pursue AI research until the 1980s. Despite
the commercialization of other expert systems, the latter met with little success owing to the
difficulty of constraining knowledge in an ensemble of fixed rules. We denote this logic-
based current of AI, predominant in the 1970s and 1980s, as Good Old-Fashioned Artificial
Intelligence (GOFAI) [20].

In the 1950s, an opposing current to logic-based AI began to arise. It embraced the the-
ories of Donal Hebb, a Canadian psychologist and neurobiologist, who studied the role of
neuronal connections in learning. The main idea was to devise machines with a functioning
inspired by the human or animal brain, able to train themselves. Inspired by the connec-
tions between the biological neurons, these scientists modeled the same architecture into the
Artificial Neural Network (ANN), opening a new era in ML. Henceforth, the artificial neu-
ron has become the undisputed protagonist at the core of the ANNs, as the biological neuron
constitutes the foundations of the brain.

In 1957, Frank Rosenblatt invented the perceptron, the first machine able to learn, in-
spired by Hebb’s cognitive theory [24]. Revolutionary for that time, the perceptron could
recognize some forms but remained limited in its capabilities, as composed of a single layer.
After the publication of a book by Marvin Minsky and Seymour Papert arguing the limi-
tations of the perceptron [25], the faith in this method completely dropped and culminated
with the end of AI research funding from 1969 (a period known as AI winter).

Despite these stepbacks, Kunihiko Fukushima proposed the Cognitron in 1975, followed
by the Neocognitron in 1981 [26, 27]. His work was motivated by the late advancements
in neuroscience carried out by David H. Hubel and Torsen N. Wiesel, who won the Nobel
prize in 1981 for their study on the cat’s visual cortex [28]. Hubel and Wiesel discovered
that every neuron within the primary visual cortex connects to a small part of the visual field,
named receptive field. These neurons are called simple cells. Other neurons in the successive
layers, known as complex cells, aggregate the information from the previous layers to ensure
invariance to small movements of the objects in the visual field and obtain the final image.
Following this organization, the Neocognitron was composed of four layers, alternating sim-
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ple and complex cells, and a final layer for classification similar to the perceptron [27]. The
first four layers were trained without considering the task to solve (i.e. unsupervised learn-
ing). The last layer instead specialized in solving the task (i.e. supervised learning).
Even though the Neocognitron was able to recognize simple forms, like numbers, it lacked a
learning algorithm to update the parameters of all the layers.

In 1986, the technique based on the backward error propagation proposed by David E.
Rumelhart, Geoffrey E. Hinton, and Ronald J. Williams represented the breakthrough needed
to train multilayer ANNs efficiently [29]. At the same time, the young scientist Yann Le
Cun was working on training multilayer ANNs, when he proposed his algorithm named
Hierarchical Learning Machine (HLM). The latter consisted in propagating some desired
states for each neuron instead of propagating gradients backwards [30]. This trick was useful
to overcome the computational limitations of the time.

In 1988, Yann le Cun proposed the first Convolutional Neural Network (CNN) with only
four layers for recognizing written characters, always inspired by the structure of the visual
cortex. LeNet5, a later version of the first CNN, was commercialized to automatically read
between 10% and 20% of the deposited checks in the United States [20].
Regardless of this success, another gloomy period began in 1995 for ANNs and lasted for
about 15 years. CNNs were considered too complex and demanding from a computational
point of view. Between 1992 and 1995, the Support Vector Machine (SVM), developed by
Isabelle Guyon, Vladimir Vapnik, and Bernhard Boser, became the preferred ML method
[31].

Continuous efforts and unremitting trust in ANN’s potential finally paid off in 2012, when
the revolution brought by deep learning was undeniable. Indeed, training deep networks be-
came feasible, thanks to the massive employment of the Graphical Processing Unit (GPU)
coupled with large data sets available after the internet outbreak.
Since 2010, the ImageNet competition has brought together researchers to solve image
recognition tasks [32]. In 2012, Geoffrey Hinton and his students scored an error of 16%,
outperforming the best performance of the previous year with an error equal to 25% [33].
They used a deep CNN trained with GPUs (see Section 1.2.4.2.3 for more information). In
the following years, all participants experimented with variants of the same method to out-
perform this unbelievable performance.
Henceforth, the scientific community has turned its attention to deep learning, which proved
its value in several tasks and today permeates our everyday life.

Fig. 1.5 provides a timeline of AI history with the most remarkable events.
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Figure 1.5: Most significant events in the history of artificial intelligence. AI: Artificial Intelligence; ANN:
Artificial Neural Network; CNN: Convolutional Neural Network; SVM: Support Vector Machine

1.2.2 Expert Systems

Expert systems are computer programs capable of reasoning. They comprise a set of
if-then rules established and inspired by a human expert [34].
An expert system typically consists of the following components [35]:

• Knowledge Base (KB). It encloses the knowledge of the system in the form of rules,
basic facts, and heuristics;

• Inference engine. It allows the inference of new information by using the KB through
a reasoning method;

• Explanation facility. It explains the decision-making process of the ES.

Despite the evident advantages such as clear explanations and solid expertise, expert systems
remain limited in their capacity. Unlike human experts, they cannot reason outside their
inference engine, thus failing to solve unseen tasks [36].
Further details about ES are available in [37, 38].
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Figure 1.6: Architecture of an expert system. Adapted from [35]

1.2.3 Machine Learning

Machine learning comprises algorithms capable of learning from data [21]. The latter
are usually composed of several examples, each represented by an ensemble of features, i.e.
specific characteristics extracted from data.

We can understand what learning means in this context by quoting the definition provided
by Tom Mitchell in 1997 [39]: “A computer program is said to learn from experience E with
respect to some class of tasks T and performance measure P, if its performance at tasks in
T, as measured by P, improves with experience E.” As previously mentioned, we should
evaluate model performance on different data than those used for training. Based on the
knowledge gathered from the training data, the machine should successfully perform the
same task on unseen data. This generalization ability is undoubtedly the most crucial ability
a machine may develop.
We can list two main types of ML algorithms, supervised and unsupervised, introduced in
the following sections.

1.2.3.1 Supervised Learning

Supervised algorithms require labeled data, with each example associated with a class or
label, i.e. a category. For instance, one famous labeled dataset is the Iris dataset containing
precise measurements regarding 150 iris plants [40].
Among the various supervised tasks ML can perform, we can find [21]:

• Classification. The goal of the machine consists in specifying to which of the c cate-
gories the input belongs. To this end, the learning algorithm should devise a function
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as in (1.9).
g : Rn → {1, ..., c} (1.9)

A category h is assigned by the function g to the input vector i as in (1.10).

h = g(i) (1.10)

An example of classification tasks is determining if a subject is affected by Parkinson’s
disease or is instead healthy [41].

• Regression. Similar to classification, the machine should produce an output which is
a numerical value, provided some input. For instance, predicting a subject’s age using
brain MRI data represents a regression task [42].

In supervised learning, algorithms are supposed to search for the relationship between each
label and the corresponding examples. Let us briefly describe two emblematic algorithms to
understand how supervised learning works.

1.2.3.1.1 Linear Regression

To see what an ML algorithm can do, we briefly present linear regression, used to solve
regression problems through a linear function of the input [21].
Equation (1.11) describes the predicted value r̂ ∈ Rn as obtained by the input vector v ∈ Rn

weighted by the transpose of the vector of parameters k ∈ Rn.

r̂ = k⊤v (1.11)

The linear combination between each feature and the corresponding entry of v determines
the output. We can interpret each parameter as a weight, representing how much it can affect
the prediction.
We evaluate the performance on a set of data left out from training, called test set, defining
Vte as the inputs associated with rte, the regression targets.
To assess model performance on the test set, we can compute the Mean Squared Error (MSE)
in (1.12), denoting by r̂te, the predicted regression value.

MS Ete =
1
n

∑
j

(r̂te − rte)2
j (1.12)

One possible approach to solve this task is to let the algorithm gain experience using the
training set (Vtr, r̂tr) by minimizing the error MS Etr solving for where the gradient is equal
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to 0 and obtaining k as in (1.13) (refer to [21] for the complete proof).

k = (Vtr⊤Vtr)−1Vtr⊤rtr (1.13)

A more exhaustive model for linear regression usually comprises a bias term b as detailed
in (1.14). In this version, the function maps the prediction from features with an affine
transformation.

r̂ = k⊤v + b (1.14)

One variant of linear regression is logistic regression, which instead performs classification
and outputs the probability of belonging to a class.

1.2.3.1.2 Support Vector Machine

As one of the most representative and used algorithms in supervised ML, SVM allows
for binary classification. It comprises a linear function outputting the sample class [31].
Mapping the non-linear input vectors into a high-dimensional feature space makes them
linearly separable. Therefore, the training goal is to find the best hyperplane to split the
two classes. This hyperplane should present the furthest distance from the nearest training
samples named support vectors.

One innovative advance of SVM is the kernel trick. It states that several ML algorithms
can be defined by using dot products between examples [21]. Let us consider the linear
function used by the SVM in analogy with logistic regression:

k⊤v + b = b +
N∑

j=1

(α jvtr⊤v( j)), (1.15)

where v( j) represents a training example, and α is the vector of coefficients. We can substitute
v with the output of a given feature function η(v) and the dot product with a function called
kernel defined as k(v, v j) = η(v)·η(v j), with · being an inner product equivalent to η(v)⊤η(v j).
The function which makes the predictions is defined in (1.16).

g(v) = b +
∑
j=1

α jk(v, v( j)) (1.16)

The relationship between α and g(v) as well as η(v) and g(v) is linear, although the function
in (1.16) is nonlinear with respect to v.
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Figure 1.7: Representation of the main components of an SVM

1.2.3.2 Unsupervised Learning

Unsupervised algorithms can learn data structure based on some features. Clustering
techniques, such as k-means or hierarchical clustering, aim to divide data into groups with
similar characteristics [43, 44].
Unsupervised learning techniques can be divided into two main categories, as illustrated in
Fig. 1.8:

• Partitional or flat. They split data into disjoint clusters, as do k-means and self-
organizing maps.

• Hierarchical. They produce a hierarchy of nested clusters, such as AGNES (AGglom-
erative NESting) or DIANA (DIvisive ANAlysis Clustering).

Figure 1.8: Representation of the two categories of unsupervised learning algorithms
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1.2.3.2.1 K-Means

K-means aims at minimizing intracluster variability and maximizing intercluster distance
with an iterative procedure [43]. We can characterize a typical k-means algorithm with the
following:

• Centroid (or prototype), mean value of the elements belonging to a cluster;

• Intracluster variability, defined as the sum of the distance between each element of
the cluster and the cluster centroid:

• Intercluster distance, obtained as the distance between two centroids.

One disadvantage of this clustering technique is that the user must define the number of
clusters k a priori. According to the problem and the number of samples, it is customary to
examine different k and choose the most appropriate. There exist some techniques to help
find the optimal k, such as:

• Elbow Method. It considers the sum of squared distances S of each sample to the
closest centroid. The point at which S starts to decrease indicates the best k.

• Silhouette Coefficient. It evaluates the similarity between a sample and its cluster
compared to the other clusters [45]. The most appropriate k is the one with the highest
silhouette coefficient in the range [0, 1].

Unfortunately, there is no agreement concerning the best approach to choose k, and the
results obtained by the different techniques can vary.
To perform k-means, we can proceed as follows:

1. Choose the number of clusters k;

2. Initialize cluster centroids (e.g. by assigning samples randomly to each cluster or
considering a sample as a cluster centroid);

3. Compute cluster centroids;

4. Assign elements to clusters according to the lowest distance measure;

5. Iterate from 3) until a stopping condition is met (e.g. maximum number of iterations
or no element changed cluster compared to the previous iteration).

Some extensions to k-means allow for determining k automatically, such as ISODATA [46].
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1.2.3.2.2 Hierarchical clustering

Hierarchical clustering creates a tree of nested clusters. First, we need to define a dis-
tance measure, such as the euclidean distance, to compute the similarity between clusters.
Then, we can group samples according to the lowest similarity measure until we arrive at the
partition corresponding to the initial data. If two elements n1 and n2 are grouped together at
level l0, they remain together at higher levels too (l1, l2, and so on). That is why this type
of clustering is called hierarchical. As shown in Fig. 1.9, according to the cut-point, we can
choose to favor:

• Intracluster variability, decreasing with an increasing number of clusters:

• Intercluster distance, increasing with decreasing number of clusters.

Another factor is the number of elements in each cluster, which can vary from one to the
total. One-sample clusters may identify outliers, i.e. samples significantly differing from the
data distribution.
This technique may give insights about data structure, despite some drawbacks, such as being
highly affected by distance metrics or the difficulty in choosing the number of clusters most
suited for the task at hand.
Nested clusters can be represented with a dendrogram, i.e. a tree diagram, as in Fig. 1.9.

Figure 1.9: Example of a dendrogram. Choosing the cut-point at two clusters maximizes intercluster distance.
The higher the number of clusters, the lower the resulting intracluster variability
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1.2.3.3 Key Concepts

Capacity As previously mentioned, the ultimate goal of an ML algorithm is to generalize,
in other words, perform well on unseen data.
Although we can train an algorithm without using the test (or generalization) set, we can
rely on the i.i.d. assumptions to be confident about the final generalization performance.
According to these assumptions:

• Each example in the train and test sets is independent from the others;

• Train and test sets belong to the same probability distribution.

The generalization ability of ML algorithms can be measured by looking at the training error
and the difference between training and test error, hopefully as small as possible. These two
evaluations help establish the underfitting or overfitting conditions.
A model underfits when the training error is not sufficiently low, whereas it overfits when the
difference between training and test error is considerable, with the test error usually higher
than the training error.

Model capacity is the ability to fit different types of functions. If the capacity is low,
the model is more likely to underfit. If the capacity is high, the model is more exposed to
memorization of irrelevant characteristics from the training data, thus resulting in overfitting.
A concrete example illustrates these concepts in Fig. 1.10, whereas Fig. 1.11 presents the
relation between capacity and error.

Figure 1.10: Left. An example of underfitting with a linear function unable to capture data structure. Middle.
A function with the appropriate capacity would perform well on new points. Right. An example of overfitting:

the function passes through all the points without finding their underlying relationship.
Adapted from [21]
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Figure 1.11: Capacity is represented as a function of the error, indicating areas of underfitting and overfitting.
Adapted from [21]

However, model capacity depends on aspects other than the number of features or the
particular family of functions. We cannot often find the best possible function, but we can
settle for one that diminishes the training error. That is the representational capacity [21].
We must emphasize a crucial consideration about generalization. Although the fact of infer-
ring general rules from a set of limited samples may seem quite illogical as not supported
by all the necessary information, ML wishes to create models that are, quoting from [21],
“probably correct about most members of the set they concern”.
The no free lunch theorem for ML maintains that every classification algorithm will present
the same error rate on new data considering the mean over all possible data generating distri-
butions [47]. However, in practice, we cannot access all data distributions, but we deal with
particular kinds, interesting for real-world applications.

Regularization Although the no free lunch theorem ensures no absolute best ML model,
we can still try to optimize performances by considering the task at hand. To guide the
learning algorithm in the right direction, we could modify the functions it uses and make it
prefer some particular solution according to the best fit to training data.
Regularizing a model means modifying its learning algorithm to decrease its generalization
error without degrading the performance of the training data. Many forms of regularization
have been devised to address specific problems, always keeping in mind the principle of the
no free lunch theorem [21]. We discuss regularization techniques in Section 1.2.4.1.3.
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Hyperparameters Each model comprises a variable number of parameters determining its
structure and behavior, known as hyperparameters. The model does not learn hyperparame-
ters, so we must define them a priori.
A separate set from training data, called validation set, can be used to establish hyperparame-
ters and track model performance to avoid overfitting. Reasonable data splitting percentages
are 80% for training and 20% for validation.
Choosing hyperparameters on training data would result in maximum model capacity and,
consequently, overfitting.

Cross Validation If the dataset is small (with a few hundred samples or less), an alternative
is to perform k-fold Cross Validation (CV): data are split into k subsets such that k-1 parts
serve for training and the remaining one for testing. That allows for averaging the error
across k splits, thus giving a hint about model stability regardless of training data.
Fig. 1.12 illustrates a practical example for a 10-fold CV.

Figure 1.12: Example of data set split for 10-fold cross-validation. Each sample will be used at least once for
training and testing the model. Averaging performances across folds can tell us about model stability

Bias and Variance When the model is prone to perform systematic errors, ignoring some
aspects of the data, it is said to have a high bias. When errors do not present any partic-
ular structures and small changes in the data significantly influence the model, the latter is
unstable and characterized by high variance. Fig. 1.13 provides a representation of these
concepts.
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Figure 1.13: When the model presents a high bias, it is affected by systematic errors. In the case of a model
with high variance, it is unstable and does not capture the structure of the data

According to a more formal definition, bias expresses the deviation from the true value
of the function parameter. Variance refers to the deviation from the expected estimator value
according to the considered sampling of data [21]. These concepts are tightly related to over-
fitting and underfitting: low capacity causes high bias, whereas variance tends to increase
with high capacity (see Fig. 1.14).

Figure 1.14: Bias and variance as a function of model capacity. Adapted from [21]

1.2.3.4 Performance Evaluation

According to the task, we can adopt different metrics to evaluate and compare the perfor-
mance of an ML algorithm.
For binary classification, we can use the confusion matrix, defining four categories:

• True Positive (TP), samples correctly identified as the positive class;
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• True Negative (TN), samples correctly identified as the negative class;

• False Positive (FP), negative samples wrongly predicted as positive;

• False Negative (FN), positive samples wrongly predicted as negative.

For instance, we can associate the negative class with healthy subjects and the positive class
with patients.
Based on the confusion matrix illustrated in Fig. 1.15, we can compute the following metrics:

Accuracy =
T P + T N

T P + T N + FP + FN
(1.17)

S ensitivity =
T P

T P + FN
(1.18)

S peci f icity =
T N

T N + FP
(1.19)

PPV =
T P

T P + FP
(1.20)

NPV =
T N

T N + FN
(1.21)

The confusion matrix may be easily extended to multiclass problems as well.

Figure 1.15: Confusion matrix for binary classification problems

In the case of imbalanced classes, we can compute the balanced accuracy as follows, to
account for the different number of samples per class:

Balanced Accuracy =
S ens + S pec

2
(1.22)

For the sake of brevity, we will refer to accuracy or balanced accuracy indistinctly according
to the considered number of samples per class.
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1.2.4 Deep Learning

No matter how powerful ML methods, such as SVM, are when analyzing a small data
set with complex relationships, they still present some limitations. For instance, they can be
sensitive to data dimension, preventing them from efficiently processing multidimensional
data [20], an issue known as the curse of dimensionality [21]. Another issue is the difficulty
of manually extracting a set of features relevant to a given task, a process that is called
feature engineering. Indeed, this depends on the complexity of the task at hand. For instance,
considering object recognition, we should compute several features independent of position,
distortions, and shifts. Imagine the quantity of time and effort this takes with no guarantee
of success. That is where representation learning comes into play: it can extract meaningful
features from raw data without human intervention. Deep learning falls into this category,
allowing for feature extraction and successive classification with an ANN. Its name derives
from using several successive modules, each with simple yet non-linear functions with higher
and higher degrees of abstraction.

Figure 1.16: Comparison between AI systems. Shaded boxes highlight modules that learn from data.
Adapted from [21]

Fig. 1.16 provides a comparison between the different AI systems. We can see that
deep learning hierarchically performs feature extraction, from very simple to more abstract
levels, automatically learned by the machine to optimize task resolution. By contrast, classic
machine learning demands hand-crafted feature extraction, somehow limiting or biasing the
successive mapping depending on the feature choice and informative content.
Central to deep learning are artificial neural networks in all their forms. In the following, we
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provide an overview of their conception and evolution.

1.2.4.1 Feedforward Neural Networks

The discoveries in neuroscience related to the functioning of the brain and human intel-
ligence opened the way for the creation of artificial neural networks [20].
In the 1950s, neuroscientists focused their attention on the way neurons communicate with
each other. A biological neuron is characterized by different branches, the dendrites, allow-
ing connections to other neurons. The emitted electric signals are transmitted through contact
areas, called synapses. After being processed in the cellular body, the emitted signals pass
to the neighboring neurons through the axon. This output represents an ensemble of electric
signals (i.e. action potentials or spikes) with a frequency expressing neuron activity.

The first mathematical model of a biological neuron was devised in 1943 by Warren Mc-
Culloch and Walter Pitts, two American neuroscientists and cybernetics specialists. This
simplified version of the biological neuron is called an artificial neuron. It performs a
weighted sum of the received inputs (e.g. resulting from the activity of neighboring neurons)
and produces a numerical value. Then, it compares this output to a threshold: if the value is
inferior, the neuron is inactive, otherwise it is active and the signal propagates through the
axon to the downstream neurons.
According to the model of McCulloch and Pitts, we can see the brain as a logic inference
machine, in which binary neurons perform logical computations [48]. Fig. 1.17 highlights
the similarities between biological and artificial neuron. Inspired by the artificial neuron,
Frank Rosenblatt proposed the first machine able to learn in 1957, knows as perceptron, and
composed of a single artificial neuron. His work was motivated by the theories of Don-
ald Hebb, who suggested that connections between two simultaneously active neurons are
strengthened [49]. Hebbian learning was confirmed in the 1960s and exhaustively explained
by Eric Kandel in the 1970s.
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Figure 1.17: Comparison between a biological and an artificial neuron. In biological neurons, inputs are
processed in the cell body and transmitted to neighboring neurons through the axon. Similarly, in artificial

neurons, the weighted sum between the inputs x and the weights w adds to a bias term b, then passes through
an activation function f to produce an output y

Rosenblatt introduced a way for the neuron to learn by modifying its synaptic connec-
tions (i.e. the weights) based on the errors between predicted and expected values. This idea
was in line with the studies about the synaptic efficiency of Santiago Ramon y Cajal, dating
back to the nineteenth century. The concept of adjusting model parameters according to the
predictions regarding input data was not novel in statistics, yet it had not been applied to
pattern recognition.
The perceptron can be interpreted as a linear classifier that divides its input space into two
parts. However, if the input is not linearly separable, it cannot be described with a linear
combination of the weights. That happens when considering pattern recognition in one im-
age: if the goal is to recognize some shape, the slightest modification of orientation, position,
or dimension could cause the model to fail, as each weight connects to one pixel.

For pattern recognition, one solution was the introduction of an intermediate module,
called a feature extractor, between the input and the classifier itself. The latter is in charge
of detecting specific traits in the image to describe it in a meaningful yet more synthetic
way [20]. Let us consider face recognition as an example. In this case, discriminating traits
can be the nose, the eyes, or the lips of a person, and we wish to obtain features carrying this
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information. We use a vector fed to the classifier to encode the feature presence, absence,
or intensity. However, when feature extractors are hand-designed, their development can be
very complex and time-consuming.

The discriminative power of perceptrons grew with their multi-layer version, composed
by several hidden layers of artificial neurons, also called units. A Multilayer Perceptron
(MLP) was indeed able to analyze even nonlinear relationships between input and outputs.
Fig. 1.18 shows a typical architecture. Each unit performs a weighted sum of the inputs,
which is then passed through an activation function and transferred to the successive units,
fully connected. This mode of functioning is called feedforward, as each layer takes the
resulting states of preceding layers as input.
If the number of units, and thus of layers, is considerably high (usually more than five layers),
we call these algorithms deep neural networks.

Figure 1.18: Typical structure of a feedforward multilayer perceptron. Note the fully connected scheme
between units. For clarity’s sake, only few connections are shown. Adapted from [20]

There are two main types of layers in MLPs:

• Linear, performing the weighted sum between inputs and weights;

• Nonlinear, applying a nonlinear function to the output of each unit. Some examples
are available in Fig. 1.19.
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Figure 1.19: Examples of activation functions, used to introduce nonlinearity in feedforward MLPs

However, feature extraction was still performed manually due to the difficulty of efficiently
adjusting the weights of several layers. That required high computational power, which the
hardware of the time could not provide.
Although the first attempts to completely automatize the feature extraction process led to
successful results in the 1980s, we must wait until 2012 for the scientific community to em-
brace the method revolutionizing image recognition, known as CNN. The latter performs
feature extraction by automatically learning features during training, so optimized to solve
the considered task. At the heart of the present work, we describe CNNs thoroughly in
Section 1.2.4.2. Other DL algorithms are gaining considerable attention such as Generative
Adversarial Network (GAN) for synthetic data generation [50], and Recurrent Neural Net-
work (RNN) able to deal with sequential data and especially used for text translation.

Let us now focus on feedforward neural networks, also known as MLPs, considered the
core of deep learning. Feedforward refers to the information flowing from the input x to the
output y, without any feedback connections, implemented when the output is reintroduced
into the model. Feedback connections are characteristic of RNNs [51].
The goal of an MLP is to approximate some function g to produce a mapping y = g(x,θ),
with θ the set of parameters learned to optimize the function.

Besides the input layer receiving input data, MLPs are generally composed of a variable
number of hidden layers, each characterized by a specific function, whereas the final layer
is called the output layer. The number of layers determines the depth of the model, whereas
the number of units (i.e. the artificial neurons) in each hidden layer determines its width. It is
important to note that the relationship between training examples and their output specifies
the result expected from the network: a value very close to the output y. On the other
hand, the learning algorithm establishes the relationships between hidden layers with no a
priori [21]. To find nonlinear relationships, it is the model that learns nonlinear functions,
without the need for the user to design them, as before the advent of DL. That is the strategy
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adopted for the hidden layers and is equivalent to applying a nonlinear transformation to the
input of a linear model, allowing for extending the capacity of linear models.

1.2.4.1.1 Hidden and Output Units

Hidden units are responsible for the non-linearity of neural networks. They usually con-
sist of a nonlinear function q applied to an affine transformation a of the input vector x,
multiplied by the weight matrix transposed W⊤ and summed to a bias term b, as in (1.23)
and (1.24).

h = q(a) (1.23)

a =W⊤x + b (1.24)

Any hidden unit may be an output unit whose choice influences the type of loss function, i.e.
the function to be optimized (please refer to Section 1.2.4.1.5 for more details) [21].
In the following, we mention some well-known units with their related activation function.

• Softmax. It initiates a competition between units since each expresses a class proba-
bility. This behavior resembles the winner-take-all neuron associated with the lateral
inhibition hypothesized in the cortex for neighboring neurons [21]. Similarly, in MLPs
one unit presents the highest probability and establishes the winning class.
Softmax activation σ : RC → (0, 1)C is defined as in (1.25), with C the number of
classes and x the input vector. The total sum over the components must add up to 1.

σ(x)i =
exi∑C
j=1 ex j

(1.25)

We widely employ Softmax as an output unit.

• Sigmoid. Used extensively in recurrent networks, it is defined in (1.26). One drawback
is that saturation can occur for a consistent part of its domain [21].

q(x) =
1

1 + e−x (1.26)

• Hyperbolic tangent. Closely related to the sigmoid unit σ, it is defined as follows:

q(x) = tanh(x) = 2σ(2x) − 1 (1.27)

Fig. 1.19 represents sigmoid and hyperbolic activation functions.
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• Rectified Linear Unit (ReLU). Given its similarity to a linear activation except for
zeroing half of its domain, ReLU is rather easy to implement, with large but consistent
gradients. We can characterize it with the formula in (1.28).

q(x) = max{0, x} (1.28)

ReLU activation presents advantages such as computational efficiency, better conver-
gence performance, and reduced vanishing gradient problems compared to more com-
plex units like sigmoid in (1.26) and hyperbolic tangent in (1.27).
However, if a considerable number of units reaches zero activation, this would cause
learning to stop. For this reason, variants like Leaky ReLU in (1.29) present certain
flexibility for negative numbers.

q(x) =

 x, if x > 0,
0.01x, otherwise

(1.29)

Another possibility is the Exponential Linear Unit (ELU), defined in (1.30), in which
α > 0. ELU has shown higher classification accuracy than ReLU [52].

q(x) =

 x, if x > 0,
α(ex − 1), otherwise

(1.30)

Fig. 1.20 offers an illustration of ReLU and its variants.

Figure 1.20: Variants of the Rectified Linear Unit (ReLU)

1.2.4.1.2 Back-Propagation

Forward propagation defines the flow of information forward through the network from
the input to the output [21]. This behavior can continue until the computation of a scalar cost.
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Back-propagation, or backprop reintroduces the information from the cost backward into the
flow to allow for gradient computation [29]. The learning algorithm for ANNs consists of
backprop for computing the gradient and another algorithm for learning via this gradient,
e.g. Stochastic Gradient Descent (SGD) (see Section 1.2.4.1.5).
To compute backprop, we can apply the chain rule to tensors in the case of MLPs. The chain
rule describes the derivative of the composition of two differentiable functions, f , and g. If
we consider h(x) = f (g(x)), then the chain rule in Lagrange’s notation can be expressed as
in (1.31).

h′(x) = f ′(g(x))g′(x) (1.31)

Table 1.1 presents an example of backprop for an MLP with two hidden layers. In the forward
pass, the first hidden layer receives as input the weighted sum between weights w and inputs
x (we omit bias for simplicity) passed through a nonlinear activation function a, and the same
goes for the successive layers. Let us consider a cost function equal to

√
yl − tl

2, in which
tl is the true value and yl is the prediction. In the backward pass, we compute the weighted
sum of the error derivatives with respect to the inputs of the units in the preceding layer [53].

1.2.4.1.3 Regularization Techniques

Parameter Norm Penalties Regularization can be achieved by adding a norm penalty term
to the cost function that usually affects only the weights, leaving the biases unaltered [21].
This penalty term is multiplied by a nonnegative hyperparameter α ∈ [0,∞], controlling the
strength of the regularization φ. Equation (1.32) formally defines the regularization C̃ of the
cost function C given the model parameters θ, the input tensor X, and the output vector y.

C̃(θ; X, y) = C(θ; X, y) + αφ(θ) (1.32)

We can list two commonly used types of parameter norm penalty:

• Weight decay. Also known as L2 regularization or ridge regression, it acts on the vector
of weights w by driving them towards the origin and adding to the cost function the
term 1

2∥w∥
2
2.

• L1 regularization. This regularization strategy considers the sum of the absolute values
of the weights ∥w∥1 =

∑
i |wi|. Compared to weight decay, L1 regularization leads to

more sparse solutions. We can exploit this behavior to perform feature selection, which
consists in selecting the subset of more relevant features to the task at hand [54].
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Table 1.1: Backpropagation for a multilayer perceptron with two hidden layers. The cost function is equal to
√

yl − tl2.

Dropout While inexpensive from the computational point of view, dropout allows for
regularization by randomly dropping (i.e. setting to zero) hidden units from the base net-
work [55]. This strategy is comparable to bagging, which trains and evaluates several mod-
els on each test sample. However, the main difference between the two is that models are
independent in bagging, whereas dropout comprises parameter sharing.
In the case of dropout, we perform the arithmetic mean over the sub-models, each identified
by a mask vector m defining a probability distribution p(y | x,m) as in (1.33), where p(m) is
the probability distribution to sample m during training.∑

m

p(m)p(y | x,m) (1.33)
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Instead of the arithmetic mean, we can use the geometric mean to find an appropriate model
approximation with only one forward propagation, as shown in [21].
Besides computational efficiency, we can apply dropout to models that can be trained with
SGD and use distributed representations. Furthermore, we force hidden units to perform
well regardless of the interaction with other units and the context in which we utilize them.
This principle is again biologically inspired: there are genes able to switch between different
species while maintaining their usual features [56].
Fig. 1.21 provides an example of dropout.

Figure 1.21: Example of dropout applied on a simple neural network with two hidden units. We show a few
combinations of unit dropping by omitting units and their connections. h: hidden unit; x: input unit; y: output

unit

Dataset Augmentation We can improve generalization by training the model with more
data. However, the amount of data we have is usually limited and highly dependent on the
task to solve. An alternative to deal with this issue is to create realistic synthetic data. That is
simpler for tasks like classification. For instance, if we consider object recognition, we can
reproduce many variation factors from the images with a realistic outcome [21]. Even just
translating a few pixels has shown performance improvement, regardless of the translation
invariance characterizing CNNs.
Nevertheless, one must be careful about the operations that may change the nature of the
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augmented class (e.g. "6" transformed to "9" by rotation). Data augmentation must collide
with the characteristics of each label to avoid introducing biases instead of ameliorating
performances.

Adversarial Training Neural networks have amazed the world with their near-human or
even above-human performances in different tasks, such as image recognition and playing
Go [33, 57]. Hence, the curiosity to discover whether they used similar criteria as humans
would to achieve these performances. To this end, adversarial training forces the network
to recognize ad-hoc perturbed examples from the training set. These adversarial examples
can fool the network into changing its prediction, albeit the human eye cannot perceive the
modifications made [58]. Apart from the applications in fields such as cyber-security, we can
use adversarial training as a form of regularization to make training more robust.

Transfer Learning Another possibility is transfer learning, exploiting the knowledge learned
in one context to improve generalization in a different setting. For instance, we can consider
that the first task for the network is to identify cats and dogs. We can assume that if enough
data are available, the learned representations can serve to recognize also pandas and bears.
That relies on the fact that low-level notions (e.g. edges, changes in lighting) are common to
visual categories [21]. One must be careful, however, that the transferred domain is compat-
ible with the target domain and adapt the choice for the transferred layers consequently.
Transfer learning has been applied successfully to medical images to address the lack of
data [59, 60].

1.2.4.1.4 Parameter Initialization

Parameter initialization is crucial for a neural network to work well. Indeed, the gener-
alization ability and optimization algorithm can be affected by the scale of the initial distri-
bution [21]. It has revealed cumbersome to devise initialization strategies that are beneficial
for generalization and optimization, and they usually favor one over the other. Recently de-
veloped initialization strategies are not so complex since neural network optimization is still
not fully understood.

One necessary requisite is that initialization must allow for breaking symmetry [21]. For
instance, in the case of hidden units with the same activation function and connected to
the same inputs, these units must present different initialization so that each computes a
different function, supported by random parameter initialization. Furthermore, a compromise
should be found between too large or too small initial parameters, as the former can lead to
exploding values, whereas the latter can cause an excessive shrink in the range of activations.
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So far, we have referred to weight initialization, but we must also initialize biases. A common
strategy is setting them to zero, compatible with most initialization techniques.

Glorot initialization is among the most used initialization strategies [61]. It initializes all
layers to keep the same activation variance as well as the same gradient variance. We define
it mathematically in (1.34), where U(− 1

noutputs+minputs
, 1

noutputs+minputs
) is the uniform distribution

with n the number of units and W the weights.

W ≈ U(−
1

noutputs + minputs
,

1
noutputs + minputs

) (1.34)

1.2.4.1.5 Optimization Algorithms

At this point, one question comes to mind: how does an artificial neural network learn?
Learning in ANNs is usually carried out by optimization, i.e. minimizing or maximizing
some function g(x), called the objective function or criterion [21].
Considering minimization, which is usually the preferred optimization strategy, g(x) is called
the cost function, error function or loss function. Hence, learning is an iterative process
with the goal of minimizing the errors, and adjusting the weights in order to ameliorate
performances.
Designing a neural network also includes choosing a cost function. Since deep networks
usually define a distribution p( y | x; θ), we may use the maximum likelihood principle. It
estimates a parameter maximizing the joint probability of the training data x as a function of
the model parameters θ [21], y being the output.
We can consider a cost function given by the cross-entropy between training data and model’s
predictions y, with the entropy expressing a measure of uncertainty with respect to a given
distribution. Moreover, we can add a regularization term to cost functions in MLPs.
In the case of binary classification, we can define the binary cross-entropy Cp(q) for two
distributions p and q, as in (1.35).

Cp(q) = −
1
N

N∑
i=1

yi · log(p(yi)) + (1 − yi) · log(1 − p(yi)) (1.35)

Due to nonlinearity, cost functions can become non-convex. That leads to small values of
the cost function rather than an actual minimum. Moreover, unlike convex optimization,
non-convex functions do not provide any guarantee that they will reach convergence.
Fig. 1.22 represents the cycle of learning applied to an artificial neuron. This process in-
volves millions, if not billions, of parameters to be optimized, although a small amount
compared to the numerous synapses populating the human brain [20].
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Figure 1.22: The learning cycle of an artificial neuron. After processing the input x and computing the
weighted sum of the weights w, the result goes through an activation function producing an output. As the

difference between the true and predicted label, the prediction error is injected back into the network to
modify the weights and improve performance

One key difference between pure optimization and learning in deep networks is that the
latter aims at improving some performance measurement (e.g. accuracy) rather than just
minimizing the cost function for the sake of it, as in pure optimization [21].
In machine learning, we can reduce the expected generalization error (also called risk, cor-
responding to the error on unseen data) by minimizing the expected loss on the training set.
That is known as empirical risk minimization. Due to many loss functions being nondiffer-
entiable, we use a surrogate loss function that is easier to optimize. To reduce overfitting,
techniques such as early stopping can stop learning based on a convergence criterion.
We can employ different optimization algorithms depending on the number of samples used
for the gradient update [21]:

• Batch. Also known as deterministic, this approach implies using the entire training set.

• Stochastic. This optimization algorithm processes only one sample at a time. The
online variant is specific for when data are created simultaneously from a stream.

• Minibatch. Widely employed in deep learning, it considers a subset of examples ran-
domly selected from the training set. Additionally, we need to shuffle data before
random selection to avoid bias due to their ordering.

Gradient Descent One way to minimize a function y = g(x) is to compute its derivative

denoted as g′(x) or dg
dx . We can interpret the latter as the slope of g(x) at the point x.

We can use this derivative to establish how to change the input in order to improve the output.
In this regard, the gradient descent technique postulates to decrease g(x) according to small
steps of x following the opposite sign of the derivative (see Fig. 1.24) [62].
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There can be points in which the derivative equals zero, knows as critical points or stationary

points, giving no information about which direction to take. Moreover, we can define two
types of saddle points [21]:

• Local minimum, as a point in which g(x) is lower than at all neighboring points and
g(x) cannot decrease by taking infinitesimal steps;

• Local maximum, as a point where g(x) is higher than at all neighboring points and g(x)
cannot be increased by taking infinitesimal steps.

Fig. 1.23 shows the different types of critical points.

Figure 1.23: Types of critical points

Instead, a global minimum is a point for which g(x) assumes the absolute lowest value.
There can be multiple global or local minima, making optimization more difficult especially
for multidimensional functions (e.g. in deep learning). For this reason, we generally com-
promise to accept low function values, which do not necessarily qualify as minimal [21].

For functions with multiple inputs, for instance g : Rn → R, we must consider partial

derivatives, indicated as ∂
∂x j

g(x). We can then compute the derivative with respect to each
variable x j, obtaining the gradient which is the vector of all partial derivatives ∇xg(x). Ac-
cording to this formulation, we evaluate how small changes in each variable influence the
output.
An example is the gradient descent or steepest descent, which decreases the function follow-
ing the direction of the negative gradient. The notion of directional derivative in direction u
(a unit vector) can be used to find the direction in which g is reduced the fastest, as in (1.36).

min
u,u⊤u=1

u⊤∇xg(x) (1.36)
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We define the point resulting from this operation in 1.37, where ϵ is the learning rate. The
latter is a positive number (usually small) establishing the step size.

x′ = x − ϵ∇xg(x) (1.37)

Fig. 1.24 provides an example of gradient descent. Gradient descent reaches convergence
when each gradient entry equals zero or practically is very close to zero.

Figure 1.24: Representation of gradient descent, showing how the function derivative can guide to reach a
minimum. Adapted from [21]

When the function output is a vector, we can define the Jacobian matrix, including all
the partial derivatives as in (1.38), with g : Rn → Rm and J ∈ Rm×n.

Jk, j =
∂

∂x j
g(x)k (1.38)

Moreover, we can compute the derivative of a derivative known as the second derivative. The
latter can inform about the curvature of a function (see Fig. 1.25). For instance, considering
a quadratic function, we have the following cases:

• No curvature (i.e. flat line), characterized by a second derivative equal to zero;
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• Negative curvature, the function goes downward;

• Positive curvature, the function goes upward.

Figure 1.25: Example of curvatures

In the case of many second derivatives due to multiple inputs, we can define the Hessian

matrix in (1.39). The Hessian matrix is symmetric owing to the commutative property in
the points where the second partial derivatives are continuous: Hk, j = H j,k. The directional
second derivative can give us an idea about the performance of each gradient descent step.

H(g)(x)k, j =
∂2

∂xk∂x j
g(x) (1.39)

However, since each direction has a second derivative, one point can have many second
derivatives. This complicates the procedure to find the optimum value due to the different
speeds at which derivatives can decrease or increase.
One solution is to exploit the information provided by the Hessian matrix by applying New-

ton’s method, which uses a second-order Taylor series expansion to approximate the function
closely to some point. Newton’s method is an example of second-order optimization, in con-
trast to gradient descent which falls into the category of first-order optimization algorithms.

Given the complexity of deep learning functions, we may apply some restrictions to these
functions, like the requirement to have a Lipschitz continuous derivative.
If other restrictions are required, we can refer to the field of convex optimization, which
applies to convex functions only [63]. The latter is less employed in deep learning but can
be used to prove the convergence of some DL algorithms.

Stochastic Gradient Descent SGD is a variant of gradient descent widely used in deep
learning [21]. It is common practice to calculate the cost function as a sum of this function
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evaluated for each example. We can thus expect the computational cost needed to make the
gradient descend to increase rapidly with training set size.
SGD is based on the gradient as an expectation, so we can compute it on a small set of
samples, called minibatch. That enables fitting large training sets with gradient updates
considering a few examples.
SGD estimate denoted as d on s examples belonging to the minibatch is described in (1.40),
where C is the cost function, x is the input vector, y is the output, and θ represents the
parameters to be updated.

d =
1
s
∇θ

s∑
j=1

C(x( j), y( j),θ) (1.40)

The gradient update is closely related to the learning rate, which in practice reduces gradually
according to some condition (e.g. no improvement in the loss function after a certain number
of epochs).

Momentum Although efficient, SGD can become very slow. The Momentum method
makes learning faster by exploiting an exponential decay of the moving average from past
gradients, defined with the variable ν [64]. The latter represents a sort of velocity, de-
termining the direction and speed to move parameters within the parameter space. The
exponential decay depends on a hyperparameter α in the range [0, 1). Equations (1.41)
and (1.42) define parameters update using momentum, in which ϵ is the learning rate and
∇θ

1
s

∑s
j=1 C(g(x( j);θ), y( j)) are the gradient elements.

ν ← αν − ϵ∇θ

1s
s∑

j=1

C(g(x( j);θ), y( j))

 (1.41)

θ ← θ + ν (1.42)

Adaptive Learning Rate The learning rate is one of the most tricky hyperparameters to
set. As shown in Fig. 1.26, it can considerably influence network performance by determin-
ing the pace at which we move along the cost function to reach a minimum. Rather than
choosing a fixed value, different optimization algorithm proposes an adaptive learning rate,
such as AdaGrad [65], RMSProp [66] and Adam [67].
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Figure 1.26: Representation of the impact of learning rate on performances. When it is too small, this slows
performances. Instead, if it is too high, it can miss a valuable optimum point. The best approach is to have an

adaptive learning rate, gradually decreasing according to performance improvement

Adam stays for adaptive moments and can be interpreted as a combination of momentum
and RMSprop but with some differences [21]:

• Momentum is included as an estimate of the first-order moment of the gradient;

• Estimates of first- and second-order moments undergo bias corrections to consider
their initialization at the origin.

Adam is particularly suited for tasks involving multidimensional arrays and seems robust
regarding hyperparameters.

1.2.4.1.6 Batch Normalization

Covariate shift is one of the most feared enemies when training deep networks. It is
due to the changing distribution of layers during the training phase, thus forcing to reduce
the learning rate and carefully initialize parameters [68]. Batch Normalization (BN) tries to
contrast this issue by normalizing groups of examples rather than a single group [69].
We can train neural networks efficiently with stochastic gradient descent, which minimizes
the parameters θ to minimize the loss as in (1.43), where t1...N represents the training set.

P = arg min
P

1
N

N∑
j=1

C(t j, P) (1.43)

Training gets divided into steps, each characterized by a mini-batch of size s. Using
the minibatch, we can approximate the gradient of the loss function C with respect to the
parameters as in (1.44).

1
s
∂C(t j, θ)
∂θ

(1.44)
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Two main simplifications have been advanced to perform batch normalization [69]:

• Independently normalizing scalar features to have zero mean and unit variance [70];

• Each minibatch providing statistics such as mean and variance for every activation.

Experiments performed on bench-mark CNNs, like for ImageNet [71] and MNIST [72],
confirmed the efficacy of batch normalization. Although these networks were slightly modi-
fied, for example, using higher learning rates and removing dropout (see Section 1.2.4.1.3),
they reached a lower top-5 error than the one obtained with the same CNNs without BN
implementation.

1.2.4.2 Convolutional Neural Networks

Convolutional neural networks have advanced image recognition thanks to automatic
feature extraction optimized for the task [19]. The strength of such an approach relies upon
a data-driven character coupled with the powerful discrimination abilities of artificial neural
networks. Before delving into their description, let us briefly explain their origin.

1.2.4.2.1 Neuroscientific Foundations

One fundamental inspiration for CNNs came from the study on the cat’s visual cortex
by Hubel and Wiesel, dating back to 1962 [28]. Their work showed that object recognition
is performed in stages from the retina to the inferotemporal cortex, identifying the so-called
ventral stream.
For instance, when we look at an object, the signal goes from the primary visual cortex V1
to visual areas V2 and V4 through a series of filters. Here in the inferotemporal cortex,
the neurons related to the concept associated with the considered object activate and make
us recognize the object. In V1, millions of bundles of pyramidal neurons (from 50 to 100)
connect to small areas of the visual field, called receptive fields, which react to simple traits,
such as lines with various orientations. These are known as simple cells and can detect the
same pattern at different locations. Then, there are complex cells, neurons able to aggregate
the information carried out by simple cells with a certain tolerance to position, distortions,
or shifts (see Fig. 1.27).
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Figure 1.27: Example of shape recognition performed by simple and complex cells. Note how complex cells
integrate the information retrieved by simple cells by performing basic operations (e.g. finding the maximum

value) to obtain the final shape. Reproduced from [73], (Vincent de Ladurantaye, Jean Rouat and Jacques
Vanden-Abeele, 2019). CC BY-SA 3.0

According to the two-streams hypothesis [74], the ventral (or "what") pathway leading
to the temporal lobe involves object recognition. The dorsal (or "where") pathway instead
relates to spatial localization and arrives at the parietal lobe. Fig. 1.28 depicts these two
pathways.

Figure 1.28: Representation of the ventral (or "what") and dorsal (or "where") streams for visual processing
in humans. Reproduced from [75], OpenStax College, 2013. CC BY 3.0
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In light of the visual processing mechanism, the following concepts constitute the basis
for CNN functioning:

• Local receptive field, as neurons in V1 are connected to small parts of the image;

• Repetition of the same operation on the visual field, as different neurons can detect the
same feature in different areas of the image.

In analogy with simple cells, we find the convolution operation in CNNs (hence their
name) for detecting simple patterns. Similarly to complex cells, the pooling operation ag-
gregates the information retrieved by convolutional layers to reduce input dimension and
sensibility to distortions and shifts.
In a typical CNN architecture, convolution and pooling layers alternate to perform automatic
feature extraction. Given that we optimize parameters during training, we obtain feature
extractors optimized for the task. That finally frees from manually devising and computing
features by directly exploiting the optimization procedure. An MLP can process the outcome
as a feature vector for each input to perform some task.

1.2.4.2.2 Convolution and Pooling

We can characterize a convolutional layer by a filter or kernel, a matrix of numbers
learned during training. Each filter passes on the image producing a feature map, showing
the parts of the image which activated it.
The convolution operation is typically denoted by an asterisk, as denoted in (1.45), where f

is a real-valued function and w a weighting function [21].

c(t) = ( f ∗ w)(t) (1.45)

In the case of a three-dimensional image, we can compute convolution as in (1.46), with X,
the image, and K, the three-dimensional kernel. Multidimensional arrays, such as images,
are also known as tensors. We can interpret discrete convolution as matrix multiplication.

C(h, i, j) = (X ∗ K)(h, i, j) =
∑

l

∑
m

∑
n

X(l,m, n)K(h − l, i − m, j − n) (1.46)

Fig. 1.29 provides a numeric example of the convolution operation. We can perform con-
volution with a specific stride, i.e. the number of pixels to consider when passing over the
image. If the stride is equal to one for all directions, we slide the kernel of one pixel in each
direction to compute the output.
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Figure 1.29: Example of the convolution operation computed on a 2D image with stride equal to 1. The valid
method is applied as the kernel lies entirely in the image

Convolution presents at least three advantages [21]:

• Sparse interactions. Convolutional kernels are usually much smaller than the input.
That leads to a smaller number of parameters, meaning less memory and fewer com-
putations. More interestingly, units in deep layers may cover a nonnegligible part of
the input.

• Parameter sharing. In the case of an image, instead of having each pixel connected
to a single weight (as it would be in the fully connected scheme of an ANN), kernel
weights in CNNs can learn the same pattern found at different locations in the image.

• Equivariant representations. A function h(x) is said to be equivariant if changes in the
input correspond to equivalent changes in the output. This property comes in handy
when a function activates in several input locations (e.g. for edge detection).

Convolution leads to the computation of linear activations, typically followed by a nonlinear
activation function (examples are available in Fig. 1.19). We then perform the pooling opera-
tion to summarize the convolutional output of its neighborhood by computing the maximum
or mean value. Fig. 1.30 shows the two most used types of pooling.
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Figure 1.30: Examples of average and max pooling computed on a 2D image

The alternation of convolution and pooling layers produces a set of features, organized
hierarchically, going from simple to very abstract levels [19]. Fig. 1.31 illustrates an example
of feature extraction obtained with a CNN.

Figure 1.31: Example of hierarchical feature extraction obtained using a CNN. Adapted from [76]

Over the years, CNN architectures have evolved to tackle different upcoming issues (e.g.
the difficulty of optimizing deep networks and overfitting). In the following, we describe the
most famous CNNs that continue to inspire new variants.
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1.2.4.2.3 Main Architectures

LeNet-5 Dating back to 1998, LeNet-5 was the first CNN architecture, named after its
creator Yann Le Cun and devised for digit recognition [72]. Although constituted by only
two convolutional layers due to the computational limitations of the time, it obtained an
acceptable error rate.

AlexNet In 2012, AlexNet won the ImageNet competition (ImageNet Large Scale Visual
Recognition Challenge (ILSVRC)), an object recognition task consisting in predicting for
each image 5 out of 1000 possible categories [33]. If the correct answer fell among the five
proposed ones, then the output was correct.
AlexNet totaled only 16% for the error rate compared to 25% the year before. This result
represented the breakthrough for CNNs to gain their place as powerful image recognition
methods. Compared to LeNet-5, AlexNet has more filters per layer and different convolution
sizes. The network was trained simultaneously on two GPUs for six days.

ZFNet One year later, ZFNet triumphed as the winner of the ILSVRC by reaching 14.8%
as the top-5 error rate [76]. This architecture resembles AlexNet but with some hyperparam-
eter tweaking.

VGGNet In 2014, the Visual Geometry Group (VGG) devised a deeper network named
VGGNet, characterized by 16 convolutional layers and 3×3 convolutions [77]. VGGNet
trained for 2-3 weeks on 4 GPUs.

Fig. 1.32 illustrates these famous architectures.
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Figure 1.32: Most famous CNN architectures: LeNet-5 [72], AlexNet [33], and VGGNet [77]. Image
dimensions is reported as (height, width, channels). Filter size is specified for Conv and Pool layers. The

number of units is indicated for Dense layers. Before inputting to the Dense layers, features are reshaped in a
1D vector (Flatten). Conv: convolutional layer; Pool: pooling layer; f: number of filters; p: padding; s: stride
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GoogLeNet Another architecture worth mentioning is GoogLeNet (also called Inception

V1), developed by Google, which achieved a 6.67% top-5 error rate, winning the ILSVRC
2014 [71]. Inspired by LeNet-5, it presents 22 layers (excluding pooling). The novelty
introduced by this architecture was the inception module, consisting of a variable number
of convolutional filters with different sizes and additional pooling layers, whose results are
concatenated and fed to the next layer. That led to significantly ameliorated performances
while keeping the computational burden limited.
Fig. 1.33 provides two variants of the inception module.

(a) Plain version

(b) Version including dimensionality reduction via 1×1 convolutions

Figure 1.33: Variants of the inception module. Adapted from [71]

ResNet As the winner of the ILSVRC 2015, ResNet achieved a 3.57% top-5 error on the
test set [51]. This architecture represents an efficient alternative to training deep networks (up
to 152 layers, eight times deeper than VGGNet) to solve the problem of vanishing/exploding
gradients [61, 78]. To this end, the network presents residual blocks, as schematized in Fig.
1.34. The underlying assumption is that the model tries to optimize a function closer to
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an identity mapping than a zero mapping, hence the strategy of fitting a residual mapping.
Residual blocks are called identity blocks when the input and output dimensions are the same.
ResNet addresses the degradation problem (accuracy reaches a plateau and then decreases
fast) by increasing the network’s depth. The cause of such an issue is not attributable to
overfitting but rather highlights that optimization can differ according to the network.

Figure 1.34: Residual block used in ResNet to allow for residual learning. Adapted from [51]

All-Convolutional Network This architecture, developed in 2015, has only convolutional
layers for the feature extraction part [79]. Pooling layers are replaced by convolutional layers
with stride equal to 2, thus making the network learn the pooling operation. Moreover,
convolutional filters are kept small (size<5), thus diminishing the number of parameters and
even introducing a form of regularization.

U-Net Specially designed for biomedical image segmentation, U-Net represents an up-
grade of a previous fully convolutional network [80]. It has won several awards, includ-
ing the Cell Tracking Challenge at International Symposium on Biomedical Imaging (ISBI)
2015. U-Net is composed of a [81]:

• Contracting path, following the structure of a traditional CNN;

• Expansive path, performing an upsampling of the feature maps computed in the con-
tracting path.

This architecture was designed to work with few training samples, as is often the case in the
medical domain. Data augmentation falls indeed in the pipeline, with techniques adapted to
the type of data, to improve the network’s learning ability.
Fig. 1.35 illustrates the original U-Net architecture scheme.
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Figure 1.35: U-Net architecture. Conv: convolutional layer; Pool: pooling layer; ReLU: Rectified Linear
Unit. Adapted from [81]

1.2.5 Explainable AI

One of the foremost concerns of AI is creating tools comprehensible to human beings
to favor their acceptance and use. That is a concrete issue in the medical domain, in which
integrating different and non-homogeneous, often missing, high-dimensional data is part of
the everyday clinical routine [82].
When dealing with the so-called usable intelligence, it becomes imperative to [83]:

• Learn from the available set of data;

• Gain insights from these data;

• Develop the ability to generalize;

• Contrast the curse of dimensionality, denomination given by Richard E. Bellman in
the context of dynamic programming in the case of high-dimensional spaces [84, 85].
The latter can cause data to become very sparse fast, thus requiring more data whose
amount increases exponentially with the dimensionality.
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Transparency from the predictors’ decision-making process must be assured so that profes-
sionals can understand their underlying mechanisms. That is why explainable AI comes
into play. The struggle of explainability has always accompanied AI due to the failures in
elucidating algorithms’ decisions in light of their undeniable achievements [86].

Deep learning algorithms are often defined as black boxes because human operators still
cannot fully understand some aspects of their decision-making process [87,88]. Two notions
have turned out to be valid for neural networks [89]:

• Compactness. We can write learning rules in a few pages of high-level code;

• Compressibility. It is higher for specialized systems such as DL algorithms. However,
even simplified to plain models, these algorithms remain hardly understandable.

If we compare the brain to neural networks, it also appears like a black box from the outside
as we do not know a person’s thoughts, yet we still trust humans [89]. That is as fascinating
as it can be frightening.

In this context, understanding generally means elucidating the black box without limiting
the explanations to low-level algorithm descriptions [82]. Nonetheless, we can distinguish
between two concepts [90]:

• Interpretation, i.e. representing an abstract concept using an area familiar to humans;

• Explanation, i.e. including an ensemble of features used for decision-making, which
fall into the interpretable domain.

Moreover, we can establish the value of an explanation by considering completeness, which
can accurately describe operations performed by the system [91].

1.2.5.1 Visualization Techniques

The explainability of deep networks can be described using three principal categories,
following the taxonomy in [91]:

• Processing. It suggests using a proxy model akin to the original model but more
straightforward to explain or the generation of saliency maps to reveal regions of
the input relevant to the prediction [92]. One of the most representative examples
of the linear proxy model approach is Local Interpretable Model-agnostic Explana-
tions (LIME), able to locally approximate any black-box function adopting an inter-
pretable model [93].
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Decision trees are another type of proxy model, making the effort of decomposing
neural networks. An example is DeepRED [94], which generates trees very sim-
ilar to neural networks but expensive in terms of time and computational memory.
Automatic-rule extraction methods are an alternative to the previous techniques [95].
Various techniques allow for retaining more information throughout the network e.g.
CAM [96], Grad-CAM [97], SmoothGrad [98], LRP [99], Integrated Gradients [100].

• Representations. Exploiting the granular organization of deep networks, we can ex-
amine them at different levels:

– Units, contributions of single neurons in a qualitative manner (e.g. visualizing
their response) or quantitatively by solving a transfer learning problem;

– Vectors, exploring directions by linear combinations of neurons;

– Layers, probing whether they are capable of addressing problems in a domain
other than what they were trained for (i.e. transfer learning).

• Explanation-producing systems. Grouped in:

– Attention networks, including functions that networks learn to find out the influ-
ence of inputs and features, thus making the decision process more comprehen-
sible;

– Disentangled representations, characterized by single dimensions with insightful
and uncorrelated variation factors;

– Generated explanations, with explanations incorporated in the training process.

There exist three main types of saliency methods [101]:

• Gradients. Also known as sensitivity [92, 102], they show modifications of the output
when the input slightly varies;

• Signal methods. They aim to detect input patterns provoking neuron activation in
deeper layers;

• Attribution methods. They decompose the value at output neurons into contributions
from each input dimension (e.g. Deep-Taylor Decomposition [103] and Integrated
Gradients [100]). They insist on completeness, unlike gradients methods.

In the following, we shortly present some of the most employed visualization methods with
applications in neuroimaging.
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1.2.5.1.1 Gradients

Saliency maps For a given class, saliency maps can be obtained as follows [92]:

1. Computation of the derivative, arranged as a vector of the input image using backprop-
agation;

2. Rearrangement of each entry to a specific pixel and computation of its absolute value.
In the case of images with more than a single channel, we consider the channel pre-
senting the maximum value.

These maps can inform how the output responds when moving in a specific direction over
the input [92, 102]. This technique is presented as a generalization of Deconvnet (see Sec-
tion 1.2.5.1.2). The principal drawback of saliency maps is their reliance on fully connected
layers.

1.2.5.1.2 Signal Methods

Deconvnet The idea behind Deconvnet is to create a network able to reconstruct the activ-
ity of each layer, leading to pixel mapping of the input space [76].
Representing the positions of local maxima belonging to a specific pooling region, the so-
called switches connect the convolution network to Deconvnet. Such a method allows track-
ing the most frequently considered pixels and distinguishing some features thanks to the
activation maps computed for each layer. Another contribution of Deconvnet is occlusion

sensitivity, to find which parts of the input are relevant for classification (e.g. the desired
object or the surroundings). Deconvnet performance may improve by using a loss function
to detect multiple objects in the images [76].

Guided Backpropagation Guided backpropagation was introduced in 2015, along with a
novel CNN architecture made exclusively of convolutional layers [79] (see Section 1.2.4.2.3).
This method relies on the absence of pooling, which theoretically ensures independence from
the input and allows for investigating intermediate layers.
Guidance is provided by higher layers. Inspired by deconvnet (see Section 1.2.5.1.2) and
backpropagation, higher layers neglect all negative values in the former or the latter method
rather than considering only one option. That preserves negative gradients belonging to neu-
rons reducing the activation of deeper layers.
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PatternNet PatternNet is a visualization method based on projecting the signal obtained
at each layer back into the input space [104]. It corresponds to gradient calculation with
informative directions replacing network weights.
To inspect deep models, PatterNet examines a simple network setup (composed of a linear
model) using data generated by a linear model. In such a way, we can clearly define the
following [105]:

• Signal, components of the input containing relevant information;

• Distractor, an ensemble of factors that complicate correct identification of the desired
output.

In signal methods, neural networks retrieve the signal standing for the input parts causing
activation. Instead, attribution methods give quantitative information about the contribution
of signal dimension passing throughout the network. We can compute the attribution for a
linear model by element-wise multiplication between the weights and the signal.

1.2.5.1.3 Attribution Methods

PatternAttribution This approach provides explanations of classifier decisions at the pixel
level, producing heatmaps to compensate for non-linearity [99].
Two main differences separate sensitivity maps from the pixelwise decomposition approach:

• The function value at the prediction point x and its differential are not directly linked;

• Pixelwise decomposition wishes to understand classifier predictions in a given state by
a set of roots from the prediction function.

One of the most delicate aspects of Deep Taylor Decomposition [103] is to find a root point,
i.e. the point at which a differentiable function is zero. Instead, PatternAttribution focuses on
pixelwise importance by exploiting the contribution of each neuron to the final classification
[104].

Deep Taylor Decomposition Deep Taylor decomposition is a method aiming at explaining
nonlinear classifier decisions by determining the contribution of each decision to the input
[103]. The goal is to directly associate every pixel n of image I with a relevance score Rn(I).
The latter provides information about the contribution of each pixel in the explanation for
the classifier prediction f (I). The heatmap Rn(I) must present the following properties:

1. Conservative, if the sum of pixel-wise relevance matches the final relevance found by
the model;
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2. Positive, if it is composed of values equal to or greater than zero;

3. Consistent, if the previous two properties are fulfilled. The heatmap must be empty
with no label of interest in the image.

This method relies on the divide-and-conquer paradigm, based on the fact that deep
neural network functions divide into less complex subfunctions such as neurons.
Deep Taylor decomposition comes with usability on trained models with diverse input and
structures, as it does not need hyperparameter tuning, offering transparency for classifier
decisions.

1.2.5.1.4 CAM & Grad-CAM

Class Activation Mapping In 2015, Class Activation Mapping (CAM) was proposed to
discover relevant regions identified by CNNs for a specific label [96].
CAM consists in projecting the output layer weights into the convolutional feature maps.
Given an image, the activation of a particular unit is represented at a specific spatial location
in the last convolutional layer. Global average pooling is performed on the feature maps
relative to that unit, and the softmax input is obtained by summing the activations multiplied
by the unit weights.
The class activation map CAMl for label l at grid position of coordinates x and y is presented
in (1.47), where:

• pl
j is the weight p considering unit j and label l;

• a j(x, y) is the activation of unit j at grid position (x, y).

CAMl(x, y) =
∑

k

pl
j a j(x, y) (1.47)

The ultimate step comprises an upsampling operation to visualize CAM with a size
matching the input image.
Regarding global average pooling, its use is encouraged compared to global max pooling.
The former can recognize an entire object, whereas the latter focuses on the most defining
parts [96].
One limitation of this approach is the necessity to use a softmax or an SVM as an output
layer, even removing the fully connected layer.

Grad-CAM Introduced as a generalization of CAM, Grad-CAM [97] comes with much
larger usability on different CNN models, for instance:
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1. Characterized by fully connected layers, such as VGGNet;

2. Dealing with structured output, such as in the case of captioning;

3. When there are inputs with different modalities, such as visual question answering and
reinforcement learning.

Good visual explanations must be class-discriminative, able to identify the desired class, and
high-resolution, revealing even the details [97].
Grad-CAM retains gradient information passing through the network until the last convo-
lutional layer to reveal the relevance of each neuron for a particular decision. The chief
advantage is the possibility of visualizing whichever activation in a deep architecture.
However, networks without a connection between feature maps and outputs through weights
require retraining.
Guided Backpropagation (see Section 1.2.5.1.2) and Grad-CAM can be fused using point-
wise multiplication to improve the ability to show finer details.

1.2.5.1.5 CNN Eyes Vision

CNN Eyes Vision is a straightforward visualization method developed to highlight the
most relevant parts of the input for CNN decision-making process [106, 107]. This method
was one of the central topics of the Ph.D. research conducted by Edouard Villain, super-
vised by Marie-Véronique Le Lann, and Xavier Franceries, one of my Ph.D. supervisors
[106]. Given the direct application in the medical field, developing a visualization technique
adapted to 3D MRI data became essential to accompany the results of a CNN-based approach
to discriminate patients with MSA from controls.

Fig. 1.36 provides a scheme of the proposed visualization method. First, we extract
the output of each filter in the convolutional layers. Then, we remove negative values, as
they do not carry useful information. To match the input dimension, we perform bicubic
interpolation obtaining the activation map. Applying a threshold to activation values can
facilitate visual interpretation. Finally, we compute the average of activation maps from
each convolution layer. Averaging activation maps from each convolutional layer leads to a
single visualization map for the considered model.
To highlight salient regions, we perform the absolute difference between the averaged maps
per class. Alternatively, we can consider the difference between correctly classified samples
per class to reduce the noise due to misclassifications.

This technique has been compared to Grad-CAM and saliency maps, showing similar
results [106]. In addition to pixel-wise activation values, there is no constraint on model
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applicability, and no retraining is needed. Furthermore, it takes a lower computation time
compared to Grad-CAM.
Using CNN Eyes Vision to inspect CNN predictions for the classification of 3D brain MRI
data showed the expected target regions in the visualization maps [107].

Figure 1.36: Scheme of CNN Eyes Vision applied to AlexNet architecture. The output from each
convolutional layer is retrieved to be thresholded and interpolated to the input dimension. Activation maps for
each convolutional layer are obtained by averaging the results from each convolutional filter. Normalizing the

mean of all activation maps provides the final activation map [106, 107]
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1.3 AI for Neuroimaging

Though by no means exhaustive, this section provides an overlook of some insights into
the application of AI in neuroimaging. The mind cap illustrated in Fig. 1.37 can guide you
through the covered topics.

Figure 1.37: Mind map providing an overlook of the topics covered in the section AI for Neuroimaging.
Concerning the experimental part of this dissertation, we focused on the topics highlighted in the rounded

boxes
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1.3.1 Focus on MRI Data

We introduce here a brief parenthesis regarding image processing of brain MRI.
MRI images can be used in Digital Imaging and COmmunications in Medicine (DICOM)
format, a standard for storage and transmission of medical data, including information about
acquisition parameters [108]. DICOM images are two-dimensional as each corresponds to
a slice acquired from the subject. It is possible to merge these 2D images to constitute a
3D volume, usually registered in Neuroimaging informatics Technology initiative (NifTi)
format [109]. The latter is easier to use for image processing and analysis.
We can use MRI data in their raw form with no preprocessing or after some preprocessing
steps, which include but are not limited to:

• Skull stripping, i.e. the segmentation of brain tissue;

• Registration, i.e. the process of aligning multiple images so that they are anatomically
coherent, performing spatial normalization, for instance, by using a brain template
such as Montreal Neurological Institute (MNI);

• Denoising, i.e. the process of removing or practically lowering the noise from the
signal.

In neuroimaging, we can also find different practices to analyze an image, going from whole-
brain to more local approaches. For example, it is common practice to extract specific cere-
bral structures of interest, such as Gray Matter (GM) or White Matter (WM) maps, to conduct
separate and more targeted analyses [110, 111].
Depending on the sequence type or other acquisition settings, MRI data may be affected by
a variable degree of noise. The latter impacts image quality and the consequent potential
extraction of biomarkers. DL techniques can offer a valid alternative to cope with this issue
by developing automated and reliable tools [112].

An aspect worth mentioning is the difference between qualitative and quantitative MRI.
As explained in a previous report [113], most clinical MRI acquisitions are qualitative since
they convey weighted images with contrast determined by experimental parameters and tis-
sue characteristics. Abnormality detection is achievable through the localization of focal or
evident contrast differences in areas that should be normal. On the other hand, quantitative
imaging refers to maps featuring a physical or chemical variable expressed in physical units.
Consequently, they allow for comparison between regions and among individuals.
More systematic use of quantitative MRI could reveal beneficial to increase the diagnostic
power of brain MRI based on quantitative measurements. The latter would enable comparing
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a single individual to a healthy population’s standards and keeping track of the alterations
indicating disease progression [113].
In this dissertation, we focused on a quantitative parametric map, called MD, derived from
diffusion-weighted images and informing about water molecules diffusion (for more details,
see Section 3.1).

AI-based methods appear suitable for gathering information from multiple MRI indices
[114,115]. Given the diversity of knowledge offered by the various MRI indices or the com-
bination with other imaging techniques, multimodal Magnetic Resonance Imaging (mMRI)
has shown tremendous promise.
mMRI can benefit from multiple MR indices to reach a more reliable diagnosis by error
compensation [116–118]. However, mMRI presents some drawbacks: it is complex, time-
consuming, and subject to the reader’s interpretation. Hence, the need to find a way of effi-
ciently and automatically merging and examining these data. Our research group has recently
proven the effectiveness of mMRI to discern patients with PD from patients with MSA and
Healthy Controls (HC), devising a fully automated data-driven pipeline [41]. This approach
overcame the limitations of previous works, based on single modality MRI or using inter-
mediate user-dependent and bias-prone steps. Moreover, this fully-automated data-driven
pipeline was compared to a CNN-based approach to discriminate MSA patients from HC
with similar results [106].

1.3.2 Data Analysis

AI has been gaining ground in neuroimaging with applications from tumor segmentation
to brain age estimation [119–122].
Machine learning techniques have enabled us to analyze and detect diffuse and diverse imag-
ing patterns in contrast with mass univariate analysis [123]. Dating to the mid-90s, the latter
comprises methods such as voxel-based analysis and statistical parametric mapping, which
allowed for the characterization of cerebral functions and structure, leading to fundamen-
tal knowledge discovery [124]. The main goal of the mass univariate analysis is searching
for differences between groups or correlations between data such as imaging, clinical, or
cognitive [125], albeit at the population level. Although very informative, they cannot pro-
vide individually-based indices essential for developing and finding biomarkers at the subject
level. The advent of ML revolutionized the neuroimaging field by directing its attention to a
single-subject analysis. [125].

Multivariate methods can retrieve global signatures revealing especially suitable for ap-
plication to MRI data, instead of only limiting at the voxel level as in mass univariate anal-
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ysis [126]. Among the most widely used methods, random forests gained popularity given
the reduced errors thanks to the ensemble of models merged by averaging or voting strate-
gies [127]. They have been extensively applied for the classification of AD [128] or autistic
spectrum disorder [129].
Another family of successful methods is the SVM, owing to the easiness of use and the wide
availability of kernels in addition to very satisfying performances [31]. For example, patients
with AD have been discerned from HC using the combination of many SVMs to randomly
select and evaluate the previously extracted features, leading to a 94.4% accuracy [130]. Au-
tomatic classification of patients with autism spectrum disorder has been proposed using an
SVM and cortical thickness data, reaching an accuracy of 84.2% [131].

1.3.3 Tasks

Despite the promising results of traditional ML methods, deep learning has recently
shown great promise in neuroradiology for a range of tasks, e.g. for producing radiolo-
gists’ reports using an image as input [132, 133]. To give a general idea of the possibilities
and challenges, we briefly discuss just a few examples of these applications according to the
task, focusing on classification. Exhaustive reviews on the applications of machine learning
on neuroimaging data are available in [119–122, 125, 134, 135].

• Segmentation. DL-based segmentation of the brain, substructures, or even malignant
lesions is widely employed, proposing several alternatives to the U-Net architecture
(see Section 1.35) [136–138]. For instance, Natekar and colleagues [139] investigated
the performance of three network architectures inspired by U-net [81] for brain tumor
segmentation. They provided visualizations of the network’s activations at different
levels to prove that each architecture detected tumors at its own pace. Moreover, pyra-
midal CNN architectures with encoder-decoder-based modules allowed accurate iden-
tification of cancerous regions [140].
Aggregating Grad-CAMs at different scales provided representations of hierarchical
features from the tumors, outperforming Grad-CAM by 23% in localization accuracy.
Another application saw the use of a U-Net architecture to fully segment the Substantia
Nigra pars compacta (SNc) on neuromelanin-sensitive MRI to detect neurodegenera-
tive changes due to the isolated REM sleep behavior disorder, considered a prodromal
stage of parkinsonism [141].
Comprehensive reviews are available in [142, 143].

• Detection. This task allows the localization of an object in an image, e.g. by contouring
it with a rectangular box. Therefore, it can point out regions or abnormalities, often
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followed by other tasks such as segmentation or classification. The first step is to find
all anomalies, thus requiring high sensitivity, whereas the second is the classification
of these patches. DL methods can be used for both or just one phase. An example is
the detection of microbleeds from brain MRI with 3D CNNs [144].

• Image Enhancement. The main goal of image enhancement is to improve different
aspects of an image, such as resolution or signal-to-noise ratio [132]. Among the
most applied techniques, there are denoising (e.g. by using a residual CNN [145])
and super-resolution (e.g. creating synthetic MR images with enhanced resolution via
GANs [146]).

• Image Reconstruction/Generation. Image acquisition is highly dependent on hardware
and parameter settings which strongly affect image quality [132]. One possibility is
to generate synthetic images varying the parameters within the same MR sequence or
different MR sequences from other MRI sequences (e.g. using a fully convolutional
neural network [147] or GANs [148]). Another promising application is image syn-
thesis from other imaging techniques, for instance, by creating CT from T1-weighted
brain images [149].

• Classification. DL techniques have shown promising results in analyzing neurolog-
ical disorders [150, 151], including neurodegenerative diseases such as AD and PD
[152, 153]. In particular, CNNs have led to exceptional performances for analyzing
multidimensional images, as those issued by MRI (see Section 1.2.4.2).
Khosla and coworkers [154] used a 3D CNN on fMRI data to discern autistic patients
against healthy controls, reaching an accuracy of 72.8%. The computation of mean
saliency maps highlighted relevant regions by averaging the results of each method
across the adopted strategies. They also performed a regression task for age prediction
and localized areas involved in aging via the saliency maps.
In another study, an accuracy of 100% was achieved on a test set of 27 PD patients and
29 HC using a 3D CNN with six convolutional layers and brain MRI [155]. Occlusion
sensitivity was applied to highlight salient regions for PD diagnosis, in line with med-
ical findings.
Korolev and coworkers [156] compared residual and plain 3D CNNs for the discrim-
ination of healthy controls against AD patients. Both CNNs reached comparable per-
formances (accuracy around 0.80). Attention maps revealed regions involved in AD
physiopathology.
In the multi-center study of Yuan and colleagues [157], a 3D CNN architecture was
devised for gender classification, accompanied by visualization of the regions of inter-
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est in each deconvolutional layer. Their implementation obtained an accuracy of over
92.5% by harnessing the issue related to data acquired with multiple MR scanners.

One advancement brought by DL is the possibility of analyzing the entire brain volume,
feeding the networks with 3D images. Such an approach enables the integration of spatial
information from 3D data, such as MRI, on a whole-brain level instead of considering only
2D slices [158]. Moreover, CNNs accept MRI data in their minimally processed form, usu-
ally after spatial normalization, e.g. in MNI space.
CNNs also allow for avoiding prior feature extraction and selection steps, sources of poten-
tial bias in the performance.

1.3.4 Challenges

The transition from traditional ML to DL techniques has been quite considerable in the
past few years, leading to exciting findings [159]. Nevertheless, there are some concerns
about whether deep networks can perform well when data are limited, as in medical ap-
plications. One aspect to consider is that compared to 2D images, like those used for the
ImageNet competition, medical images exhibit fewer variations in their appearance [160].
Furthermore, recent studies showed that deep networks could develop the ability to general-
ize on unseen data even with a small sample size [161, 162].
One solution to deal with the lack of sufficient data may be to gather data from different
medical centers. This strategy is prone to other issues, such as high variability in scanner
settings, acquisition parameters, and heterogeneity in subject demography or disease mani-
festations.
An alternative other than standard data augmentation techniques (e.g. rotations, translations)
is to generate artificial examples from a ground-truth distribution, using generative methods
like GANs [50]. There already exist applications for medical image synthesis, including
MRI and CT, holding the promise for future successful developments [163–165]. However,
synthetic image generation requires a validation phase to assess image quality, as it is sus-
ceptible to artifacts and abnormalities [166, 167].

The work presented in this Ph.D. dissertation covers some of the abovementioned as-
pects, such as coping with a small sample size when using a CNN and better understanding
the functioning of these powerful tools. To do so, we propose to create realistic synthetic
brain MRI data to interpret CNN behavior according to data whose characteristics we mas-
ter. Furthermore, we tested the validity of these synthetic data when enclosing features of a
rare disease, such as MSA, and analyzed the impact of limited data on CNN performance.
Let us walk you through the objectives and motivation at the core of this research.
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2 Objectives
This doctoral thesis aims to better understand the behavior of convolutional neural net-

works for the classification of 3D brain MRI data. Many like us have wondered about the
reasons underpinning CNN’s outstanding performances and abilities, being as much a cu-
riosity as a necessity. That is especially true in the medical domain demanding transparency
about the decisions regarding patients’ life. We are well aware that as long as these meth-
ods will not be, if not utterly at least in part, understood, they will never take their place in
clinical practice.

Some questions prompted us from the beginning:

• To what extent can specific input features shape CNN performance? Or, in other
words, how much do data from each patient impact the CNN learning process?

• Do CNNs learn what we hope to perform a task? Do we have enough information
about input data to exploit for a better understanding of CNN behavior?

To find an answer to these questions tightly related to one another, we decided to study CNN
behavior by feeding ad hoc modified brain MRI input data. Our hypothesis stated that when
we master the content provided to the network, we can interpret CNN performance more
easily. We must bear in mind that these methods learn from experience, i.e. input data, albeit
with possibly different criteria than us. Hence, we propose to alter brain MRI parametric
maps belonging to healthy subjects in specific regions, thus creating the Altered Parametric
Maps (APMaps). To this end, we applied a linear transformation to increase the intensity of
these regions, keeping in line with the physical significance of the MRI sequence used with-
out mimicking any particular pathology. Exploiting data from healthy subjects represented a
considerable advantage because of the greater availability while preserving inter-individual
variability. For this first phase, we could not afford to include pathological data with their in-
trinsic complexity since we needed to control the information given as input to the network.
Building on the findings of a previous Ph.D. thesis exploring the ability of a CNN to dis-
criminate healthy from pathological patients [106], we devised a 3D CNN to perform binary
classification between original and altered parametric maps. We tracked CNN performance
according to input changes and explored a more complex case with two altered regions in
the input images.
Moreover, the APMaps may serve as ground truth to verify whether the network searches
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for the known differences between the classes to discern. Indeed, we used them to validate
a straightforward visualization technique to find the most relevant image parts for CNN pre-
diction [107].
The first experimental chapter (Chapter 3) is dedicated to thoroughly explaining and dis-
cussing these findings. To our knowledge, this is the first attempt to study CNN behavior in
the case of 3D neuroimaging data by using targeted input modifications.

Inevitably, the next step was the analysis of pathological data, driven by these issues:

• Can we use these altered brain MRI data to identify similar traits in unseen pathologi-
cal data?

• May creating APMaps with specific features of a rare disease improve disease classi-
fication via controlled data augmentation?

• Can a CNN be capable of generalization when trained with a small dataset?

The second experimental chapter (Chapter 4) is devoted to answering these questions by fo-
cusing on MSA, a rare neurodegenerative disorder whose similarities with PD complicate
differential diagnosis [14, 168].
Our goal was to efficiently discriminate patients with MSA from healthy controls despite the
small sample size. To do so, we first examined the value of pathology-agnostic APMaps
to detect similar features in MSA patients. We then refined this method to create APMaps
containing specific MSA features with different approaches.
Secondly, we directed our analysis toward the importance of training content when it comes
to discriminating MSA patients from normal individuals. Besides considering the limited
quantity of data, we analyzed the impact of data heterogeneity on the classification of a
rare disease such as MSA. By grouping patients according to a z-score-based approach, we
trained a CNN with patients featuring different degrees of modification to track CNN perfor-
mance accordingly

To conclude this dissertation, we discuss in the last experimental chapter (Chapter 5) an
application of CNNs to the discrimination between healthy controls and patients in coma.
We considered a multimodal MRI protocol comprising structural and functional MRI. Fur-
thermore, we supported our findings with the localization of the most salient regions for the
prediction. This work represented one of the first attempts to study coma patients using a
deep learning approach and data from multimodal MRI.
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3 Altered Parametric Maps for CNN
Interpretability

3.1 Introduction

No matter how enlightening visualization methods can be, they cover only marginal CNN
aspects or sub-parts [88]. We reviewed some of these methods in Section 1.2.5. Furthermore,
we can examine CNN behavior by considering architecture, learning rules, and objective
functions [169].
As one can well imagine, there are infinite possibilities to better grasp CNN behavior, e.g. by
testing different structures or developing novel explanation techniques. For this experimental
part, we chose to keep the proposed CNN architecture constant while focusing on the content
of training data. We hypothesized that mastering the input could facilitate the interpretation
of CNN results specifically applied to 3D brain MRI data. To this end, we modified brain
parametric maps of healthy individuals by altering the intensity of two specific regions. Let
us illustrate the reasons and motivations leading us to this approach.

In neurological disorders, brain alterations can present complex patterns owing to several
regions involved with varying pathophysiological changes [170]. Learning from these data
may thus reveal quite challenging as we cannot know how each patient contributes to the
CNN pattern retrieval.
Our research group has concretely faced these difficulties in interpretation during the doctoral
thesis of Edouard Villain, under the supervision of Marie-Véronique Le Lann and Xavier
Franceries, one of my Ph.D. supervisors [106]. This research assessed the feasibility and ef-
fectiveness of a CNN-based approach to discriminate MSA patients against HC using mMRI
by comparing it to the fully automated data-driven pipeline based on a traditional ML ap-
proach from our research group [41]. Focusing on the classification of MSA patients against
HC, the CNN-based approach achieved comparable performances considering the differ-
ent combinations of MRI modalities. Moreover, a visualization technique was developed
to investigate the network’s decisions and verify that the CNN had based its decisions on
similar regions to the reference pipeline (see Section 1.2.5.1.5). Despite the reassuring cor-
respondence between the regions considered by the network and the reference pipeline, we
acknowledged that some aspects, such as prediction errors, remained obscure owing to the
unknown component proper of pathological data. The latter are intrinsically heterogeneous
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due to variegated patterns characterized by a single, sometimes considerably altered, region
or more diffuse alterations.
In light of this, we postulated that being aware of the content provided to the network could
help infer how input characteristics influence CNN performances. Hence, we created altered
brain MRI data by introducing region-specific modifications.
Many valuable alternatives are available to generate new data, including, for instance, deep
networks like GANs. The only drawback is that their functioning is not transparent as in
the case of CNNs. Indeed, that was the issue we were trying to overcome, so we decided to
modify existing data from healthy subjects by introducing calibrated yet realistic alterations.

The present study aimed to ascertain whether it is feasible to analyze CNN behavior ac-
cording to changes in input data. To do so, we modified brain MRI parametric maps derived
from DWI acquired from healthy subjects, with linear intensity-based alterations to two brain
regions, the cerebellum and putamen. We named these altered data APMaps in contrast to
the original data called Original Parametric Maps (OPMaps).
We chose mean diffusivity, a type of parametric map providing information about the Brow-
nian motion of water molecules [7]. This index expresses the mean voxelwise diffusion of
water molecules, quantitatively measured in mm2/s [171, 172].
MD values can increase due to pathophysiological changes and have been observed in MSA
[14], PD [13], and AD [12]. These increases usually indicate water diffusion anomalies and
reduced microstructural integrity [7]. We did not conceive these alterations to resemble any
specific pathology, but we kept them realistic in light of the physical significance of the cho-
sen parametric map. As evoked in Chapter 2, this approach allowed us to establish a ground
truth while exploiting the intrinsic inter-individual variability of the healthy subjects.
Fig. 3.1 illustrates the cerebellum and putamen, selected as regions of interest, given their
distinct characteristics summarized in Table 3.1.
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(a) Cerebellum

(b) Putamen

Figure 3.1: Atlas-based masks (in white) highlighted over the brain (in gray) for localization of the regions
considered in the creation of the Altered Parametric Maps (APMaps)

Table 3.1: Main differences between the cerebellum and putamen, the two brain regions selected for creating
the Altered Parametric Maps (APMaps). The reported average size was retrieved from [173] for the putamen

and [174] for the cerebellum
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Several brain diseases can cause anomalies in these regions, including movement dis-
orders and cognitive dysfunctions [175–177]. For instance, cerebellar ataxia and putami-
nal alterations can be found in the pathophysiological pattern of MSA [14, 168, 178–180].
Recent studies have focused on putaminal biomarkers to distinguish PD from atypical syn-
dromes [181].

In addition to monoregion APMaps with only one altered region, we produced biregion

APMaps, including two modified regions. Without loss of information about input charac-
teristics, biregion APMaps made us approach a more complex condition in which more than
one cerebral area presents abnormalities. As it often occurs in neurodegenerative diseases,
pathological data can comprise more widespread alterations involving different regions.
To investigate CNN behavior given the changes in input characteristics, we trained the de-
signed 3D CNN to distinguish between OPMaps and APMaps in a binary classification task.
We supported these results by computing visualization maps to search for the targeted re-
gions.
A preprint version of this work is available online [182]. In the following, we explain in
detail the creation of APMaps and how we used them to interpret CNN behavior.

3.2 Material and Methods

3.2.1 Participants and MRI Protocol

A total of 89 individuals (100% male) underwent brain imaging in a 3T MRI scanner
(Philips Achieva) with a 32-channel head coil at the INSERM/UPS UMR1214 ToNIC tech-
nical platform (Toulouse, France). Mean age of the participants was 56.19 years (SD = 18.08
years, range = 20.67-85.25 years).
DWI acquisition parameters were as follows: TE = 55 ms; TR = 12.36 s; flip angle = 90◦;
FOV = 112×112 voxels; number of slices = 65; voxel size = 2×2×2 mm3; EPI factor = 59;
parallel factor = 2; phase encoding direction = postero-anterior; b value (number of direc-
tions) = 0 (1), 500 (32), 1000 (32) s/mm2; total acquisition time = 16 min.
This study was approved by the local ethics committee and was conducted following the
Declaration of Helsinki. All participants gave written informed consent. For more informa-
tion, please refer to previous work [183].

3.2.2 Image Processing

We processed DW images with the standard FSL pipeline [184]. We computed MD maps
and registered them in MNI space with a resolution of 3×3×3 mm3. Spatial harmonization
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can help compensate for the anatomical differences in the native MRI space [185].

3.2.3 Creation of APMaps

We devised a method for introducing region-specific alterations to brain MRI parametric
maps, thus creating the APMaps.
Fig. 3.2 summarizes the main steps of our approach. First, we extracted the regions of
interest from the MD maps of healthy subjects (i.e. the OPMaps) using an atlas [186].
Second, we applied a linear transformation to MD values, as in (3.1). yr,n is the altered
region (indicated by r) and xr,n is the original region, whose MD values lie below the nth

percentile, whereas p is the intensity increase as a percentage (3% to 99%, in increments of
3%). In each image, we modified only the region of interest, leaving the rest unaltered.

yr,n = (1 + p) · xr,n (3.1)

Figure 3.2: Creation of the APMaps. To create an APMap, we first extracted the region of interest from the
OPMap, corresponding to the MD map of a healthy subject. We then applied a linear intensity-based

transformation to increase each MD value of a percentage in the range [3%, 99%]. The resulting APMap
presents only the region of interest modified, leaving the rest of the image unaltered. APMaps: Altered

Parametric Maps; MD: Mean Diffusivity; OPMaps: Original Parametric Maps. Adapted from [182] (Giulia
Maria Mattia, 2021). CC BY-NC-SA 4.0

We evaluated the 75th, 90th, or 100th percentile to limit image saturation effects. Finally,
we chose the 75th for the cerebellum and the 90th for the putamen. Fig. 3.3 shows examples
of histograms for the two regions.
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(a) Cerebellum (b) Putamen

Figure 3.3: Creation of APMaps. Examples of histograms computed on mean diffusivity (MD) values with
considered percentiles for each brain region. We used 256 bins to calculate the histograms. Reproduced

from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0

Image saturation can occur when, due to some operation, voxels overcome the maximum
image value. Signs of saturation in the cerebellum already appeared using the 90th percentile
as a threshold, whereas only with the 100th percentile in the putamen (see Fig. 3.4). We can
also notice that the putamen is not delineated in the OPMaps, so when considering healthy
individuals in this particular type of parametric maps. We can observe the presence of gray
and white matter in the cerebellum.

(a) Cerebellum

(b) Putamen

Figure 3.4: Monoregion APMaps. From left to right: OPMap and APMaps created using the 75th, 90th, and
100th percentile as a threshold to limit image saturation. We applied an intensity increase of 75% to both

regions. Arrows indicate areas showing saturation. Reproduced from [182] (Giulia Maria Mattia, 2021). CC
BY-NC-SA 4.0
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Along with the intensity, we examined whether the position of the modified region could
impact CNN performances. To this end, we harmonized region size to obtain a comparable
number of modified voxels. We performed the following morphological operations on the
respective atlas-based masks:

• Erosion of the cerebellum (Eroded Cerebellum (E-Cerebellum)) to reach a size com-
parable to the putamen (about 400 voxels, given our resolution in MNI space);

• Dilation of the putamen (Dilated Putamen (D-Putamen)) to reach a size comparable to
the cerebellum (about 7200 voxels, given our resolution in MNI space).

Figure 3.5: Top: Examples of APMaps with different intensity increases in percentage. Arrows indicate the
altered regions. Bottom: Size harmonization for the brain regions with the corresponding number of voxels in

each mask. The brain is displayed in gray, and the relevant region in white. APMaps: Altered Parametric
Maps; D: Dilated; E: Eroded; OPMaps: Original Parametric Maps. Adapted from [182] (Giulia Maria Mattia,

2021). CC BY-NC-SA 4.0
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Fig. 3.5 gives a schematic representation of the intensity modification and regional size
harmonization. We altered region size only to compare with the anatomical reference with
no intention of resembling any pathological trait.
We named monoregion APMaps, the APMaps presenting one altered region, and biregion

APMaps, those with two altered regions. The former guided us in the creation of the latter
getting thus closer to a more complex yet realistic brain condition. Section 3.2.5 further
describes biregion APMaps.

3.2.4 CNN Implementation

Due to the promising performances achieved by the 3D CNN proposed in the previously
mentioned doctoral thesis to classify MSA patients against HC [106], we considered that
model a reference and performed some preliminary tests. These exploratory experiments led
us to design a similar CNN architecture characterized instead by a smaller size for the con-
volutional filters, which seemed more sensitive to variation in region size. Further insights
are available in Appendix A, Section A.1. In this work, we proposed a 3D CNN for super-
vised classification, the task being to distinguish OPMaps from APMaps for performance
assessment according to input changes. Using the entire brain volume as input preserves the
spatial information of the whole MRI at a 3D participant level [187].
Fig. 3.6 summarizes the main steps of the proposed approach.
The CNN received the images (i.e. 89 OPMaps and 89 APMaps) in the shape of (60, 72,
60) voxels. Given the limited sample size, we carried out cross-validation as customary in
the neuroimaging field [187, 188]. We randomly split each dataset to use 80% for training
and validation with 10-fold cross-validation and 20% as a hold-out set to assess CNN per-
formance in the testing phase. The random seed for cross-validation was kept constant.
We normalized data considering the maximum value of the training set for each fold to lie in
the range [0, 1]. We selected the best-epoch model with minimum loss value on the valida-
tion set and tested it on the hold-out set.
To design our 3D CNN architecture, we took inspiration from AlexNet [33] and VGG-
Net [77], considering also a model already used for the discrimination between MSA pa-
tients and HC 107. Fig. 3.7 offers a schematic diagram of the proposed model, comprising
the following building blocks [182]:

• ConvBlock, composed of a convolutional layer characterized by filter size = 3×3×3,
stride = 1, with an increasing number of kernels going deeper into the network, and
a batch normalization (BN) layer to speed up learning through a reduction in internal
covariate shift [69], followed by an exponential linear unit (ELU) as the activation
function [?];
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Figure 3.6: APMaps for CNN Interpretability. Representative scheme of the proposed approach. We modified
brain MRI parametric maps of healthy individuals to create the APMaps by introducing linear intensity-based

alterations to specific regions of interest in the OPMaps. We split the dataset composed of the original and
altered parametric maps, thus obtaining the training set and validation set from a 10-fold cross-validation

scheme and a hold-out set for the testing phase. We devised a 3D CNN to distinguish APMaps from OPMaps.
Using the APMaps with different regional intensity increases as training data helped assess how CNN

performance varied according to changes in the input. APMaps: Altered Parametric Maps; CNN:
Convolutional Neural Network. MRI: Magnetic Resonance Imaging: OPMaps: Original Parametric Maps.

Adapted from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0

• Average Pooling, to retain as much information as possible throughout the network,
with filter size = 2×2×2 and stride = 2;

• d-FC Block, including a Fully Connected Layer (FCL) with 512 neurons to ensure that
enough units were available for the final classification, followed by a BN layer, an
ELU activation, and a dropout layer, as part of a regularization technique intended to
prevent overfitting [55];

• FC Block, same as d-FC Block, but without dropout;
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• FCL, a fully connected layer for binary classification with two neurons, followed by
the softmax activation function.

(a) Architecture (b) Building blocks

Figure 3.7: Architecture and building blocks of the proposed 3D CNN. FC layers receive as input a
one-dimensional layer obtained with the flatten operation. BN: Batch Normalization; CNN: Convolutional
Neural Network; ELU: Exponential Linear Unit; FC: Fully Connected; FCL: Fully Connected Layer; prob:

dropout probability. Reproduced from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0

We implemented the model using Keras library version 2.2.4 [189] and TensorFlow library
version 1.13.1 [190], supported by an NVIDIA® Quadro RTX™ 6000 GPU.
We applied L2 regularization with a factor of 0.0005. We set the valid method for convolu-
tional layers to avoid padding [189]. We trained the model as follows:
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• Over 100 epochs to prevent overfitting, with an initial learning rate of 0.00005, subject
to dynamic reduction if there was no improvement in performance after five epochs;

• Using mini-batch gradient descent, with a batch size of eight samples to meet compu-
tational requirements:

• Using categorical cross-entropy (i.e. logarithmic loss function) and the Adam opti-
mizer [67].

To assess model performance, we used the accuracy defined in (1.17), given as median and
Interquartile Range (IQR) over the ten folds.

3.2.5 Experiments

As a first step, we assessed CNN performance using OPMaps and monoregion APMaps
as input, with intensity increases between 3% and 99% for each region.
Reasoning about biregion APMaps, we realized that trying all possible combinations of in-
tensity increase would have been time-consuming and not necessarily informative. There-
fore, instead of blindly considering the intensity increase, we decided to exploit the perfor-
mance from monoregion-trained CNNs to guide our experiments.
To do so, we established four levels of accuracy corresponding each to a reference value:
Very Low (VL) = 0.45, Low (L) = 0.65, Fair (F) = 0.85, and High (H) = 1.00. To create
the biregion APMaps, we combined regions according to their size and the accuracy levels
achieved by the CNN trained with the respective monoregion APMaps. For brevity’s sake,
we defined monoregion-trained and biregion-trained CNNs according to the input data (i.e.
monoregion or biregion APMaps, always paired with OPMaps).

Biregion APMaps presented two modified regions, paired according to their size: ei-
ther different (i.e. Cerebellum/Putamen) or comparable (i.e. D-Putamen/Cerebellum and
E-Cerebellum/Putamen). Altering two brain regions led us to a more complex yet realistic
pathologic condition, still mastering the content of training data.
We associated monoregion-trained CNNs with each accuracy level by considering the closest
value they achieved. If needed, we computed additional intensity increases in 1% increments
to match the accuracy levels as closely as possible.
When the same accuracy value (e.g. equal to 1.00) corresponded to different intensity in-
creases, we chose the one with the highest minimum accuracy across the ten folds presenting
the lowest intensity increase.
We produced biregion APMaps by applying the method described in Section 3.2.3 using the
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intensity increase corresponding to the accuracy level and region dictated by the monoregion-
trained CNNs.
To discover the contribution of each accuracy level to the CNN pattern retrieval, we com-
pared monoregion-trained CNNs with biregion-trained CNNs by testing monoregion-trained
CNNs on biregion APMaps and vice versa. To do so, we analyzed two cases:

• Biregion-trained CNNs considering the H/H accuracy combination and tested on monore-
gion APMaps, with intensity increases dictated by the corresponding H accuracy level;

• Monoregion-trained CNNs considering intensity increases dictated by the H accuracy
level and tested on the corresponding biregion APMaps with the H/H accuracy combi-
nation.

3.2.6 Visual Interpretation

To show a concrete application of the APMaps as ground-truth data, we computed the
visualization maps by applying the straightforward visualization technique developed by our
group [106, 107] (see Section 1.2.5.1.5).
Each visualization map resulted from the average map obtained over the folds for training
and test sets. Visualizations show the absolute difference between the mean of the correctly
classified samples per class normalized beforehand to highlight salient regions for CNN
prediction.
We provide two different points of view:

1. We considered monoregion-trained CNNs reaching an accuracy level equal to low (L:
0.65) and high (H: 1.00) and biregion-trained CNNs with L-L and H-H combinations,
as representative examples.

2. Following the same scheme for testing monoregion-trained CNNs on biregion APMaps
and vice versa (Section 3.2.5), we computed visualizations for each model on the cor-
responding testing images.

3.3 Results

3.3.1 Monoregion-Trained CNNs

We examined monoregion-trained CNNs considering increasing intensity increases in the
APMaps for each region, as shown in Fig. 3.8. Results from the additional intensity increase
are available in Appendix A, Section A.2.
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Cerebellum and D-Putamen CNNs behaved similarly, although the former obtained its best
performance with a higher intensity increase than the latter (27% vs. 15%).
The Putamen CNN achieved an accuracy of 1.00 at 84%, whereas the E-Cerebellum CNN
only reached an accuracy of 0.81 at a 99% intensity increase. Despite comparable region
size, the E-Cerebellum CNN only overcame near-to-chance accuracy with a 75% intensity
increase (vs. 45% for the putamen).

Figure 3.8: Monoregion-Trained CNNs. Accuracy on the hold-out set given as median and IQR obtained from
a 10-fold CV according to intensity increase in the APMaps. Gray lines indicate the four accuracy levels used
for performance assessment. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; D:

Dilated; E: Eroded; F: Fair; H: High; IQR: Interquartile Range; L: Low; VL: Very Low. Reproduced
from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0

In Appendix A, Section A.2.2, we provide additional insight into monoregion-trained
CNNs by progressively increasing training set size. We found that the greater and more
intense the modified region, the less training data are necessary to obtain satisfactory perfor-
mances.

3.3.2 Biregion-Trained CNNs

Table 3.2 reports the intensity increases corresponding to the accuracy levels for creating
biregion APMaps.
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Table 3.2: Biregion-Trained CNNs. Median accuracy (IQR) on hold-out set obtained with a 10-fold CV
according to the assigned accuracy level and corresponding intensity increase used to create biregion

APMaps. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; CV: Cross Validation;
D: Dilated, E: Eroded; IQR: Interquartile Range. Adapted from [182]

We trained biregion-trained CNNs to discriminate between OPMaps and biregion APMaps.
Fig. 3.9 provides a comparison of the performances between biregion-trained and monoregion-
trained CNNs according to the accuracy levels.
We found that biregion performance was significantly higher than the best monoregion ac-
curacy for VL/VL, L/L, and F/F combinations, by computing unpaired Student t-tests.
Combinations of accuracy levels with at least one H reached an accuracy equal to 1.00.

Biregion-trained CNNs systematically outperformed monoregion-trained CNNs for mixed
combinations of accuracy levels, including F, L, and VL. F/VL for the D-Putamen/Cerebellum
CNN and VL/F for the Cerebellum/Putamen CNN did not present significant differences.
We compared accuracy combinations using a one-way Analysis Of Variance (ANOVA), con-
sidering the results from biregion-trained CNNs represented by blue, green, and orange bars
in Fig. 3.9.
VL/VL yielded significant differences with respect to the other combinations (e.g. VL/L
vs. L/VL, VL/F vs. F/VL). Complete results for this analysis can be found in Appendix A,
Section A.3.
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Figure 3.9: Biregion-Trained CNNs. Median accuracy and IQR on hold-out set obtained with a 10-fold CV
compared with the best performance of monoregion-trained CNN. The dollar sign stands for VL, L, F, and H,

as all combinations featuring at least one H yielded equal performances. ∗ p < 0.05. CNN: Convolutional
Neural Network; CV: Cross Validation; D: Dilated; E: Eroded; F: Fair; H: High; IQR: Interquartile Range; L:

Low; VL: Very Low. Reproduced from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0
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3.3.3 Monoregion- vs. Biregion-Trained CNNs

Table 3.3 reports the performances obtained testing monoregion-trained CNNs on bire-
gion APMaps and vice versa. Except for E-Cerebellum and D-Putamen CNNs reaching
0.97 of median accuracy, monoregion-trained CNNs performed incredibly well on biregion
images.

Table 3.3: Monoregion- vs. Biregion-Trained CNNs. Monoregion-trained CNNs with the H accuracy level
were tested using the corresponding H/H biregion hold-out set of APMaps and vice versa. Accuracy is

provided as the median (IQR) obtained with a 10-fold CV. Best performances are highlighted in italic. CNN:
Convolutional Neural Network; CV: Cross Validation; D: Dilated; E: Eroded; IQR: Interquartile Range.

Reproduced from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0

Training Testing

Monoregion-Trained CNN Biregion APMaps Accuracy
Cerebellum

Cerebellum/Putamen
1.00 (0.00)

Putamen 1.00 (0.00)

E-Cerebellum
E-Cerebellum/Putamen

0.97 (0.03)
Putamen 1.00 (0.00)

D-Putamen
D-Putamen/Cerebellum

0.97 (0.03)
Cerebellum 1.00 (0.00)

Biregion-Trained CNN Monoregion APMaps Accuracy

Cerebellum/Putamen
Cerebellum 0.97 (0.02)

Putamen 0.50 (0.02)

E-Cerebellum/Putamen
E-Cerebellum 0.64 (0.08)

Putamen 0.65 (0.03)

D-Putamen/Cerebellum
D-Putamen 0.56 (0.03)
Cerebellum 0.89 (0.10)

Biregion-trained CNNs instead performed differently according to the considered re-
gions. For instance, D-Putamen/Cerebellum CNN could classify the cerebellum with a me-
dian accuracy of 0.89, whereas it was not capable of doing so with the D-Putamen images.
Biregion-trained CNNs with E-Cerebellum/Putamen APMaps yielded the poorest perfor-
mance achieving only median accuracy of 0.65 on both monoregion images.
The Cerebellum/Putamen CNN achieved median accuracy of 0.97 on cerebellum APMaps
but performed poorly on putamen APMaps.
In addition, we compared monoregion- and biregion-trained CNNs, considering biregion
APMaps modified using the same intensity increase for the two regions. Results are pro-
vided in Appendix A, Section A.4.
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3.3.4 Visual Interpretation

Fig. 3.10 shows visualization maps according to the region and accuracy level.

Figure 3.10: APMaps for CNN Interpretability - Visual Interpretation. Mean visualization maps showing the
absolute difference between the average of correctly classified patients per class. We considered Low (L =
0.65) and High (H = 1.00) as accuracy levels per region. Black contours delineate the regions targeted in

training. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; CV: Cross Validation; D:
Dilated; E: Eroded; IQR: Interquartile Range

Considering the low accuracy level, we can see that the targeted regions presented high
activation values in training, albeit with activated outside voxels. In the test set, there was
considerable noise, although the target region exhibited some activation.
Concerning the high accuracy level, we can observe cleaner visualizations with the regions
of interest well delineated in the training and test sets, despite some noise in the latter.
Regarding biregion-trained CNNs regardless of the accuracy level, we can point out that the
region presenting lower intensity increase presented lower activations, for instance, the cere-
bellum compared to the putamen considering the Cerebellum/Putamen model in Fig. 3.10.
Similar considerations can be drawn for the E-Cerebellum and D-Putamen (results are avail-
able in Appendix A, Section A.5).
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Figure 3.11: APMaps for CNN Interpretability - Visual Interpretation. Mean visualization maps showing the
absolute difference between the average of correctly classified patients per class. We considered

monoregion-trained CNNs tested on the corresponding biregion APMaps. Black contours delineate the
regions targeted in training. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; CV:

Cross Validation; D: Dilated; E: Eroded; IQR: Interquartile Range

Considering monoregion-trained CNNs, we can observe from Fig. 3.11 that the re-
gion targeted in training was well highlighted. Looking at the visualizations from biregion
APMaps, we found correspondence with the training region, albeit the other brain regions
altered in the biregion APMaps presented high activation.
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Figure 3.12: APMaps for CNN Interpretability - Visual Interpretation. Mean visualization maps showing the
absolute difference between the average of correctly classified patients per class. We considered

monoregion-trained CNNs tested on the corresponding monoregion APMaps. Black contours delineate the
regions targeted in training. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; CV:

Cross Validation; D: Dilated; E: Eroded; IQR: Interquartile Range

Considering biregion-trained CNNs in Fig. 3.12, the region of interest in the monoregion
APMaps was well highlighted in the putamen for the E-Cerebellum/Putamen CNN (despite
an accuracy of around 0.65). The same goes for the cerebellum for Cerebellum/Putamen and
D-Putamen/Cerebellum CNNs and for the E-Cerebellum in the E-Cerebellum/Putamen.
In the case of the Cerebellum/Putamen tested on the putamen APMaps, the visualizations
actually represented the activations of all images, as only one class was predicted (accuracy
= 0.50).
Concerning the D-Putamen APMaps tested by the D-Putamen/Cerebellum, there were dif-
fuse activations in the area of the D-Putamen, despite the low accuracy (0.56).
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3.4 Discussion

Insofar, we investigated the discrimination ability of 3D CNNs to discern original from
altered whole-brain MRI parametric maps. We kept these alterations realistic by exploit-
ing the inter-individual variability proper to the healthy subjects. By linearly modifying the
intensity of one (monoregion) or two (biregion) brain regions, we showed how salient fea-
tures of the input (such as size, position, and intensity) influenced CNN performance. Let us
discuss these findings in greater detail.

In line with our expectations, monoregion-trained CNNs proved that the greater and
more intense the altered region, the easier its discrimination. We showed that performances
changed according to the position of the altered region despite the comparable number of
modified voxels. E-Cerebellum and Cerebellum CNNs did not perform as well as their
equally sized counterparts. In this regard, we can notice that the putamen and D-Putamen
are more centrally located compared to the other regions. However, further experiments are
in order to help clarify this behavior.
In addition, we examined the performance of monoregion-trained CNNs with gradually in-
creasing training set size, considering cerebellum and putamen APMaps (see Appendix A,
Section A.2.2). In line with our expectations, we observed that as the differences between
the two classes to discern were more evident (higher intensity increase and bigger region),
CNN performance considerably improved.
From these findings, we can perceive how sensitive the network is to input characteristics
such as the intensity and position of the altered region. These results are more easily in-
terpretable thanks to our knowledge of input data. Imagine how complicated this would
be in the case of pathological data enclosing variegated and more heterogeneous informa-
tion. Although relatively simple, the alterations obtained with the linear intensity increase
of MD values respected the physical significance of MD maps by creating water diffusion
anomalies.

Getting closer to a more complex situation, we examined the behavior of biregion-trained
CNNs. The latter systematically outperformed their monoregion counterparts, even when the
initial accuracy levels were low (< 0.65). Emblematic is the performance achieved by the
L/L biregion-trained CNN with an accuracy of 0.90, exceeding by 23% the reference accu-
racy value. In general, combining two accuracy levels led to performance improvement (see
L/L, VL/L, in Fig. 3.9), which was incredibly surprising in light of the poor performances of
the monoregion counterparts. When at least one H was present in the accuracy combinations,
performances remained high. We can also observe that by comparing mixed accuracy com-
binations, e.g. F/L vs. L/F, there was no significant difference in performance, suggesting
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that the accuracy levels contributed to the biregion performance independently of regional
characteristics.

Moving on to the comparison between biregion-trained with monoregion-trained CNNs,
we found some results worth discussing.
We could suppose that modifying a second region in an image would increase the probability
of detecting each singly by only implementing one network trained with biregion APMaps,
instead of two separate networks training each with one type of monoregion APMaps. Con-
sequently, we would be persuaded to assume an additive pattern retrieval for the CNN, e.g.
if biregion-trained CNNs trained with biregion APMaps, they should be able to recognize
each of the altered regions taken individually.
Monoregion-trained CNNs performed well on biregion APMaps, suggesting they looked for
the region targeted during training. By contrast, performances of the biregion-trained CNNs
on the monoregion APMaps degraded for at least one of the two regions. From this behavior,
we can infer that regional characteristics impact CNN pattern retrieval in a non-predictable
way. One hypothesis is that biregion-trained CNNs retrieved a multi-spatial signature ab-
sent from monoregion APMaps. Another possibility is that one region became more relevant
to the prediction due to its more prominent features, such as size or intensity (e.g. for the
same accuracy, the cerebellum presented a higher intensity increase than D-Putamen. Hence,
biregion-trained CNNs correctly classified the cerebellum APMaps, as in Table 3.3).
These findings may be relevant to clinical research. We can interpret monoregion APMaps
as representing early pathological conditions (with a single altered region), whereas biregion
APMaps would be closer to more advanced states (with a more diffuse pattern). Indeed,
neurodegenerative diseases initially involve one specific area and progressively spread to the
entire brain [191].
We can therefore imagine that monoregion-trained CNNs may detect regional anomalies in
earlier and later stages since they are blind to alterations outside their region of interest. On
the other hand, biregion-trained CNNs would perhaps be less capable of detecting monore-
gion anomalies, given the more complex and interconnected characteristics of the learned
patterns.

As aforementioned, supporting CNN outcome with a visual interpretation can shed light
on CNN predictions. Visualizations maps confirmed the correspondence of the most salient
regions between training and test sets. We can notice that by increasing the accuracy level
visualizations become less affected by noise (i.e. voxels activated outside the regions of in-
terest).
Worth mentioning is that the regions of interest were well highlighted in training despite an
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accuracy of around 0.65 on the test set. However, the latter presented voxels with high acti-
vations outside the targeted regions, confirming the model’s poor performance.
If we consider high intensity increases (see Fig. XIII in Appendix A, Section A.5), we can
see that the activations are higher compared to lower intensity increases. The more intense
the region, the more evident and unique the alteration becomes. Hence, we can suppose that
convolutional filters detect fewer similar traits over the image. By contrast, when the inten-
sity increase is lower, it is more likely that filters activate in other parts of the image due to
inter-individual variability.
Nevertheless, these maps represent an average of the activations over all the samples, so we
must interpret them with caution. One possibility could be looking at a single subject to
investigate individual characteristics and understand CNN prediction.
Worth mentioning is that in the case of monoregion-trained CNNs testing biregion APMaps
and vice versa, different areas activated outside the regions of interest, regardless of the
good performances. This result underlines some discrepancy between visualization maps
and performance assessment, a reminder that further work is needed to find a more reliable
correspondence. Although methods, such as visualization techniques, can help get new in-
sight into these black boxes, we must account for their limitations when we use them for
interpretation purposes.

We are well aware that the alterations in the APMaps are oversimplified compared to the
complexity of pathological data. Nevertheless, we showed that using the APMaps as train-
ing data can effectively find similar anomalies in pathological data. Section 4.3.1 provides
additional insight into this approach.
In addition, we used the APMaps as ground truth data to validate the recent visualization
technique developed for 3D neuroimaging data and described in Section 1.2.5.1.5. As ex-
pected, we found a correspondence between the areas highlighted by the method and those
modified in the APMaps. We presented this work at the 2021 Institute of Electrical and
Electronics Engineers (IEEE) 34th International Symposium on Computer-Based Medical
Systems (CBMS) [107].
One may point out as a limiting factor of this study the restricted sample size, owing to the
use of real-world brain MRI data. Although small compared to conventional DL datasets,
ours ensured a realistic level of heterogeneity regarding individual characteristics, given the
broad age range of the healthy population. Worth mentioning is that artificially generating
data using methods such as GANs implies the presence of distortions or artifacts, which
could negatively impact CNN performance [166, 167]. Moreover, it would be cumbersome
to interpret black-box methods such as CNNs by using the results from another black-box
approach such as GANs.
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Creating APMaps with different target regions and types of MRI data may help customize
CNNs and respond to specific concerns about why some patterns are easier to discriminate
than others, considering the APMaps as ground truth. These findings are just the starting
point to better grasp the influence of data complexity on CNN pattern retrieval.

3.5 Conclusion

In this chapter, we set the basis for a better understanding of CNN behavior applied to
3D brain MRI parametric maps by targeted modification of input data. These findings have
enlightened us about the influence of specific input features related to the altered regions and
how these changes can shape CNN performance.
The most surprising result was the performance of biregion-trained CNNs achieving an accu-
racy of over 0.90, albeit the original accuracy level of the corresponding monoregion-trained
CNNs was around 0.65. That demonstrated to what extent different regions, apparently not
informative separately, combined led to great performances.
Furthermore, visualization maps reassured that the CNN accounted for the expected differ-
ences between the two classes to assign the correct prediction. However, using a visualization
method also warned about the discrepancies that may arise between CNN performances and
interpretation results.
As evident as it can be, none of the previous discussions would make sense without our prior
knowledge about input data. Given our exploration of CNN behavior in this controlled yet
effective way, we moved to the natural progression of this work, which was the analysis of
pathological data.
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4 CNN for Multiple System Atrophy
Classification

4.1 Introduction to Parkinson’s Disease and Atypical Parkinsonism

Parkinson’s disease is an idiopathic neurodegenerative disorder involving motor symp-
toms (e.g. tremor, imbalance, rigidity, bradykinesia) and non-motor symptoms, including
depression and sleep disturbances [192, 193].
The first appearance of PD dates back to 1817, with the famous monograph written by James
Parkinson, entitled "An essay on the shaking palsy" [194]. He described the presence of mo-
tor symptoms, such as progressive degeneration of motor functions and the characteristic
resting tremor. Since then, advances in neuroimaging techniques have contributed to ame-
liorating the analysis and treatment of PD [195, 196].
According to the World Health Organization (WHO), PD is the most dominant movement
disorder counting 8.5 million cases in 2019 [197]. Its prevalence has doubled in the past 25
years. Current treatments include levodopa/carbidopa as the most effective medication and
deep brain stimulation for reducing tremors, albeit there is no definitive cure yet.
A definite assessment of PD can be confirmed only post-mortem [198]. However, creating
guidelines for establishing a diagnosis and advising on treatment has been of great help to
clinicians and health practitioners [199].

Atypical Parkinsonism comprises syndromes similar to PD but presenting with atypical

features, such as recurrent falls or early dementia [200]. Besides a more rapid decline than
PD, patients affected by these syndromes do not usually respond well to treatment with lev-
odopa (one of the "red flags" which alerts about these rare syndromes).
One common aspect of neurodegenerative disorders is the abnormal accumulation of pro-
teins in the brain, thus naming them neuroproteinopathies [200]. We can categorize neuro-
proteinopathies according to the accumulated protein:

• Tauopathies, involving abnormal deposits of the tau protein, such as Progressive Supranu-
clear Palsy (PSP) [201] and AD;

• Synucleinopathies, involving abnormal deposits of the α-synuclein protein, such as
MSA, PD, and dementia with Lewy bodies [202].
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Several studies aimed at distinguishing PD from PSP and MSA, exploiting machine learning
techniques and MRI data [195, 203–205]. For instance, encouraging performances (accu-
racy > 90%) were achieved using volumetry data for classification of PD versus atypical
Parkinsonism or PSP, and MSA-C versus PD and PSP, and all Parkinsonism versus controls.
Accuracy > 80% can be found for the discrimination between PD-MSA-P and PSP and
MSA-P. Biomarkers from MRI offer great potential to aid clinical practice, especially if cou-
pled with easy-to-use tools to improve the diagnosis [195]. Structural MR sequences led to
high classification accuracies [203, 206], as well as diffusion imaging.

Due to the similar symptoms in the early stage, the differential diagnosis between MSA
and PD may be challenging [13, 168]. However, MSA prevalence goes from 3.4 to 4.9 per
100,000 people, whereas it amounts to 7.8 per 100,000 if considering a population older than
40 years [207]. The average onset age is about 55-60 years, with no difference between men
and women [208, 209]. Disease progression is pretty rapid, presenting a survival rate after
diagnosis between 6 and 10 years [210, 211].
MSA presents a variety of clinical symptoms [212]:

• Extrapyramidal, comprising motor symptoms similar to PD, such as bradykinesia,
rigidity, and postural instability;

• Autonomic, including dysfunction of the autonomic nervous system, such as cardio-
vascular, urogenital, and gastrointestinal failure, sleep disorders, respiratory problems,
and behavioral or emotional symptoms;

• Cerebellar, with gait and limb ataxia and cerebellar oculomotor dysfunction.

We can identify two subtypes of MSA based on the symptoms [212]:

• MSA Cerebellar variant (MSA-C), mostly involving symptoms caused by alterations
in the cerebellum;

• MSA Parkinsonian variant (MSA-P), more similar to PD, including symptoms due to
putaminal alterations.

MSA diagnosis can be ascertained only by post-mortem analysis of the brain. A recent revi-
sion of diagnostic criteria for MSA diagnosis is available in [213].

Extensive research has been conducted for the identification of radiological signs from
MRI able to set apart these two variants [195]. Table 4.1 summarizes some of these findings.
However, both variants share some imaging features, such as infratentorial atrophy in 61.1%
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of MSA-P (22% with no atrophy in the putamen) and putaminal atrophy detected in 46.2%
of MSA-C [214]. Alterations in the diffusion of water molecules have been reported with
consistent overlap between MSA-C and MSA-P [215].

Table 4.1: Distinctive traits of the two MSA variants found with MRI. Exhaustive information is available
in [180, 215, 216] for MSA-P and [217, 218] for MSA-C. DWI: Diffusion-Weighted Imaging; MSA: Multiple

System Atrophy; MSA-P: MSA Parkisonian variant; MSA-C: MSA Cerebellar variant; SWI:
Susceptibility-Weighted Imaging

It is important to note that the MSA patients considered for the present research were
assigned an MSA subtype based on the symptoms, regardless of neuroimaging findings.
A recent review exhaustively examined several works based on the use of DWI for MSA
characterization [219], identifying the cerebellum and putamen among the regions of interest.
As a quantitative MRI parameter, mean diffusivity maps have also shown great potential for
signaling gray and white matter widespread anomalies in MSA patients [14, 168].

4.2 AI for MSA Classification

Automated classification of MSA using machine learning methods coupled with brain
MRI data has led to promising results [195, 203–205]. Biomarkers from MRI offer great
potential to aid clinical practice, especially if coupled with easy-to-use tools to improve the
diagnosis [195]. Particular attention has been given to the differentiation between PD, MSA,
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and HC, or other atypical parkinsonism, in light of the distinct disease progression consid-
erably affecting patients’ care. Various studies have assessed the efficacy of a differential
diagnosis based on MRI data and ML techniques. We briefly cite some representative exam-
ples to set the basis for our work.

Chougar and coworkers categorized parkinsonian syndromes using different ML algo-
rithms (linear and radial SVM, random forest and logistic regression) trained on a research
cohort and tested using an independent clinical replication cohort [203]. Data from 13 re-
gions were extracted considering DTI and volumetry from HC (n=94), patients with PD
(n=119), PSP (n=51) and MSA (n=35). Overall, performances with DTI were poorer than
those with volumetry, the latter reaching balanced accuracies between 0.840 and 0.983 for
PD vs. PSP, PD vs. MSA-C, PSP vs. MSA-C, and PD vs. atypical parkinsonism, whereas
between 0.765 and 0.784 for PD vs. MSA-P and MSA-C vs. MSA-P. Logistic regression
was the algorithm reporting the highest mean balanced accuracies. An added value to this
study is the performed data harmonization in two strategies due to MRI acquisition from
different scanners.
Scherfler and colleagues submitted a method based on volumetric data from T1-weighted
MRI to discern between MSA (n=40), PD (n=40), and PSP (n=30), considering 22 sub-
cortical regions [220]. The cerebellar gray matter, midbrain, and putaminal volumes were
identified as the most relevant to the prediction model, a C4.5 decision tree, reaching an ac-
curacy of 97.4% for PD vs. MSA or PSP.
To the best of our knowledge, applications for MSA classification involving neural networks
are limited to the use of volumetric data [221] or medical information other than imaging-
based features (e.g. neurological findings or data associated with the diagnosis of MSA
subtypes) [222].

Our research group has extensively contributed to the characterization of MSA and parkin-
sonian syndromes with encouraging results. In the attempt to exploit the information deliv-
ered by mMRI, Barbagallo and colleagues proposed an analysis of multiple MRI indices to
discriminate PD from MSA in the two variants [168]. One of the most remarkable results
was that, by considering anatomical data, patients with MSA presented increased mean dif-
fusivity in the putamen than PD patients.
Péran and coworkers developed a method featuring unsupervised self-organizing maps (a
type of neural network for unsupervised classification) based on mMRI to group patients
with PD and MSA [14]. The obtained clusters grouped patients faithfully to the clinical di-
agnosis. This study reported statistically significant multiparametric alterations in the cere-
bellum and putamen of patients with MSA compared to PD patients. However, the regions
were retrieved by comparing the different groups of patients, so feature selection was not
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completely unbiased. Inevitably, the next step was to develop a method capable of integrat-
ing mMRI data in a completely automatic, ideally bias-free, way.
Recently, Nemmi and coworkers proposed a data-driven integrative pipeline comprising an
mMRI approach combined with a multivariate analysis [41]. The ML pipeline comprised
different feature reduction steps, such as variance thresholding to eliminate features varying
little among subjects and feature selection with the Relieff method based on the intra- and
inter-class distances. Since adjacent voxels may belong to the same brain region, voxels were
grouped with a spatial clustering technique. The total number of features was thus reduced
from hundreds to tens, considering the average signal for each cluster. A cross-validated
scheme with subset selection was implemented before fitting the model to automatically se-
lect the number and type of MRI modalities. The best accuracies were 0.78 for PD vs. HC,
0.94 for MSA vs. HC, and 0.88 for PD vs. MSA. Concerning specifically MSA vs. HC, the
most selected MRI index was MD.
Finally, one of the latest works compared Nemmi’s fully automated pipeline with a CNN-
based approach for discriminating MSA patients against HC.This study was conducted by
Edouard Villain during his Ph.D. thesis, supervised by Marie-Véronique Le Lann and Xavier
Franceries [106]. Similar performances were obtained with the proposed 3D CNN directly
fed with the different MRI indices adopting a 10-time 10-fold CV scheme. Moreover, to
shed some light on CNN predictions, the visualization technique based on convolutional
filter outputs revealed a spatial correspondence between the regions selected by Nemmi’s
pipeline and the CNN (further details in Section 1.2.5.1.5). This doctoral thesis has set the
foundations for the work presented in the current dissertation by advancing the feasibility of
a DL method despite the restricted sample size of the pathological cohort.

Building on the abovementioned findings, we pursued the analysis of MSA and its dif-
ferentiation from healthy controls. One objective of the present doctoral research includes
coping with a small sample size and data heterogeneity, affecting data from rare diseases,
such as MSA. In the following chapters, we describe the two core phases characterizing this
work:

1. Utility of Altered Parametric Maps for MSA Classification (Section 4.3). Building on
our understanding of CNN behavior via the APMaps, we first exploited these altered
data to identify similar traits in MSA patients, thereby discriminating them from HC.
Besides using pathology-agnostic APMaps (see Section 3.2.3), we devised different
pathology-oriented variants incorporating features from the disease. The main idea
was to use the APMaps for training the CNN while keeping the MSA cohort as an
external test set to assess the network’s generalization ability. This approach allowed
us to validate the use of APMaps as augmented data and to seek an improvement in
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CNN performance.

2. Impact of Small Sample Size on MSA Classification (Section 4.4). This part begins with
examining the influence of training set size, considering different CNN architectures
for classifying MSA patients and HC. It will then go on to the effect of data hetero-
geneity on CNN pattern retrieval: according to the type of data used for training, the
network’s discriminating capacity varied, thereby explaining why some pathological
patterns were more effective than others.

4.3 Utility of Altered Parametric Maps for MSA Classification

In the first experimental chapter of this dissertation (Chapter 3), we used the APMaps to
better grasp CNN behavior by mastering the content of training data. However, we under-
lined that these ad hoc altered data represented a more simplified case because we introduced
the alterations. By contrast, pathological data are intrinsically more heterogeneous and var-
iegated, thus making interpretation more difficult.

As previously mentioned, the anatomical brain regions targeted in the APMaps corre-
sponded to the regions of interest in MSA pathophysiology [14, 168]. Hence, we thought to
exploit the APMaps as training data for the CNN while testing directly on the pathological
cohort. We assumed that we could benefit from the altered data to guide the network toward
specific regional anomalies, given the common involved regions and type of alteration (i.e.
increase of MD values) between APMaps and MSA patients. It is necessary to point out
that the APMaps described in Section 3.2.3 were completely pathology-agnostic since the
applied intensity increase did not reproduce any specific pathological pattern. Nevertheless,
this approach brought about encouraging results that we will discuss in Section 4.3.1.

Given the potential shown by the pathology-agnostic APMaps, we wondered about the
possibility of introducing specific pathological features into the APMaps to cope with lim-
ited data and improve CNN performance.
Always considering the MSA patients exploited so far, we put forward two different strate-
gies:

1. Region-specific, creating Cluster-Based Altered Parametric Maps (CB-APMaps) by
exclusively modifying the cerebellum from brain MRI data of healthy subjects. First,
we clustered MSA patients according to the distribution of MD values belonging to
the cerebellum, and then we used these clusters to obtain a reference pattern. Section
4.3.2 presents this approach.
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2. Whole-brain, creating Z-score-Based Altered Parametric Maps (ZB-APMaps) by mod-
ifying the entire brain volume, considering the z-score computed on MSA patients and
healthy individuals. We provide all details in Section 4.3.3.

What follows is an account of the abovementioned approaches presented and described
in details. Fig. 4.1 summarizes the highlights of the current section.

Figure 4.1: APMaps for MSA Classification. Diagram showing the different types of APMaps used for the
classification of MSA patients against HC. APMaps: Altered Parametric Maps; CB-APMaps: Cluster-Based

Altered Parametric Maps; HC: Healthy Controls; MSA: Multiple System Atrophy; ZB-APMaps:
Z-score-Based Altered Parametric Maps

4.3.1 APMaps from Pathology-Agnostic Features

This section is concerned with determining the validity of pathology-agnostic APMaps
as training data for a CNN to discern pathological from normal data. Given the extensive
work of our research group on MSA [13,41,106], we focused on this rare neurodegenerative
disorder which seemed the perfect candidate for the restricted number of samples and intrin-
sic heterogeneity.
Before delving into the technical part, there are two fundamental aspects to underline:

• For this approach to work, we require that the altered regions in the APMaps include
regions of interest in the pathological data. That was the case for MSA patients affected
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by pathological changes in the cerebellum and putamen, the same regions modified in
the APMaps (see Section 3.2.3).

• There is a crucial advantage in creating the APMaps regardless of the MSA patho-
logical patterns. The two datasets were completely independent, making it feasible to
assess CNN’s generalization ability.

Moving on to our method, we exploited the cerebellum and putamen APMaps with intensity
increases in the range [3%, 99%] as training data for the proposed CNN. Our goal was
to determine whether we could reach satisfactory performances on the unseen set of MSA
patients and HC. To further support CNN performances, we employed the visualization
technique described in Section 1.2.5.1.5 to find out the most discriminant voxels, thereby
establishing a correspondence between the targeted regions.
We presented this work at the 2021 IEEE International Conference on Bioinformatics and
Biomedicine (BIBM) [223]. A summary of the main findings, together with our take on the
matter, is provided in the following.

4.3.1.1 Material and Methods

This study aimed to find out whether APMaps enclosing region-specific pathology-agnostic
alterations could be used to detect similar traits in pathological data. However, the brain re-
gions altered in the APMaps must coincide with those affected by the pathological changes.
Indeed, patients with MSA can present high MD values in the cerebellum and putamen
[14, 168], corresponding to the regions modified in the APMaps.

4.3.1.1.1 Datasets

To ensure coherence in data preprocessing, we treated both datasets uniformly, as re-
ported in Section 3.2.2.
Henceforth, we may refer to each dataset considering only the positive class, either APMaps
or MSA.

MSA/HC Pathological data comprised MD maps from a set of 26 healthy controls and
29 MSA patients (13 MSA-C and 16 MSA-P). MSA-C and MSA-P variants were assigned
according to the symptoms, regardless of radiological findings from MRI data. This study
was granted approval from the Toulouse Ethics Committee (ID RCB 2012- A01252-41)
and conducted following the ethical principles of the Declaration of Helsinki and relevant
guidelines and regulations. Participants provided written informed consent.
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Previous works report further details about this cohort and the MRI acquisition protocol
[14, 41].

APMaps/OPMaps We used the same dataset and method to create the APMaps described
in Section 3.2.3. We considered the Cerebellum and Putamen APMaps with an intensity
increase from 3% to 99%.

4.3.1.1.2 CNN Implementation

We employed the 3D CNN, whose architecture and implementation are described in Sec-
tion 3.2.4.
Fig. 4.2 offers a schematic diagram with the main steps.

Figure 4.2: Pathology-Agnostic APMaps for MSA Classification. Schematic diagram of the proposed
approach. We trained a 3D CNN to distinguish APMaps from OPMaps. We tested this network on a hold-out
set of APMaps/OPMaps and an external set comprising patients with MSA and healthy controls (MSA/HC).

We assessed performance using evaluation metrics such as accuracy and provided visualization maps to
highlight the most discriminant voxels. APMaps: Altered Parametric Maps; CNN: Convolutional Neural
Network; HC: Healthy Controls; MSA: Multiple System Atrophy; OPMaps: Original Parametric Maps.

Adapted from [223]

We organized the experiments as follows:

• Training. We used Cerebellum and Putamen APMaps with intensity increases in the
range [3%, 99%] as training data, adopting a 10-fold CV on 80% of the APMap-
s/OPMaps set, leaving the rest for testing.

• Testing. We evaluated CNN’s performance on the:

– Hold-out set of APMaps, to ensure that each network was capable of correctly
classifying data from the same distribution as in training by testing on the left-out
set of APMaps;
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– MSA/HC set, to determine the feasibility of this approach and whether some
intensity increases yielded good performances.

To support these results, we used the visualization method presented in Section 1.2.5.1.5
to ascertain that the expected regions of interest corresponded to the most discriminant areas
identified by the CNN.
To select the best performances, we considered accuracy of at least 0.90 on the hold-out set,
given the highest accuracy on the MSA/HC set. Similarly to what we did in Section 3.2.3,
we created biregion APMaps considering the intensity increase relative to the best-accuracy
models for the cerebellum and putamen. By doing so, we ascertained whether combining
the two regions leading to the best results could ameliorate the performances of the biregion-
trained compared to the monoregion-trained CNNs.
Besides accuracy, we evaluated performances on the MSA/HC set by computing the sen-
sitivity, as in (1.18), to determine the number of correctly classified MSA patients and the
specificity, as in (1.19), to quantify the number of correctly classified healthy controls.

4.3.1.1.3 Visual Interpretation

We employed the CNN Eyes Vision technique to highlight the most discriminant vox-
els [107]. As previously discussed, deep networks’ decisions need to be accompanied by
comprehensible and convincing explanations, especially in the biomedical domain [224].
We obtained visualization maps for each convolutional layer, computing a unique map per
model by averaging and normalizing results considering the filter number of the convolu-
tional layer. To show only meaningful areas to the prediction, we calculated the absolute
difference between the averaged maps of correctly classified samples per class (i.e. TN and
TP, obtained from the confusion matrix). We applied no threshold on activation values to
retain as much information as possible.
We computed visualization maps for the best-accuracy models, considering the entire set of
MSA patients and the distinction between MSA-C and MSA-P.

4.3.1.2 Results

4.3.1.2.1 CNN Performance

Fig. 4.3 provides CNN performance on the two datasets with median and IQR per in-
tensity increase and region of interest. Considering the APMaps/OPMaps set, we found
the discrimination of cerebellar alterations to be easier than putaminal ones, as exhaustively
reported in Section 3.3.1. Cerebellum/Putamen CNN achieved maximum accuracy on the
APMaps/OPMaps hold-out set.
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We can identify a range of intensity increases leading to satisfactory performances on the
MSA/HC set per region: [21%, 42%] for the cerebellum and [54%, 72%] for the putamen.

Figure 4.3: Pathology-Agnostic APMaps for MSA Classification. Median accuracy and IQR obtained with a
10-fold CV on the MSA/HC set (denoted as MSA) and the hold-out set of APMaps/OPMaps (denoted as

APMaps), according to the intensity increase of the altered region in APMaps. APMaps: Altered Parametric
Maps; CNN: Convolutional Neural Network; CV: Cross Validation; HC: Healthy Controls; IQR: Interquartile
Range; MSA: Multiple System Atrophy; OPMaps: Original Parametric Maps. Reproduced from [223]©2021

IEEE

Table 4.2 details the performances of the best-accuracy models. We can notice that almost
all HC were well classified, whereas the sensitivity varied according to the region. Worth
mentioning is that the Putamen CNN correctly classified almost every MSA-P, whereas the
Cerebellum and Cerebellum/Putamen CNN identified both MSA-C and some MSA-P as TP.
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Table 4.2: Pathology-Agnostic APMaps for MSA Classification. Performances given as median (IQR) of the
best models trained with the APMaps/OPMaps set and tested on the MSA/HC set. We report the

corresponding intensity increase of the APMaps used as training data. Best performances are highlighted in
italic. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; IQR: Interquartile Range;

MSA: Multiple System Atrophy; OPMaps: Original Parametric Maps. Adapted from [223]

4.3.1.2.2 Visual Interpretation

As illustrated in Fig. 4.4, visualization maps highlighted the following regions:

• Cerebellum CNN. The MSA/HC set presented the target region in all visualizations
with some voxels activated outside, especially in the case of MSA-P, compared to the
APMaps/OPMaps sets;

• Putamen CNN. We can distinguish the target region in the APMaps/OPMaps visual-
izations, whereas the visualizations from the MSA/HC set are much noisier. However,
the MSA-P set included the putamen, absent instead from the MSA-C;

• Cerebellum/Putamen CNN. The target regions presented high activations for the APMap-
s/OPMaps sets. Results regarding the MSA/HC set were comparable to those of the
Cerebellum CNN.
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Figure 4.4: Pathology-Agnostic APMaps for MSA Classification. Each map shows the absolute difference
between the mean maps of true positives and true negatives. The target regions (i.e. the regions altered in the

APMaps) were activated in the training data and highlighted in the testing data despite some noise. Target
regions are contoured in black. Each dataset is denoted by the positive class (either APMaps or MSA,
MSA-C, MSA-P). APMaps: Altered Parametric Maps; HC: Healthy Controls; MSA: Multiple System

Atrophy; MSA-C: MSA Cerebellar variant; MSA-P: MSA Parkinsonian variant; OPMaps: Original
Parametric Maps; L: Left; R: Right. Adapted from [223]
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4.3.1.3 Discussion

In this work, we used a 3D CNN trained with altered brain parametric maps to detect
region-specific altered traits in pathological data. Although independent of each other, the
two datasets (APMaps/OPMaps and MSA/HC) had in common the regions presenting alter-
ations, i. e. the cerebellum and putamen.
The performances obtained with this approach were comparable to the state-of-the-art for
MSA classification, even if we did not devise the alterations featuring the APMaps to resem-
ble the pathology.

In a previous study based on volumetric MRI data and an SVM as the classifier, MSA-C
and MSA-P were discerned from HC with 88.4% and 82.4% accuracies [206]. We achieved
the best accuracy of 0.88 with the Cerebellum/Putamen CNN on the entire set of MSA pa-
tients. More recently, our research group advanced a fully automated data-driven pipeline
for the distinction between HC, patients with MSA, and PD using an ML approach and
automatic feature selection. MD was the most selected index among other structural and
functional ones achieving 94% to discern HC from MSA patients. However, the approach
we proposed differs from the fully automated data-driven pipeline in the following respects:

• Classifier: 3D CNN vs. traditional ML methods (feature extraction/selection and Se-
quential Minimal Optimization (SMO));

• Input data: Monomodal vs. multimodal 3D MRI images;

• Aim: Detection of region-specific abnormal traits vs. disease discrimination.

Moreover, our best accuracy is comparable to the one achieved in another study from our
group (0.880 vs. 0.895) by a similar CNN architecture using only MD maps as input and
the same set of MSA/HC we employed [106]. These findings put forward the discriminating
power of MD maps for discerning between MSA patients and HC, hence proving the effec-
tiveness even of a monomodal MRI approach.
Given our findings, we obtained competitive performances compared to these reference stud-
ies despite the pathology-agnostic character of the training data. We may thus infer that the
patterns learned by the CNNs from the APMaps enclosed sufficient and meaningful infor-
mation to detect similar alterations in the set of MSA/HC, as supported by the visualization
maps.

First, we can notice that the regional intensity increase in the APMaps influenced per-
formances on the MSA/HC set. Considering an intensity increase higher than 42% for the
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cerebellum and 75% for the putamen, discrimination performances on the MSA/HC set de-
teriorated.
Regarding the best-accuracy models, the Cerebellum CNN obtained an accuracy of 0.85,
whereas the Putamen CNN reached only 0.71. We can explain this difference considering
that putaminal MD increase is not considered a sensitive biomarker for MSA diagnosis [168].
Given the smaller size of the putamen coupled with the heterogeneity of pathological data,
we can imagine that the patterns encountered in the MSA are much less homogeneous than
those found in the APMaps. Furthermore, we can observe that the highest variability of our
approach resides in model sensitivity, whereas specificity was constantly equal to 1.00. It
suggests that, according to the input data, the patterns learned by the CNNs could be more
or less relevant to detecting similar traits in pathological data.

Visualizing the most discriminant parts for CNN prediction helped verify the reliability
of pattern retrieval. Looking separately at MSA-C and MSA-P showed that the regions of
interest were highlighted, despite some noise. We must bear in mind that the distinction
between the MSA variants in our study relied on the symptoms from a clinical point of view,
thus not excluding changes in MD values outside the most affected regions.
Another factor is the more homogeneous patterns created in the APMaps compared to the
variability of pathological data, with each patient potentially presenting unique characteris-
tics. One possibility could be including more than one intensity increase for the APMaps in
the input data to test whether this could ameliorate performances. We can also notice from
the visualization maps that activations relative to training data were much more uniform over
the regions compared to those found for the MSA/HC dataset. It may suggest that the alter-
ations characterizing MSA patients are not as homogeneous as those created in the APMaps,
as expected from pathological changes. The most surprising aspect is that, regardless of the
simple and coarse modifications of the APMaps, they mimicked realistic alterations con-
cerning specific anatomical regions, which revealed useful to detect similar characteristics in
pathological data.
Interestingly, regardless of the low sensitivity shown by the Putamen CNN, the target region
was activated in the visualization maps so backing the prediction of well-classified patients.

Despite the limited sample size of both datasets and the differences concerning the alter-
ations, our findings are encouraging. Especially for rare diseases such as MSA burdened by
a paucity of data, our approach represents a valid alternative to detect regional alterations.
This method paves the way for applications to other pathologies with common regions of
interest, exploiting a priori knowledge of the most distinctive traits of a disease.

120



4.3. Utility of Altered Parametric Maps for MSA Classification

4.3.2 APMaps from Cluster-Based MSA Features

In the previous section, we used pathology-agnostic altered brain MRI parametric maps
to detect similar traits in data from MSA patients. These findings have opened the way
for deeper considerations about the importance of features, like the intensity and size of an
altered region, especially when transferred to pathological data.

One of the foremost concerns when dealing with pathological data is the intra- and inter-
individual variability complicating pattern retrieval. Even in a more homogeneous and con-
trolled case, such as with the APMaps, we realized how evident and challenging these as-
pects were. For instance, consider the performance of biregion-trained CNNs on monoregion
APMaps, leading to different results according to the targeted regions (see Section 3.3.3).
To address this issue, we proposed to consider specific pathological traits, in our case MSA-
inspired features, to refine the creation of APMaps and obtain region-specific pathology-
oriented APMaps. Given the undeniable influence of intensity modification on model per-
formance (as shown by monoregion-trained CNNs, Section 3.3.1), we decided to group MSA
patients according to the severity of alterations by considering the distribution of MD values.
Indeed, we can associate high MD values with tissue microstructural anomalies, as in MSA
patients [14,168]. We obtained different clusters of MSA patients, each representing a degree
of alteration (from mild to severe, with increasing MD values). We exploited these clusters
to create the CB-APMaps, used to train a 3D CNN along with the OPMaps. To evaluate
the CNN generalization ability, we tested the network on the set of MSA/HC, as previously
done.

Is it feasible to exploit the information about varying degrees of MD increase directly
extracted from the pathology to improve the classification of pathological data? That is the
main research question we will elucidate in the following sections.
This work was presented at the annual meeting of the International Society for Magnetic
Resonance in Medicine [225].

4.3.2.1 Material and Methods

4.3.2.1.1 Datasets

We applied the same preprocessing steps reported in Section 3.2.2 to the following
datasets:

• MSA/HC, comprising the MD maps from 29 MSA patients and 26 healthy controls.
Further details are available in Section 4.3.1.1.1 and previous studies [14, 41];
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• CB-APMaps/OPMaps, including 89 CB-APMaps and 89 OPMaps. We created the CB-
APMaps by considering the MD maps from 89 healthy participants (i.e. the OPMaps
described in Section 3.2.1).

4.3.2.1.2 Creation of CB-APMaps

To create CB-APMaps, we focused on modifying MD values belonging to the cerebel-
lum, one of the regions of interest in MSA pathophysiology [14, 41]. To do so, we used
k-means clustering to group patients according to the distribution of MD values in the cere-
bellum and obtained the CB-APMaps by applying the histogram-matching technique to the
OPMaps.

Figure 4.5: Creation of CB-APMaps. We extracted the cerebellum from each MD map of the 29 MSA
patients and computed the histogram of MD values exclusively in this region. We applied k-means on these
histograms to cluster patients according to the distribution of MD values. For each cluster, we computed the
mean image used as a reference for the histogram-matching technique to obtain the CB-APMaps from the
OPMaps. CB-APMaps: Cluster-Based Altered Parametric Maps; MD: Mean Diffusivity; MSA: Multiple

System Atrophy; OPMaps: Original Parametric Maps. Adapted from [225]

We can summarize our method, schematized in Fig. 4.5, as follows:
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1. Extraction of the cerebellum using an atlas-based mask from the MD maps belonging
to the MSA patients;

2. Histogram computation of the MD values belonging only to the region;

3. K-means clustering performed on the histograms (i.e. the input to the k-means was the
histogram representing the frequency associated to each of the 256 bins);

4. Computation of the mean image of each cluster, representing the pattern to be repro-
duced;

5. Application of the histogram-matching technique to transform the OPMaps into CB-
APMaps.

To choose the optimal number of clusters k, we relied on the silhouette coefficient, mea-
suring the similarity of a sample to its cluster compared to the other clusters [45] (see Section
1.2.3.2.1).
We created the CB-APMaps by applying the histogram-matching technique [226]. The latter
allows for transforming an image such that its histogram matches the histogram of another
image. In our case, we considered as a reference the mean image computed from the data
belonging to each cluster, considering only the histogram of the cerebellum. After extracting
the cerebellum from each OPMap, we applied the histogram-matching technique to mimic
the reference image. We modified only the cerebellum, leaving the rest of each image un-
altered. Therefore, we obtained 89 CB-APMaps for each cluster and each k, by applying
the histogram-matching technique to the 89 OPMaps and using the mean image from each
cluster as reference image.

4.3.2.1.3 CNN Implementation

We implemented the 3D CNN described in Section 3.2.4. We trained this network with
CB-APMaps/OPMaps for each cluster, adopting a 10-fold CV and leaving a hold-out set for
testing.
We used the MSA/HC set to test CNN performance and determine whether training the
network with the CB-APMaps/OPMaps could guarantee good discrimination between HC
and patients with MSA.
Accuracy, sensitivity, and specificity were the chosen metrics for performance evaluation.

4.3.2.2 Results

4.3.2.2.1 K-Means Clustering
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Regarding the number of clusters, we considered k = 2, determined by the silhouette
method, and k = 3 for comparison.
We defined clusters according to the increasing quantity of higher MD values in the cerebel-
lum (Mild, Intermediate, and Severe). Fig. 4.6 provides the mean reference image for each
cluster and the mean histogram, whereas Fig. 4.7 shows some examples of CB-APMaps.

Figure 4.6: CB-APMaps for MSA Classification. Mean histogram and reference image for each cluster
according to the total number of clusters k. CB-APMaps: Cluster-Based Altered Parametric Maps; HC:

Healthy Controls; MSA: Multiple System Atrophy; OPMaps: Original Parametric Maps. Adapted from [225]
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Figure 4.7: CB-APMaps for MSA Classification. Example of CB-APMaps obtained by applying the
histogram-matching technique to the OPMap for each MSA cluster according to the total number of clusters k.

Arrows point to the modified region, i.e. the cerebellum. CB-APMaps: Cluster-Based Altered Parametric
Maps; MSA: Multiple System Atrophy; OPMap: Original Parametric Map. Adapted from [225]

4.3.2.2.2 CNN Performance

Accuracy on the hold-out set of CB-APMaps/OPMaps was over 0.90 for the Intermediate
and Severe clusters, whereas it was inferior to 0.60 for Mild clusters.
Table 4.3 presents the performances obtained on the MSA/HC set for both k. The highest
accuracy was obtained with cluster Severe from k = 2, reaching sensitivity equal to 0.69 and
maximum specificity. However, misclassified patients belonged to Mild clusters.
Mild clusters presented the worst performances (accuracy around 0.70), whereas the Inter-
mediate cluster performed similarly to the Severe clusters.
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Table 4.3: CB-APMaps for MSA Classification. Performances on the MSA/HC set given as median (IQR)
according to the cluster of APMaps used to train the CNN. Best performances are highlighted in italic.

CB-APMaps: Cluster-Based Altered Parametric Maps; CNN: Convolutional Neural Network; HC: Healthy
Controls; IQR: Interquartile Range; MSA: Multiple System Atrophy; OPMaps: Original Parametric Maps.

Adapted from [225]

4.3.2.3 Discussion

In this study, we discerned MSA patients from healthy controls using a 3D CNN trained
with CB-APMaps, brain MRI parametric maps modified to resemble region-specific MSA
traits.
According to our findings, CB-APMaps represent a valuable source of knowledge for the
proposed CNN to distinguish MSA patients from healthy controls. Our best performance
reached an accuracy equal to 0.84, although, in a previous study focusing on the discrimina-
tion between MSA patients and HC, the best accuracy was equal to 0.94 using MD maps [41].
An essential difference is that we created the altered data from the same patients used for test-
ing, even if the reference image was the mean pattern from each cluster, potentially a new
example. It is possible that, besides preserving some original information that led to sat-
isfactory performances, we may have also introduced some noise, compared to the case in
which the same data are used for training and testing the network. This aspect is pivotal
when thinking about designing novel data augmentation techniques.

A closer look at misclassified patients from the best-accuracy model showed that they all
belonged to the Mild clusters. The latter presented minor MD increases in the cerebellum,
so these patients were more similar to HC. Indeed, CNN performances on the hold-out set
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of CB-APMaps/OPMaps were poor, proving that Mild CB-APMaps were not so different
from OPMaps, thus more difficult to distinguish. However, we must keep in mind that MSA
patients may also present alterations in regions other than the cerebellum [14, 41, 168]. In
our approach, that might be a point worth improving, given that patients presenting mild
cerebellar modifications were classified as healthy controls.

One unanticipated finding was that the best accuracy yielded by the pathology-agnostic
APMaps (Section 4.3.1) was slightly higher than the one obtained with the CB-APMaps
(0.88 vs. 0.84). It is cumbersome to determine why one type of APMaps was more effective
than the other. Perhaps, a statistical comparison between the images could help clarify this
point. In these approaches, we used the CNN as a validating tool to examine the discrimi-
nating power of the APMaps, with all the pros (e.g. good performances) and cons (e.g. level
of uncertainty) that may derive. Nevertheless, these findings are interesting as they suggest
that the proposed CNN is as sensitive to general regional modifications as it could be to more
specific regional patterns.
Despite the limited samples, we obtained promising results, paving the way for further appli-
cations to a different MSA pattern or another pathology. Indeed, one could tailor our method
by modifying the reference image, for instance, by integrating the standard deviation of the
images from each cluster to increase the variability and constitute a training set with diverse
types of CB-APMaps.
Another possibility is to compare other CNN architectures to assess the validity of these
altered data, regardless of the CNN model. That is an interesting point for future research.

4.3.3 APMaps from Z-Score-Based MSA Features

Similarly to pathology-agnostic APMaps, the main limitation of CB-APMaps (see Sec-
tion 4.3.2) was that they enclosed only region-specific pathological traits. The former pre-
sented coarser alterations independent from any pathology, whereas the latter reproduced
cerebellar anomalies from the MSA patients at our disposal. However, pathological alter-
ations may include more diffuse alterations all over the brain. To improve this aspect, we pro-
posed a method for creating pathology-oriented APMaps incorporating whole-brain changes
due to the disease under consideration, i.e. MSA. We produced ZB-APMaps considering the
z-score computed from the MD maps of patients with MSA and healthy individuals.
To allow for comparison with the other variants of APMaps, we used the ZB-APMaps to
train a 3D CNN and investigated performances on the set of MSA/HC, similarly to Sections
4.3.1.1.2 and 4.3.2.1.3. The ultimate goal was to determine whether we could benefit from
MSA-inspired whole-brain altered MRI data to better discriminate between healthy controls
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and MSA patients.

We divided this experimental part into two phases, briefly presented in Fig. 4.8:

1. One-Pattern Approach. The first setting was intended to keep the level of complexity
as low as possible by evaluating CNN performances when fed with ZB-APMaps re-
producing a single pattern. In this way, we could determine the degree of variability
among patients affecting CNN performance and thus get an overall idea of the possible
outcomes.

2. Multi-Pattern Approach. A pathological cohort is characterized by data heterogene-
ity because it comprises diverse pathological patterns. The multi-pattern approach
aimed to reproduce this condition by first establishing a reference, i.e. training the
network with data from 20 randomly selected MSA patients and HI. Once established
this baseline performance, the next step was to train the network with the ZB-APMaps
and progressively increase the representation of each pattern in training by feeding
an increasing number of ZB-APMaps for each pattern (from 20 to 200 ZB-APMaps,
i.e. each pattern represented from one to ten times). Our objective was to determine
whether this amplification could improve CNN performance due to the augmented
training content. To make this approach feasible, we included additional data compris-
ing another set of MSA patients and Healthy Individuals (HI) from different datasets.

Henceforth, we will use the words patterns or patients for reference to data belonging to
MSA patients.

Figure 4.8: ZB-APMaps for MSA Classification. The main difference between the one-pattern and
multi-pattern approach is that the former evaluates the discriminating power of a single MSA pattern, by

feeding as input ZB-APMaps from a single pattern in training, whereas the latter considers ZB-APMaps from
multiple patterns for training. CNN: Convolutional Neural Network; MSA: Multiple System Atrophy;

OPMaps: Original Parametric Maps; ZB-APMaps: Z-score-Based Altered Parametric Maps
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4.3.3.1 One-Pattern Approach

The objective of the one-pattern approach was to analyze the discriminating power of
ZB-APMaps from a single pattern with respect to the entire set of MSA patients. Using a
single pattern for training the CNN enabled us to keep a fair level of interpretation as we
could inspect each patient visually.
Fig. 4.9 illustrates a schematic diagram of the one-pattern approach.

Figure 4.9: ZB-APMaps for MSA Classification - One-Pattern Approach. We compared CNN performances,
evaluated on the set composed of the MD maps from the 29 MSA patients and 26 HC, by considering: 1)

One-vs-One, 29 networks each trained to distinguish the ZB-APMaps created with one pattern (P01, P02, ...,
P29) from the OPMaps; 2) Multiclass, one network trained to discern the OPMaps and the 29 classes of MSA
patterns. CNN: Convolutional Neural Network; HC: Healthy Controls; MD: Mean Diffusivity; MSA: Multiple
System Atrophy; OPMaps: Original Parametric Maps; ZB-APMaps: Z-score-Based Altered Parametric Maps

We investigated the informative content of each pattern, identified by the z-score obtained
from each MSA patient, adopting two types of classification:

• One-vs-One: we trained the network to distinguish the ZB-APMaps from each pat-
tern against the OPMaps, thus obtaining 29 networks, each trained with ZB-APMaps
coming from a different pattern.
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• Multiclass: ZB-APMaps from each pattern constituted a separate class, obtaining a
total of 30 classes: 29 corresponding to the 29 MSA patterns and one for the OPMaps.

This allowed us to establish the presence of patterns capable of generalization as we assessed
CNN performance by testing on the same set of MSA patients and HC.
Let us guide you through the proposed approach.

4.3.3.1.1 Material and Methods

4.3.3.1.1.1 Datasets

We employed the following datasets, processed as described in Section 3.2.2:

• MSA/HC, including MD maps from 29 MSA patients and 26 healthy controls. For
further details, please refer to Section 4.3.1.1.1 and previous studies [14, 41];

• ZB-APMaps/OPMaps, including 89 ZB-APMaps and 89 OPMaps. We created the ZB-
APMaps from the MD maps of 89 healthy participants (i.e. the OPMaps described in
Section 3.2.1).

4.3.3.1.1.2 Creation of ZB-APMaps

We can summarize the creation of ZB-APMaps in two main steps:

1. We computed the z-score ZPn relative to the MSA pattern Pn considering the MD map
from the corresponding MSA patient IPn and the mean µ and standard deviation σ,
calculated voxelwise, considering the MD maps of the 89 healthy individuals.

ZPn =
IPn − µ

σ
(4.1)

Since we were interested in the increase of MD values due to the pathology, we con-
sidered only positive values of ZPn .

2. We obtained the ZB-APMap from the healthy individual x mimicking the MSA pattern
Pn by adding the standard deviation of the healthy individuals σ, multiplied by the z
score, to the original MD map of each healthy individual OPMapx, as defined in (4.2).

ZB-APMapx,Pn
= OPMapx + ZPnσ (4.2)

We obtained a total of 29 patterns corresponding to the number of MSA patients, indicated
by P following the patient’s number (e.g. P01 is the pattern from patient #1).
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4.3.3.1.1.3 CNN Implementation

We implemented the 3D CNN described in Section 3.2.4. In this case, we performed a
10-fold CV on the entire set of ZB-APMaps/OPMaps and used the MSA/HC set for testing.
We evaluated two types of classification:

• One-vs-One: binary classification (ZB-APMaps vs. OPMaps), considering each pat-
tern singly. We trained the network with each set of ZB-APMaps/OPMaps, obtaining
29 networks trained with the patterns from the 29 MSA patients.

• Multiclass: discrimination among 30 classes, i.e. 29 classes from the MSA patterns
(one per pattern) and one class for the OPMaps. To obtain the final prediction on the
MSA/HC set, we associated the positive class with the 29 classes from the patterns.

We assessed performances with accuracy, sensitivity, and specificity by computing the me-
dian value and IQR over the ten folds.

4.3.3.1.2 Results

Fig. 4.10 provides the performances of the One-vs-One classification according to the
pattern used in training. Accuracy varied from a minimum of 0.55 for training pattern P18
to a maximum of 0.89 for P09. It oscillated between 0.75 and 0.80 for most patterns.
Moreover, specificity remained high (> 0.90), whereas the sensitivity oscillated around 0.70.
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Figure 4.10: ZB-APMaps for MSA Classification - One-vs-One Classification. CNN performance provided as
median and IQR on the MSA/HC set according to the pattern of ZB-APMaps used for training. CNN:

Convolutional Neural Network; HC: Healthy Controls; IQR: Interquartile Range; MSA: Multiple System
Atrophy; ZB-APMaps: Z-score-Based Altered Parametric Maps

Table 4.4 details the performances according to the type of classification, given as the
median (IQR) for each metric. Multiclass classification achieved the best scores for all met-
rics. One-vs-One classification showed high specificity (0.96) and low sensitivity (0.62). We
can also note that multiclass classification obtained the highest sensitivity.

Table 4.4: ZB-APMaps for MSA Classification. CNN performance provided as median (IQR) on the MSA/HC
set according to the type of classification. Best performances are highlighted in italic. CNN: Convolutional

Neural Network; HC: Healthy Controls; IQR: Interquartile Range; MSA: Multiple System Atrophy;
ZB-APMaps: Z-score-Based Altered Parametric Maps

4.3.3.1.3 Discussion

In this Section, we explored the discrimination ability of a 3D CNN trained with the
ZB-APMaps, whole-brain MSA-inspired APMaps to distinguish between patients with MSA
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and healthy controls. Overall, the proposed approach led to the creation of altered brain MRI
parametric maps containing relevant information about MSA patterns, valuable enough for
the CNN to reach satisfying performances on the MSA/HC set. The best accuracy of 0.89
was competitive with respect to previous studies (e.g. accuracy = 0.94 [41]) and outper-
formed the approach based on the CB-APMaps (best accuracy = 0.84). We registered a
performance improvement, moving from a region-specific to a whole-brain approach for
creating APMaps.

One-vs-One classification showed that some patterns were more versatile than others in
that they seemed to provide enough information for the network to discriminate between
MSA patients and HC. That is not as surprising as we acknowledged that some similarities
exist among these patients (see clustering results in Section 4.3.2.2).
Multiclass performances were higher for sensitivity and accuracy but poorer for sensitivity
compared to One-vs-One. One possible explanation is that, in multiclass classification, the
CNN had already learned during training all MSA patterns through the ZB-APMaps, thus
performing exceptionally on the MSA patients (maximum sensitivity).

No matter how encouraging these results are, their main limitation resides in the fact
that the MSA patients used for creating the ZB-APMaps were the same used for testing
the network. Indeed, the different performances obtained by the One-vs-One classification
proved that each pattern enclosed information more or less beneficial to detect similarities
in unseen data. The restricted number of healthy individuals used to create the ZB-APMaps
could also be a point of improvement to increase the variability of normal subjects, and thus
of altered data, in training.

4.3.3.2 Multi-Pattern Approach

Building on the promising results of the one-pattern approach (in Section 4.3.3.1), we
moved to a more complex condition with the multi-pattern approach, getting closer to the
intrinsic heterogeneity of pathological data. To this end, we trained the network with more
than one pattern, hence the name multi-pattern approach.
One crucial difference compared to the one-pattern approach is the increase in sample size
for MSA patients (29 vs. 58) and HI (89 vs. 470). This step was essential to enrich the
inter-individual variability and the representation of each pattern.
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Figure 4.11: ZB-APMaps for MSA Classification - Multi-Pattern Approach. We compared CNN
performances, evaluated on a separate testing set composed of the MD maps from 38 MSA patients and 38 HI,
by considering the CNN trained with: 1) 20 MSA patients and 20 HI (randomly chosen); 2) ZB-APMaps and

OPMaps in a variable number depending on the degree of amplification for each MSA pattern. CNN:
Convolutional Neural Network; HI: Healthy Individuals; MD: Mean Diffusivity; MSA: Multiple System

Atrophy; OPMaps: Original Parametric Maps; ZB-APMaps: Z-score-Based Altered Parametric Maps

The aim of the multi-pattern approach was two-folded, as summarized in Fig. 4.11:

• Determining whether the CNN could achieve at least similar performances with a com-
parable sample size between the two sets (ZB-APMaps/OPMaps and MSA/HI), thus
establishing a reference;

• Improving performances by increasing the representation of each MSA pattern or, in
other words, amplifying each pattern n times to discover whether the higher number of
ZB-APMaps in training could ameliorate performances on the testing set.

4.3.3.2.1 Material and Methods

4.3.3.2.1.1 Datasets

The image processing described in Section 3.2.2 was applied to all datasets. We changed
the image resolution from 3×3×3 mm3 to 2×2×2 mm3, allowing for better image quality and
the possibility of keeping smaller cerebral structures.
Concerning data from healthy individuals, we gathered a total of 470 subjects as follows:
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• 69 out of the 89 healthy subjects described in Section 3.2.1, excluding patients younger
than 40 years.

• 26 healthy controls, age-matched to the 29 MSA patients (reported in Section 4.3.1.1.1).

• 57 healthy subjects belonging to an in-house database;

• Data used in the preparation of this study were obtained from:

– The Parkinson’s Progression Markers Initiative (PPMI) database (www.ppmi-info.
org/access-data-specimens/download-data). For up-to-date information
on the study, visit www.ppmi-info.org. PPMI - a public-private partnership -
is funded by the Michael J. Fox Foundation for Parkinson’s Research and funding
partners (listing available at www.ppmi-info.org/about-ppmi/who-we-are/
study-sponsors).

– The Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.
usc.edu). As such, the investigators within the ADNI contributed to the de-
sign and implementation of ADNI and/or provided data but did not participate in
the analysis or writing of this work. A complete listing of ADNI investigators
can be found at: http://adni.loni.usc.edu/wp-content/uploads/how_
to_apply/ADNI_Acknowledgement_List.pdf. The ADNI started in 2003 as
a public-private partnership, led by Principal Investigator Michael W. Weiner,
MD. The primary goal of ADNI has been to test whether combining serial MRI,
positron emission tomography (PET) and other biological markers with clinical
and neuropsychological assessment can be exploited to measure the progression
of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD). For
up-to-date information, please visit www.adni-info.org.

We accessed these databases to gather DTI data acquired from healthy subjects with
the following parameters:

– Age ≥ 50 years;

– According to data availability, subjects classified as normal controls either at
baseline (for PPMI) or screening (for ADNI);

– Regarding image acquisition, we considered magnetic field at 3 T, all available
manufacturers for the MRI machines, and all sequences for DTI acquisition.

– In the presence of multiple acquisitions, we selected the most recent or the one
with better image quality.
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We selected a total of 258 subjects for ADNI and 60 for PPMI.

In addition to the 29 MSA patients mentioned in Section 4.3.1.1.1, we considered another
set of MSA patients (n=29) (for more information, please refer to a recent study [227]).
Table 4.5 details the age range, mean, and SD regarding healthy individuals and patients.

Table 4.5: Summary statistics about the age distribution of healthy individuals and patients. SD: Standard
Deviation

4.3.3.2.1.2 Variants of ZB-APMaps

We computed the z-score with the method described in Section 4.3.3.1.1.2, considering
the mean µ and standard deviation σ of all MD maps from the healthy individuals.
To explore the effect of different types of ZB-APMaps, we applied a threshold on the z-score-
based APmaps as follows:

• We set values higher than 1.5 multiplied by the image to be modified Ix equal to the
corresponding value Ix. We called this threshold T1.5;

ZB-APMapx,Pn
> 1.5Ix → ZB-APMapx,Pn

= Ix (4.3)

• We set values higher than the MSA patient’s image IPn equal to the corresponding
value IPn . We called this threshold TPat.

ZB-APMapx,Pn
> IPn → ZB-APMapx,Pn

= IPn (4.4)

Both thresholds allowed for limiting aberrant values, the former focusing on the healthy
individual and the latter on the MSA patient.

4.3.3.2.1.3 CNN Implementation

Regarding CNN implementation, Fig. 4.11 illustrates the salient parts of our method.
From the total set of MSA patients, we randomly selected 20 patients used exclusively to
train the network, whereas the remaining 38 served for testing. We randomly selected the
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same number of healthy individuals for the testing set (38 MSA patients vs. 38 HI).
We can identify two main branches in the multi-pattern approach:

1. Reference. We trained the CNN with 21 sets, each composed of the MD maps from
20 MSA patients and 21 different sets of 20 HI, randomly selected from the healthy
individuals with no overlap. That established a reference for the CNN performance
when training directly on the MSA patients and HI.

2. Amplification. Network training began using 20 ZB-APMaps and 20 OPMaps, mean-
ing only one ZB-APMap per pattern (i.e. no amplification with respect to the original
number of 20 MSA patients). Pattern amplification consisted in increasing the repre-
sentation of each pattern from two to ten times. That led to training the network from
40 ZB-APMaps vs. 40 OPMaps to 200 ZB-APMaps vs. 200 OPMaps. The selec-
tion of HI from the available set was kept random, considering each healthy individual
only once (either as a ZB-APMap or an OPMap). We repeated the random sampling
for ZB-APMaps and OPMaps 30 times to account for HI’s variability.

We assessed CNN performance on the unseen set reserved for testing, i.e. 38 MSA patients
vs. 38 HI.

We devised a 3D CNN similar to the one described in Section 3.2.4 but adapted to the
chosen image resolution. Building blocks and implementation details remained unchanged,
except for the number of training epochs set empirically to 30 for the amplification approach.
We provide the proposed CNN structure in Fig 4.12.
The main differences compared to the architecture presented in Section 3.2.4 are:

• Filter size equal to 3×3×3 instead of 2×2×2 for the first Average Pooling layer;

• Two ConvBlocks with 64 convolutional filters, instead of one block, after the first
Average Pooling layer.
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(a) Architecture (b) Building blocks

Figure 4.12: 3D CNN proposed for the multi-pattern approach. FC layers receive as input a one-dimensional
layer obtained with the flatten operation. BN: Batch Normalization; CNN: Convolutional Neural Network;

ELU: Exponential Linear Unit; FC: Fully Connected; FCL: Fully Connected Layer; prob: dropout probability.
Figure b reproduced from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0
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4.3.3.2.2 Results

We provide performances of the CNN trained with 20 MSA and 21 randomly selected
sets of HI in Fig. 4.13. We can notice that the accuracy varied a little around 0.90, contrary
to the other two metrics, which differed according to the HI set.

Figure 4.13: ZB-APMaps for MSA Classification - Multi-Pattern Approach - Reference. CNN performance
according to the set of HI and the same 20 MSA patients used for training, evaluated on the testing set

composed of the MD maps from 38 MSA patients and 38 HI. HI: Healthy Individuals; MD: Mean Diffusivity;
MSA: Multiple System Atrophy; ZB-APMaps: Z-score-Based Altered Parametric Maps
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We can observe from Table 4.6 that CNN performance was higher when training with
the original set of MSA/HI (Reference) compared to the training set composed of 20 ZB-
APMaps and 20 OPMaps (Multi-pattern).
The best accuracy was achieved by the TPat variant, whereas for the sensitivity, T1.5 reached
the best score of 0.80.
Specificity was comparable between no threshold and TPat variants, amounting to around
0.95. The lowest specificity was instead equal to 0.82 for T1.5.

Table 4.6: ZB-APMaps for MSA Classification - Multi-Pattern Approach. Comparison between CNN
performances considering the reference (training with 20 MSA patients and 20 HI) and the multi-pattern

approach (training with 20 ZB-APMaps and 20 OPMaps) according to the different thresholds applied for the
creation of ZB-APMaps. Results are provided as mean (SD) obtained on the testing set, composed of the MD

maps from 38 MSA patients and 38 HI. Best performances are highlighted in italic. CNN: Convolutional
Neural Network; HI: Healthy Individuals; MD: Mean Diffusivity; MSA: Multiple System Atrophy; SD:

Standard Deviation; T1.5: Threshold equal to 1.5 multiplied by the healthy individual’s image value; TPat:
Threshold equal to the MSA patient’s image value; ZB-APMaps: Z-score-Based Altered Parametric Maps

Fig. 4.14 illustrates performance comparison according to the threshold on ZB-APMaps
and the number of samples per class in training.

Accuracy increased with the number of samples for T1.5, whereas was pretty steady for
the other variants, keeping a value between 0.80 and 0.90. T1.5 reached the highest accuracy
(0.88) with 120 ZB-APMaps in training.
Sensitivity decreased slightly with the increasing number of samples, amounting around 0.80
for T1.5 and 0.75 for the other two thresholds.
The version with no threshold achieved the highest specificity (> 0.95) for all numbers of
samples.
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Figure 4.14: ZB-APMaps for MSA Classification Multi-Pattern Approach - Amplification. Performance
metrics given as mean and SD over the 30 repetitions, obtained on the testing set composed of the MD maps
from 38 MSA patients and 38 healthy individuals according to the threshold applied to ZB-APMaps and the

number of MSA patients in training (same number of HI). CNN: Convolutional Neural Network; HI: Healthy
Individuals; MD: Mean Diffusivity; MSA: Multiple System Atrophy; SD: Standard Deviation; T1.5:

Threshold equal to 1.5 multiplied by the HI’s image value; TPat: Threshold equal to the MSA patient’s image
value; ZB-APMaps: Z-score-Based Altered Parametric Maps
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4.3.3.2.3 Discussion

The multi-pattern approach enabled us to explore the discriminating power of ZB-APMaps
used as input to a 3D CNN in the case of different MSA patterns provided in training. To
establish a comparison, we considered the network trained with data belonging to MSA
patients. Furthermore, we progressively increased the number of ZB-APMaps per MSA pat-
tern to discover whether that would lead to better discrimination between MSA patients and
healthy individuals.

Regarding the reference network trained with the MSA/HI set of 20 samples per class,
we obtained a mean accuracy of 0.92, in line with the results of previous studies about the
discrimination between MSA patients and HC [41,206]. Although the training set comprised
fewer MSA patients than the test set, these results were encouraging as most HI and patients
were correctly classified (sensitivity and specificity > 0.90). Despite the different sets of
HI, performances were still good enough, showing no particular bias relative to the random
selection of healthy individuals.
Concerning the multi-pattern approach with an equal sample size to the reference approach
(see Table 4.6), the former was less effective in differentiating MSA patients from HI.
Worth noticing is that despite comparable accuracy of around 0.83, performances of the ZB-
APMaps variants differed according to the threshold, especially regarding specificity and
sensitivity. That suggests that the content enclosed in the ZB-APMaps or retrieved by the
CNN was not as informative as pathological data. However, we must remember that the MD
map of each healthy individual could encompass peculiar characteristics leading to an MSA
pattern not entirely mimicking the original. Indeed, we were interested in creating different
versions of the same pattern, and not just a simple copy, by exploiting each subject’s charac-
teristics.
Increasing the representation of each pattern in training by including a variable number of
ZB-APMaps mimicking the same pattern did not ameliorate performances compared to the
reference. Nevertheless, we found a slight improvement with a higher representation per pat-
tern (from 0.83 with no amplification to 0.88 with amplification by ten for the ZB-APMaps
variant with no threshold). However, none of the variants considering the amplification out-
performed the CNN trained with the original data from the MSA patients.

These findings show us how complex the process of refining altered data is and how small
the benefit we gain from it can be. We would certainly need to further confirm these results
by applying our method to other diseases or exploring different modification strategies.
Nevertheless, there are some advantages to the ZB-APMaps, such as the high tailoring degree
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and the straightforward application of the z-score to the whole brain from MSA patients to
healthy individuals.

One strength of the proposed approach relies upon the use of healthy subjects from mul-
tiple centers, increasing the feasibility when data are limited. Although we did not perform
any harmonization between pathological and normal data, we identified no deterioration in
performance that may be attributable to this aspect. We believe that mixing all samples in-
dependently from the acquisition center somehow compensated for the noisy components
undoubtedly present. Furthermore, using a quantitative parametric map aided this cause
owing to the universal physical significance.

4.3.4 Conclusion

This experimental part aimed to prove the many uses APMaps can provide for MSA
classification. Most remarkable is that the overall performances reached by training a 3D
CNN with altered parametric maps and testing on a set of MSA patients and HC showed
not only satisfactory performance (accuracy > 0.84) but also competitive results with pre-
vious work [41, 206]. Let us discuss some crucial points while Table 4.7 summarizes the
advantages and drawbacks of our experiments.

Pathology-agnostic APMaps surprised us with their capacity to provide the network with
relevant information (best accuracy = 0.88). This approach brings a glimpse of hope as
relying on a priori knowledge of a disease (in our case, MD increase in specific brain regions)
may offer a valuable alternative to detect similar traits in pathological data. This aspect gains
importance when there is a paucity of data characterizing, for instance, rare diseases such as
MSA.
Worth reminding is that the creation of pathology-agnostic APMaps respects the physical
significance of the chosen parametric maps, thereby granting meaning and validity to these
altered data, regardless of their general character.

As the ultimate goal is to retrieve pathological patterns, we deepened our approach
by creating pathology-oriented APMaps, including specific MSA features. Similarly to
pathology-agnostic APMaps, CB-APMaps contained region-specific alterations coming, in-
stead, from the pathology. Their main limitation is that they do not enclose a more global
pattern by focusing on a single region. However, there is an upside to a higher level of inter-
pretability since we assume that the network searches for specific regional alterations. That
is when ZB-APMaps came into play with the added value of whole-brain alterations.
Considering only the ZB-APMaps with one pattern in training, we achieved great perfor-
mances (best accuracy = 0.85) when testing on the pathological set, giving us a hint about
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the presence of shared features among these MSA patients. Typical pathological data are
characterized by high heterogeneity, which hinders the network from perfectly classifying
all samples, as it constitutes an average prototype of each class to optimize performances.
We explored this condition with the multi-pattern approach leading to improved performance
(best accuracy = 0.89 vs. 0.92, using MSA patients and HI in training data). Furthermore,
amplifying each pattern n times brought a slight improvement without a drastic change.

Regardless of these promising findings, further work is needed to fully understand the
implications of this approach. To our knowledge, this was the first study advancing the use
of altered data to classify pathological data using a 3D CNN. Future research should be
undertaken to establish whether we can apply this method to other diseases without perfor-
mance deterioration.
At this point, some questions can be raised: How to choose the most suitable type of
APMaps? Can our approach compete with more sophisticated methods such as GANs? To
what extent does CNN performance depend on the considered disease? Is this generalization
ability extensible to unseen cohorts? Further work is needed to elucidate these aspects.
The limitation of the restricted sample size is another aspect to account for that will be at the
core of the following sections.
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Table 4.7: APMaps for MSA Classification. Main pros and cons for each type of APMaps used for CNN
training with the best-obtained accuracy for comparison. APMaps: Altered Parametric Maps; CB-APMaps:

Cluster-Based Altered Parametric Maps; CNN: Convolutional Neural Network; HI: Healthy Individuals;
MSA: Multiple System Atrophy; ZB-APMaps: Z-score-Based Altered Parametric Maps
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4.4 Impact of Small Sample Size on MSA Classification

One of the foremost concerns of DL-based applications is the inability of a deep network
to generalize when trained with a small training set. In the previous chapters, we also coped
with this aspect by evaluating the discriminating power of altered data, either pathology-
agnostic or pathology-oriented, obtaining encouraging results (best accuracy slightly lower
than 0.90 to discern MSA patients from HC). These results were unforeseen in light of the
limited sample size and the use of altered brain data for training the network. That is why we
decided to take a step back and refocus on the analysis of MSA by directly considering the
original pathological data as input to the CNN. We proposed to investigate this scenario by
examining the behavior of different CNN architectures when faced with a restricted number
of samples for the classification between MSA patients and HI.
Strictly correlated to small sample sizes and pathological data is the issue of data hetero-
geneity. We already looked into this aspect, first with the CB-APMaps based on clusters of
MSA patients with similar MD distribution in the cerebellum (Section 4.3.2) and then with
the multi-pattern approach, encompassing different degrees of representation for each pattern
(Section 4.3.3.2). We have concretely seen that this heterogeneity may complicate pattern
retrieval for a deep network, as each patient conveys peculiar information about the disease.
To address this issue, we proposed to cluster patients according to the degree of alteration
compared to healthy subjects and then use each cluster to train and test the network. This
strategy led to having more control over training data, thus enabling a better interpretation of
CNN behavior. Fig. 4.15 illustrates the salient points of this section.
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Figure 4.15: Impact of Small Sample Size on MSA Classification. We investigated the effect of a small sample
size for classifying a rare disease, such as MSA, in two steps: 1) We investigated CNN performances by

gradually increasing the number of samples in training from 2 to 18 per class, considering a set of 20 patients
and 20 HI. We tracked performances on a left-out set of MSA patients and HI. 2) We fed the network with

different training content based on a prior clustering of MSA patients while testing the remaining others. We
tracked performances on a left-out set of MSA patients and HI. CNN: Convolutional Neural Network; HI:

Healthy Individuals; MSA: Multiple System Atrophy
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4.4.1 Investigation of Training Set Size

Notably discussed in deep learning applications is the necessity to use a high number of
training samples for a system to work well or, in other words, to be capable of generaliza-
tion. Recent studies have shown that deep learning methods can be efficient even with fewer
training samples [161, 162]. These findings are encouraging, especially for fields burdened
by a paucity of data, such as the medical domain.

In this work, we investigated the influence of training set size for three different CNN
architectures to discern between patients with MSA and healthy individuals. As already
mentioned, MSA is a rare neurodegenerative disease, thus qualifying as the perfect candidate
to analyze this aspect since there will always be a gap in the amount of data proportional to
its prevalence.
Before getting into the matter, we provide a small summary with a schematic diagram in Fig.
4.16:

1. Reference. Keeping a small number of samples (20 MSA patients vs. 20 HI), we
trained the networks to establish a reference performance by testing on a left-out set
of patients and HI (38 MSA patients vs. 38 HI);

2. Increasing training set size. Considering our small sample (20 MSA patients vs. 20
HI), we created 30 random subsets of varying sizes (2 to 18 samples per class) and
evaluated performances on the same left-out set for comparison.
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Figure 4.16: Investigation of Training Set Size. Diagrams representing dataset split for training and testing
with two strategies: 1) Reference. We randomly sampled data from MSA patients and HI, to establish the

reference performance obtained by training the network with 20 MSA patients and 21 different sets of HI; 2)
Increasing training set size. We randomly selected an increasing number of samples per class from the set of

20 MSA patients and 20 HI, obtaining 30 subsets for each sample size. For both strategies, we tested the
networks on the same set of 38 MSA patients and HI to allow for comparison. All samplings were performed
randomly. Choosing such a small sample size (only 20 examples per class) places this approach in a realistic
situation, e.g. in the case of a rare disease such as MSA. CNN: Convolutional Neural Network; HI: Healthy

Individuals; MSA: Multiple System Atrophy
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4.4.1.1 Material and Methods

4.4.1.1.1 Datasets

We used the MD maps from the 58 MSA patients and 470 healthy subjects presented in
Section 4.3.3.2.1.1. Image processing remained unchanged.

4.4.1.1.2 CNN Implementation

For this experimental part, we introduced different CNN architectures to determine whether
this could change the outcome. We proposed our implementation of two famous architec-
tures, GoogLeNet [71] and ResNet [51], in addition to our model inspired instead by VG-
GNet [92]. We named each model after the corresponding well-known CNN architecture.

Figure 4.17: Proposed CNN architectures named after the corresponding well-known model. Details about
each building block are available in Fig. 3.7b. Average Pooling: Average Pooling layer; Conv3D:

Convolutional layer: ConvBlock: Convolutional layer Block; CNN: Convolutional Neural Network;
DenseBlock: block containing fully connected layers; ELU: Exponential Linear Unit; Flatten: operation to
reshape in a one-dimensional vector; IdentityBlock: block characteristic of ResNet; InceptionBlock: block

characteristic of GoogLeNet; Max Pooling: Max Pooling layer; [filter number]; (filter size); dropout
probability

150



4.4. Impact of Small Sample Size on MSA Classification

Fig. 4.17 offers a comparison of CNN structures, whereas the building blocks are avail-
able in Fig. 4.18 and 3.7b. We detail the filter number of convolutional layers for GoogLeNet
and ResNet in Table 4.8.
Implementation details remained unchanged from those reported in Section 3.2.4.

Figure 4.18: Building blocks for CNN architectures. The first two convolutional layers of the InceptionBlock
present the same filter number for both the proposed versions of GoogLeNet. p is equal to 3 and 2 for image
resolution equal to 2 mm and 3 mm per direction per voxel, respectively. BN: Batch Normalization; Conv3D:

Convolutional layer; CNN: Convolutional Neural Network; ELU: Exponential Linear Unit; FC: Fully
Connected; FCL: Fully Connected Layer; prob: dropout probability.

Table 4.8: Details on the number of convolutional filters for GoogLeNet (InceptionBlock) and ResNet
(IdentityBlock)

(a) InceptionBlock (b) IdentityBlock
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As represented in Fig. 4.16, we organized CNN implementation as follows:

1. Reference. This part established a reference as we trained the networks on the set of
MSA patients and HI, considering the maximum number of samples per class that we
set to 20.

• Training. We trained the CNN with the MD maps from 20 MSA patients and 21
different sets of 20 HI, randomly selected from the HI set with no overlap.

• Testing. We tested the networks on the remaining 38 MSA patients and 38 ran-
domly selected HI left out from the beginning. We computed accuracy, sensitiv-
ity, and specificity for each of the 21 sets used in training.

2. Increasing training set size. To progressively increase the training set size, we pro-
ceeded as follows:

• Training. We randomly selected a set of 20 MSA patients and 20 HI. Keeping
as reference only 20 samples per class makes this approach realistic considering
the quantity of data available for rare diseases. We created 30 non-overlapping
random subsets to obtain 2 to 18 samples per class. We trained the CNN to
perform binary classification between MSA patients and HI with each of these
sets.

• Testing. We tested the networks on the remaining 38 MSA patients and 38 ran-
domly selected HI. We provide the mean and SD of accuracy, sensitivity, and
specificity over the 30 subsets for each training set size.
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4.4.1.2 Results

We investigated the effect of training set size by considering three CNN architectures,
each inspired by a well-known model.

Fig. 4.19 provides a comparison for each metric between the three models, trained with
20 MSA patients and 21 different sets of 20 HI. We can observe that performances did
not differ much according to the model. Sensitivity and accuracy presented few variations
around 0.95, whereas there was higher variability for specificity according to the HI set.

Training accuracy was higher than 0.95 for all training set sizes and CNNs.
Fig. 4.20 offers a comparison between CNN architectures for each metric. The worst-
performing model was GoogLeNet, although it reached an accuracy of 0.90 with 18 samples.
VGGNet and ResNet presented quite similar behavior. The latter achieved higher sensitivity
and accuracy than the former for most sample sizes. Overall, the mean accuracy was around
0.70 with just two samples per class, whereas it was higher than 0.80 with only five samples
per class.
We can notice that increasing the training set size improved performances as well. From 10
patients in training, the accuracy kept rising over 0.90. The sensitivity was instead slightly
lower than the specificity.
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Figure 4.19: Investigation of Training Set Size - Reference. Performance comparison between CNN models
according to the set of HI used in training with the fixed set of 20 MSA patients, evaluated on the test set
composed of the MD maps from 38 MSA patients and 38 HI. CNN: Convolutional Neural Network; HI:

Healthy Individuals; MD: Mean Diffusivity; MSA: Multiple System Atrophy
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Figure 4.20: Investigation of Training Set Size - Increasing Training Set Size. Performance comparison
between CNN models on the test set (38 MSA patients vs. 38 HI) provided as mean and SD considering 50
subsets according to training set size (the number of HI was equal to the number of MSA patients). CNN:
Convolutional Neural Network; HI: Healthy Individuals; MSA: Multiple System Atrophy; SD: Standard

Deviation
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4.4.1.3 Discussion

This work shed light on the importance of training set size in the case of a limited amount
of data, a debated point in the deep learning community. We proposed to analyze a rare
disease, such as MSA, varying the quantity of training data to determine how the models’
performance changed accordingly. To keep in line with a realistic situation with only a
few samples available, we considered as a reference 20 MSA patients and 20 HI, randomly
selected from the datasets at our disposal. To further validate our approach, we implemented
three different CNN models for comparison.

First, we looked at the performances when changing the set of HI in training, keeping
the same MSA patients (Fig. 4.19). Despite some variations, there was no considerable
difference among these sets. However, the most unstable metric was the specificity, i. e. the
ability to correctly classify HI, allegedly suggesting that some healthy subjects may present
common characteristics with patients. One explanation could be related to the fact that older
people can present with signs of reduced tissue microstructural integrity inevitably due to
aging.
Surprisingly, we reached an accuracy of 0.90 with only ten samples per class for all models
(Fig. 4.20). Considering the reference approach, we can also observe that the performance
with 18 samples per class was comparable to that obtained by training the models with 20
MSA patients and 20 HI (see Fig. 4.13).

Remarkable is the absence of significant differences in the trends presented by the pro-
posed CNNs. Given the infinite possibilities in the choice of CNN architectures, we may
attribute this to the specific characteristics of MSA patients’ data. The latter comprise fea-
tures setting them apart from healthy subjects, thus making them more easily discernible.
Nonetheless, that is not always the case for other pathologies, hence the interest in extending
our approach to different diseases.
These findings are encouraging as we achieved incredibly satisfactory performances on un-
seen data despite the small sample size. The random sampling strategy for training also
contributed to providing a robust estimate.
Worth noticing is that the higher the number of samples, the smaller the standard deviation
for all metrics. As the models received more and more information with increasing training
set size, the level of uncertainty progressively decreased.
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4.4.2 Investigation of Training Set Content

All the previous work has shown us how sensitive a CNN can be depending on the infor-
mation delivered by the training data. For instance, consider the application of CB-APMaps
and the different performances obtained according to the cluster used for creating the altered
maps (Section 4.3.2). This behavior offered us a lead to follow: we can calibrate training
content to track CNN performance by grouping patients before feeding data to the network.
Moreover, one can argue that using non-original pathological data could have somehow im-
pacted the outcome. Therefore, in this case, we focused on the original data of MSA patients
to see if performance could benefit from such an approach. Another difference is that we
created CB-APMaps by considering the distribution of MD values in a specific region. In-
stead, we based the clustering proposed in this experimental part on a whole-brain approach,
considering z-score values.
We can summarize our approach for the investigation of training set content in two funda-
mental steps:

1. Clustering patients according to z-score values from the MD maps of MSA patients
with respect to HI, selecting those within a significance level of 5%, thus with a sig-
nificant deviation from the average;

2. Training the models with each cluster while testing the others to see how performances
changed.

4.4.2.1 Material and Methods

4.4.2.1.1 Clustering of MSA Patients

We performed clustering on the MD maps from the 58 MSA patients, whose data and
preprocessing steps are available in Section 4.4.1.1.1.
To group patients according to the degree of alteration, we followed the steps highlighted in
Fig. 4.21:

1. Computation of the z-score of each patient considering the mean and standard devia-
tion of the healthy individuals, as in (4.1);

2. Application of a threshold on z-score values corresponding to a significance level of
5% for a one-tailed positive distribution (i.e. > 1.645). We were interested only in
positive increases due to reduced microstructural integrity [41, 168];

3. Computation of the median and count of z-score values above the threshold;
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4. Application of k-means considering the median and counts for each patient.

Figure 4.21: Investigation of Training Set Content. Main steps to perform clustering on MSA patients. We
applied a threshold to z-score values to consider only significant deviations from the mean of healthy

individuals. We then performed k-means by considering the median and count of z-score values above the
threshold. MSA: Multiple System Atrophy; SD: Standard Deviation

4.4.2.1.2 CNN Implementation

We employed the 3D CNNs described in Section 4.4.1.1.2. For this application, we
organized the implementation as follows:

• Training. We trained each network with every cluster of MSA patients and 30 random
samplings from the HI data in the same number of MSA patients to obtain a balanced
set.

• Testing. We isolated a set of HI for each cluster of MSA patients to function as a
separate testing set. We tested each CNN considering the clusters not used for training.
We provide the mean and SD over the 30 random samplings in terms of accuracy,
specificity, and sensitivity.

4.4.2.2 Results

4.4.2.2.1 Clustering of MSA Patients

We chose the number of clusters k = 3 to allow for comparison between three different
degrees of alteration. Fig. 4.22 depicts a scatter plot with the number of significant voxels
as a function of the median z-score values for k = 3. We named clusters Mild, Intermediate,
and Severe going from lower to higher median values and corresponding counts according
to an increasing degree of alteration.
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Figure 4.22: Investigation of Training Set Content. Scatter plot showing clusters of MSA patients according
to median value and count of the z-score above the threshold. MSA: Multiple System Atrophy

4.4.2.2.2 CNN Performance

We provide in Fig. 4.23 VGGNet performances according to the cluster of MSA patients
considered in training. In light of the comparable performances, we provide the results for
GoogLeNet and ResNet in Appendix B.
Training performance was higher than 0.90 fo all models and clusters. Focusing on accuracy,
we can observe that it is high when considering the CNN trained with the Mild cluster on
both the Intermediate and Severe clusters. The Intermediate cluster performed well on the
Mild with accuracy equal to 0.78 and 1.00 on the Severe. Instead, considering the Severe,
the maximum accuracy was only 0.76 on the Intermediate cluster.
Sensitivity showed scores comparable to accuracy, whereas specificity was overall high (>
0.90).
Given no considerable variation in the standard deviation over the 30 repetitions for every
tested model (< 0.15), we provide these results in Appendix B.
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Figure 4.23: Investigation of Training Set Content. CNN performances according to the cluster of MSA
patients used for training and testing. Mean for each metric provided considering the 30 random samplings

from the set of healthy individuals used for training. Blue and red represent respectively poor and high
performances. Notice how the accuracy scored by the CNN trained with the Mild clusters was excellent on

both the Intermediate and Mild clusters. CNN: Convolutional Neural Network MSA: Multiple System
Atrophy; SD: Standard Deviation

4.4.2.3 Discussion

In this study, we investigated the performance of three different CNNs feeding as input
training sets with varying degrees of significant modifications of MSA patients compared
to healthy individuals. Exploiting the z-score computed for each MSA patient, we applied
k-means clustering to identify groups of patients according to increasingly significant alter-
ations compared to HI (clusters denoted as Mild, Intermediate, and Severe). We tracked the
models’ performance according to the cluster used in training while testing the others.
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Our hypothesis lies in the assumption that a CNN trained to discern patients with milder
alterations from healthy subjects would be able to distinguish patients with more severe al-
terations as well. On the other hand, the opposite would not be the case since more evident
alterations become very specific. Our findings seemed to confirm this hypothesis. The Mild
cluster led to the best performances for the Intermediate and Severe clusters. The Interme-
diate cluster achieved good performances on the Mild and Severe, although the accuracy on
the Mild was around 0.80. The Severe cluster showed accuracy inferior to 0.50 on the Mild
and equal to 0.76 on the Intermediate.
These results gave us insight into the importance of making the network learn from earlier
stages of a disease. They even suggest that when the training data enclose more evident
modifications, it becomes more difficult for the network to discern healthy controls from pa-
tients with milder alterations, as they are more similar to healthy individuals. Furthermore,
we found that adopting a different CNN architecture did not change this trend (see Appendix
B).
Another point is that each cluster comprised a different number of MSA patients. The small-
est was the Severe, with only eight patients, compared with the others, including more than
20 patients. We previously observed that CNN performances with just eight patients in train-
ing were still good (accuracy above 0.90, see Fig. 4.20). Therefore, we considered CNN
training for the Severe cluster acceptable in this condition.

Despite the restricted sample size, we found a behavior for the networks which could
guide future developments. For instance, the proposed clustering approach based on the
z-score offers a straightforward way to identify groups of patients with varying degrees of
alterations. We could ameliorate this approach further by focusing on regional changes to
target more peculiar traits. This type of reasoning may help devise a strategy to create train-
ing sets conveying targeted knowledge content to the network, hence better performance and
easier interpretation. In this case, we could not apply a majority voting strategy as there
was no left-out set for each cluster. Nevertheless, given a higher number of MSA patients,
we could compensate for misclassifications by exploiting all the networks trained with the
different clusters to combine predictions.
With the clustering strategy proposed in this approach, we were blind to the spatial localiza-
tion of the most significant alterations, as we inputted the k-means only global features (i.e.
counts and median value). It would be interesting to search for a spatial correspondence to
turn this to our advantage.
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4.4.3 Conclusion

In this investigation, we aimed to study the effect of a small sample size on the classifica-
tion of a rare disease such as MSA using 3D CNNs. To this end, we progressively varied the
sample size for CNN training from 2 to 18 samples per class. We tested CNN performances
using a hold-out set to assess the generalization ability. Next, we evaluated the impact of
different training content to account for data heterogeneity typical of pathological data. Af-
ter grouping patients based on z-score features, we used these clusters to train and test the
networks and track performances.

These experiments surprisingly revealed great performances even with a small sample
size for discriminating MSA patients from HI. We coupled these findings with the evaluation
of the training set content. The latter confirmed that if a network is trained with images
enclosing milder alterations and can distinguish them from the healthy condition, it would
be more probably capable of discerning more severe alterations, unlike the opposite case.
This outcome may help develop automated systems to optimize the classification of the early
stages of a disease.

Future research might explore the application of these approaches to other pathologies or
a differential diagnosis, as we are well aware that the findings discussed so far are strictly re-
lated to MSA classification. That is a promising beginning to better grasp CNN’s functioning
and master its use.
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5 CNN for Coma Classification
In this Section, we present an application of 3D CNNs to discern healthy individuals

from comatose patients, resulting in the publication of a research article [228]. This study
represents one of the first attempts to combine the informative content of mMRI data with
the discriminating capacity offered by deep learning techniques.

5.1 Introduction

Among the major causes of death and disability around the world figures acute brain
injury inducing coma after Cardiac Arrest (CA) [229]. Over the last decade, no significant
change has been made to the treatment of coma patients, even though the research in this field
continues to progress [230]. One explanation may be found in the difficulty of accurately
describing the damage to brain connectomes due to CA [231]. A better understanding of
the processes implicated in functional and structural disruptions of the brain during coma
is of paramount importance to give these patients the best care, such as adopting promising
precision medicine approaches and increasing our knowledge of these mechanisms.

Multimodal MRI has shown great promise for the investigation of neural processes with
fMRI and structural Magnetic Resonance Imaging (sMRI). The latter has been exploited
to predict the neurological outcome of coma patients using FA [232] or gray matter mor-
phometry [233]. Putative signatures of consciousness have also been identified using fMRI,
either with static or dynamic resting-state connectivity [234–237]. Recent fMRI studies have
highlighted the role of posterior parietal (PreCuneus (PreCun) and Posterior Cingulate Cor-
tex (PCC)) and frontal (mesial PreFrontal Cortex (mPFC)) cortices as implicated in the pre-
sumed brain mesocircuit responsible for the emergence and maintain of consciousness [238].
Nevertheless, it is still cumbersome to use multimodal MRI in everyday clinical practice due
to the complex and time-consuming interpretation process. That is corroborated by the fact
that several studies focused either on a small dataset, or employed just one MRI modality
(sMRI or fMRI), often considering hypothesis-driven brain regions [232–237, 239].

In this context, AI tools may be of great help to assist in the analysis of mMRI data to
overcome subjective readability and identify meaningful signatures. Convolutional neural
networks have been widely used to solve different tasks (see Section 1.3.3) but not yet to
discriminate between healthy controls and patients in anoxoischemic coma.
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The present proof-of-concept study aims at developing and using a CNN to inspect 3D mMRI
data for an early assessment of cerebral damage due to anoxoischemic coma. Besides eval-
uating CNN performances, we tried to gain insight into CNN functioning by applying a
recently developed visualization technique to highlight the most relevant regions of interest.
We offered a thorough analysis of CNN misclassifications to investigate the added value for
the patient’s neuroprognostication.

5.2 Material and Methods

5.2.1 Study Design

This prospective study was carried out between march 2018 and may 2020 at the inten-
sive care unit of the University Hospital based in Toulouse (France). Blinded to neuroimag-
ing data, physicians treated patients following the current guidelines. Patients’ assessment
was performed in normothermic conditions, at least two days (4 ± 2 days) after complete
withdrawal of sedation. To be included, patients underwent a behavioral assessment with
the Glasgow Coma Scale (GCS) and presented a diagnosis of coma induced by CA (GCS
score ≤6 at the moment of admission and motor responses <6). Following the Coma Recov-
ery Scale Revised (CRS-R), the neurological outcome was assessed three months after the
hospital admission for each patient. Healthy volunteers were recruited if presenting normal
neurological examination and no prior neurological or psychiatric disorder.
The Ethics Committee of the University Teaching Hospital of Toulouse, France (2018-A31)
approved this study. All participants, or legal surrogates of the patients, gave written in-
formed consent to take part in the study (Clinical trial identifier: NCT03482115).

5.2.2 Population

Inclusion criteria comprised a diagnosis of coma due to a primary anoxoischemic brain
injury (GCS score ≤6 at the moment of admission and motor responses <6). Patients were
excluded if presenting head motion >3 mm in translation and 3◦ in rotation during MRI
acquisition. For more details, please refer to previous work [236].

5.2.3 Clinical Outcome

Patient follow-up was carried out until death or three months after CA. The CRS-R
was employed as the main outcome measure, which was used for diagnosing the Minimally
Conscious State (MCS) according to current guidelines for the evaluation of consciousness
disorders in patients reporting severe brain injury [229, 230].
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MCS was further classified as "+" or "−" according to a patient’s command-following re-
sponse as previously indicated [230]. A favorable outcome was assigned in the case of
"MCS+" or "MCS−" whereas an unfavorable outcome corresponded to death or Vegetative
State/Unresponsive Wakefulness Syndrome (VS/UWS).

5.2.4 MRI Data Acquisition

MRI acquisition was performed with a 3 T scanner (Intera Achieva; Philips, Best, the
Netherlands), including vital measures monitoring supervised by a senior intensivist. MRI
protocol included 11 min of resting-state functional Magnetic Resonance Imaging (rs-fMRI),
3D T1-weighted, and DWI. An estimation of GM volume was computed by applying voxel-
based morphometry on 3D T1-weighted images [233]. White matter integrity was exam-
ined through FA and MD maps computed from DTI models [232]. Functional connectivity
analysis with a Region Of Interest (ROI) vs. whole-brain approach [236] was performed
defining cortical frontal (mPFC) and posterior parietal (PreCun and PCC) as ROIs and us-
ing Statistical Parametric Mapping (SPM) (version 12, http://www.fil.ion.ucl.ac.
uk/spm/). Realignment, slice-time correction, coregistration to corresponding T1-weighted
image, and normalization to standard stereotaxic anatomical MNI space were applied to
fMRI images as previously detailed [234–236].

5.2.5 3D CNN Implementation

We implemented the 3D CNN represented in Fig. 4.12 and described in Section 4.3.3.1.1.3.
In this study, we performed 10-time repeated 10-fold CV to reduce performance bias. To es-
tablish the discriminating power of each MR index, we fed the set of controls and patients
relative to each MR index as input to the network.

5.2.6 Visual Interpretation

To discover the most salient regions for CNN prediction, we employed the visualiza-
tion technique described in Section 1.2.5.1.5 [107]. To obtain the visualization maps, we
computed the absolute difference between the average of all the maps per class previously
normalized by considering only correctly classified samples of the training set for each MR
index.
To facilitate visual interpretation, we applied a thresholding step, considering half of the
maximum for each visualization map.
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5.2.7 Statistical Analysis

We computed performance metrics (accuracy, sensitivity, specificity, Positive Predictive
Value (PPV), and Negative Predictive Value (NPV)) using standard formulas and the AUC
value for each model (see [228] for more information).
PPV and NPV can be defined using the confusion matrix represented in Fig. 1.15, Section
1.2.3.4 according respectively to (1.20) and (1.21) in Section 1.2.3.4.
Regarding the analysis of misclassified patients, we considered the known outcome three
months after the primary brain injury. We calculated the FN good outcome rate as the per-
centage of FN with good outcome over the total FN count.
Furthermore, we adopted the majority voting technique by assigning the most scored predic-
tion to each sample [240, 241]. This strategy allowed us to establish the potential benefits of
merging the outcome from all MR indexes.

An overview of the methods is available in Fig. 5.1.
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5.2. Material and Methods

Figure 5.1: CNN for Coma Classification - Methods Overview. MRI indices providing functional and
structural information were fed as input to a 3D CNN to discern coma patients (n=29) from healthy controls

(n=34). We evaluated the performance of each MR index by adopting a 10-time repeated 10-fold
cross-validation. We describe CNN architecture with its building blocks. In addition to performance

assessment using standard evaluation metrics, we accompanied CNN results by highlighting the most relevant
voxels for prediction. AveragePooling3D, Average Pooling Layer; BN: Batch Normalization; CNN:

Convolutional Neural Network; Conv3D: Convolutional layer; ELU: Exponential Linear Unit; FCL: Fully
Connected Layer; Flatten: operation to reshape the output from convolutional layers in a 1D array; L: Left;

Softmax: Softmax activation; R: Right. Adapted from [228]
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5.3 Results

5.3.1 Population

At hospital admission, 35 patients in anoxoischemic coma were identified. Five did not
meet at least one inclusion criterion, and one withdrew consent. A total of 29 patients aged
62.0 (range: 51.6-75.0) years, comprising 15 women, constituted the final cohort. The latter
included 34 healthy volunteers of age 61.0 (range: 51.0-72.1) years (additional details in the
supplementary material of [228]).

5.3.2 Model Performance

Table 5.1 reports performance metrics for each MR index.

Table 5.1: CNN for Coma Classification - Model Performance. Mean (SD, 95% CI) achieved by each
evaluation metric obtained with the CNN trained with the corresponding MRI index. The best scores are

highlighted in italic. CI: Confidence Interval; CNN: Convolutional Neural Network; FA: Fractional
Anisotropy; GM: Gray Matter volume; MD: Mean Diffusivity; MR: Magnetic Resonance; MRI: Magnetic

Resonance Imaging; NPV: Negative Predictive Value; PCC: Posterior Cingulate Cortex; PPV: Positive
Predictive Value; PreCun: Precuneus; rs-fMRI: resting-state functional MRI; SD: Standard Deviation; T1:

T1-weighted MRI. Adapted from [228]

In general, functional indices outperformed structural indices. We obtained overall satis-
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fying performances independently of the MR index (accuracy over 0.80). The best accuracy
of 0.96 was achieved by the rs-fMRI PCC index, whereas the T1 index obtained the worst
accuracy amounting to 0.82. AUC scores were comparable to accuracy.
Specificity was high across indices (> 0.85). By contrast, sensitivity varied according to the
MR index: especially low for GM and T1, about 0.75, but higher than 0.80 for the remaining
indices. NPV scores were poorer than PPV.

5.3.3 Classification Errors

We provide CNN predictions for all subjects along with the majority voting in Fig. 5.2.
Controls were all correctly classified using majority voting. The latter increased the sensi-
tivity, resulting in a smaller number of FN compared to most MR indices.

Figure 5.2: CNN for Coma Classification - Classification Errors. CNN prediction output reported for each
control and coma patient. We applied the majority voting strategy (considering as final prediction the most

frequent CNN output) to compensate for single MR index errors. Controls were all correctly classified and the
performance on coma patients improved with only four misclassified (only second to rs-fMRI PCC with two
misclassified). CNN: Convolutional Neural Network; FA: Fractional Anisotropy; GM: Gray Matter volume;

MD: Mean Diffusivity; MR: Magnetic Resonance; MRI: Magnetic Resonance Imaging; PCC: Posterior
Cingulate Cortex; PreCun: Precuneus; rs-fMRI: resting-state functional MRI; SD: Standard Deviation; T1:

T1-weighted MRI. Adapted from [228]
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Table 5.2 presents the number of FN and the FN good outcome rate per MR index.

Table 5.2: CNN for Coma Classification - Classification Errors. Details about misclassified patients (FN) or
each MRI index. We associated each FN with the corresponding outcome at three months after the primary
severe brain injury to discover whether we could find a relationship between patients who recovered from
coma and controls. The best results are highlighted in italic. CNN: Convolutional Neural Network; FA:

Fractional Anisotropy; GM: Gray Matter volume; MD: Mean Diffusivity; MR: Magnetic Resonance; MRI:
Magnetic Resonance Imaging; PCC: Posterior Cingulate Cortex; PreCun: Precuneus; rs-fMRI: resting-state

functional MRI; SD: Standard Deviation; T1: T1-weighted MRI. Adapted from [228]

T1, GM, and MD indices achieved the highest number of FN (around ten) compared to
six from FA and rs-fMRI PreCun and only two for rs-fMRI PCC.
To explore whether there could be a relationship between the CNN’s prediction and the pa-
tient’s neurological outcome at three months, we found the percentage of FN presenting a
favorable outcome. We hypothesized that patients with a positive outcome may have pre-
sented functional or structural similarities with healthy subjects at the moment of the MRI
acquisition, thus somehow foreseeing their survival. Our results showed that around 50% of
FN turned out to have a favorable outcome for all indices except rs-fMRI PCC with 100%
(just two FN all with a favorable outcome).

5.3.4 Visual Interpretation

As a representative example, Fig. 5.3 provides the average maps obtained from the train-
ing set considering a single repetition. We can notice that each MR index highlights different
brain areas featured with high activation values. For instance, we can recognize the brainstem
and subcortical cerebral structures in FA maps or associative cortical regions (e.g. mPFC) in
functional indices.
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5.3. Results

Figure 5.3: CNN for Coma Classification - Visual Interpretation. Visualization maps for each MR index
showing the absolute difference between the average of correctly classified samples per class on the training
set. To highlight salient parts, we applied a threshold equal to the maps at half the maximum value (Max).
CNN: Convolutional Neural Network; FA: Fractional Anisotropy; GM: Gray Matter volume; L: Left; MD:

Mean Diffusivity; MR: Magnetic Resonance; MRI: Magnetic Resonance Imaging; PCC: Posterior Cingulate
Cortex; PreCun: Precuneus; R: Right; rs-fMRI: resting-state functional MRI; SD: Standard Deviation; T1:

T1-weighted MRI. Adapted from [228]
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5.4 Discussion

In this study, we proposed using a 3D CNN to discriminate between healthy subjects and
patients in coma based on different MRI indices. To the best of our knowledge, this work
represents one of the first attempts to apply deep learning to the detection of weak signals
from 3D MRI data belonging to comatose patients with encouraging results. AI-assisted
techniques can aid the analysis of the variegated information from MRI (both structural and
functional) to offer an efficient and timely tool ready and easy to use for physicians taking
care of patients in postanoxic coma.

Although performances were good for all MR indices, rs-fMRI PCC was the best scoring
an accuracy of 0.96 on the test set from the 10-fold CV repeated ten times. Moreover, we
found that mMRI can compensate for the errors from a single MRI index, proven by the
majority voting strategy. Instead, structural indices exhibited overall poorer performances
than functional ones. Recent works about the functional segregation within the posterome-
dial parietal cortex [242] and its role in conscious processing [243] pointed out that fMRI
data from PCC appear less discriminating than PreCun. However, we still do not know
to which extent acute severe brain injury affects functional or structural whole-brain con-
nectivity, given that the relationships between these components have not yet been eluci-
dated [244, 245].

As an investigatory objective, we searched for a connection between the falsely classi-
fied patients and their outcomes three months after the CA. Indeed, neuroprognostication via
AI and neuroimaging data is one of the most promising research fields, given prior devel-
opment and validation of methods to organize and merge information from raw MRI data.
Our findings are in line with previous reports [233–236], electing rs-fMRI as a potential
source of meaningful information able to predict neurological outcomes of patients in coma.
Furthermore, in a previous study from our group, fMRI data seemed to be more useful for
neuroprognostication than sMRI data [236]. Our analysis may pave the way for more so-
phisticated approaches to improve the prognosis of patients in coma.

Another aspect we covered was CNN’s interpretability to cast some light on the predic-
tions of these so-called black boxes. Analyzing the output from convolutional filters with
a recently developed technique [107], we obtained for each MR index a map indicating the
most activated voxels. Among the MR indices, FA maps revealed the activation of subcorti-
cal structures, whose damages include by consciousness abolition. The maps from rs-fMRI
included the PCC as a region of interest which was coherent with previous studies reporting
the potential role of frontoparietal disconnections as a coma biomarker [234–236].
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Despite the limited number of samples, which burdens the medical field in general, we ob-
tained encouraging results to consider CNNs a valuable discrimination tool exploiting spatial
information from raw MRI data. In the future, we plan to increase our sample size to validate
our method.
One strength of the proposed approach is the possibility to benefit from prediction errors to
see whether there are factors contributing to a good prognosis for the patient, thus being able
to anticipate it. In addition, we emphasized the added value of mMRI with the majority vot-
ing a posteriori. That is just the starting point to devise future developments for an automatic
selection of the best discriminating MR indices based on a CNN.
Coma has been currently defined as a "disconnection syndrome" due to the combined dam-
ages provoked by primary and secondary severe brain insults [231, 238, 246–248]. Higher-
order cognitive processes seem possible thanks to the information conveyed by multiple
cerebral systems exploiting long-range functional interaction intrinsically related to brain
structural connectivity [248, 249]. In light of this complexity, we hope our work will favor
and enhance the use of deep learning methods to allow for knowledge discovery and patients’
neuroprognostication improvement.
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Conclusions and Future Work
This research project has enlightened us about crucial aspects which sometimes fade into

the background, such as the importance of the information provided by training data to deep
networks. Indeed, the beauty of a convolutional neural network lies in its ability to exploit
data and learn their underpinning representations. However, if data are biased or incomplete,
CNN performance cannot be optimal with consequent biases in interpretation.
For instance, think about a network that should distinguish nurses from doctors. When asked
about the picture of a female doctor, the predicted class was instead a nurse. Why? Because
training data comprised only female nurses and male doctors, hence the bias. We may infer
that the network associated the nurse class with typical female characteristics (e.g. long hair)
and the doctor class with male features (e.g. short hair, beard). On the contrary, we would
have preferred it to associate traits that make us recognize a doctor, such as a white coat, or
a nurse, such as a uniform. But if we do not provide meaningful information to the network,
how can it possibly work well? That was just an emblematic example to give you an idea of
what we are dealing with.

In this doctoral dissertation, the main objectives were to better understand CNN behavior
and support the diagnosis of neurological disorders.
Always keeping in mind the importance of training content, we focused first on a pathology-
agnostic approach by introducing targeted regional modifications to brain MRI data, thus
creating the APMaps. We chose to alter mean diffusivity maps, a quantitative index inform-
ing about water diffusion, and used it as a biomarker for several diseases. Training the CNN
with these calibrated altered images, we concretely showed its sensitivity to input features,
such as the intensity and size of the altered regions. The most remarkable result was that the
two regions, not discriminant alone, combined led to improved performances (accuracy from
0.65 to 0.90). To our knowledge, that represents the first attempt to better grasp CNN behav-
ior via controlled modifications of the input data in the particular case of 3D brain MRI.
We could have made different choices, such as varying the CNN architecture or designing
new methods for interpreting them. Instead, by focusing on the training data, we possessed
the considerable advantage of knowing the differences between the two classes to facilitate
interpretation.
As a perspective, we can envisage applying this method to different brain or body regions to
characterize CNN performance according to the specific input features. It may help discover
the peculiarities of detecting anomalies in specific regions and tune the network appropri-
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ately. In general, we encourage trying to alter MRI data given a few prior considerations (e.g.
the physical meaning of the MR sequence and what is expected from an abnormal condition)
to create a baseline performance, which could be exploited as ground truth. That represents
a considerable advantage in the case of many pathological conditions whose ground truth is
unknown or incomplete.
These findings constituted the basis for moving to the more complex analysis of multiple
system atrophy data. MSA is a rare neurodegenerative disease, presenting in the early stage
with similar clinical symptoms but a more rapid progression than Parkinson’s disease. There-
fore, an accurate and early diagnosis is paramount for choosing the most suitable patient care
path.

Rare diseases imply a paucity of data that could have prevented us from using CNNs,
known as data-hungry methods. Fortunately, we can find increasingly continuous efforts by
the scientific community to demonstrate the validity of deep networks with restricted sample
sizes. Our work on MSA classification was devoted to making our contribution in this area,
always keeping in mind the need for better CNN interpretability.

Full of enthusiasm for the results obtained with the APMaps, we exploited these pathology-
agnostic region-specific APMaps for detecting similar traits in MSA patients. That re-
quired some a priori knowledge about the regions of interest in the disease. The cerebellum
and putamen undergoing disease-related changes in MSA were the regions modified in the
APMaps. However, at this stage, we did not conceive the alteration patterns of the APMaps
to resemble the MSA patterns. Even so, by training a CNN to detect general and more
uniform region-specific MD increases, we reached an accuracy of 0.88 on the set of MSA
patients and HC. Furthermore, the population of healthy subjects used to create the APMaps
and the pathological cohort were completely independent.
Despite this incredibly unexpected result, we felt we could still improve the creation of al-
tered data by including features directly extracted from the disease. So we got back to mod-
ifying data with region-specific traits based on MSA features by creating the CB-APMaps.
To do so, we clustered MSA patients according to the distribution of MD values in the
cerebellum and transformed the same region in the healthy subjects to match this intensity
distribution. Our best accuracy was 0.84, again a promising result. Nevertheless, this ap-
proach was still limited because it did not encompass whole-brain alterations.
That is why we devised a whole-brain approach to creating the ZB-APMaps. Using brain
MRI data from healthy subjects made it feasible to increase our sample size by accessing
online and in-house databases. We did not just test the case with a comparable number of
samples between APMaps and MSA patients’ data, but we tried to increase the representa-
tion of each pattern by amplifying it, i.e. considering more than one ZB-APMap per pattern.
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Although the best performance achieved an accuracy of 0.88, we acknowledged that the ZB-
APMaps were not as informative as the original pathological data (accuracy = 0.92).
Despite these encouraging performances, further effort is needed to understand how the dif-
ferent variants of APMaps impact CNN performance and why some work better than others.
Indeed, it represents an open line of future research. For instance, applying this method to
other diseases could inform us about its generalization ability and dependence on the specific
features of the pathology.
These approaches allowed us to face the heterogeneity of patterns characterizing MSA pathol-
ogy. So we took a step back and examined how the CNN reacted to different degrees of
severity determined by clustering MSA patients based on whole-brain changes. This ap-
proach showed us that milder alterations seem to detect more severe alterations, unlike the
opposite. That is extremely important considering that the early stages of a disease can be
very challenging to discriminate from the healthy condition, hence the difficulty in correctly
classifying them. Nevertheless, it is paramount to have some information about disease pro-
gression (e.g. if the alteration becomes more prominent in a single region or extends to
others) because it would change the interpretation of CNN results or even determine the va-
lidity of the proposed method.
In response to the small amount of data for MSA, we proposed to study CNN behavior by
varying the number of MSA patients given as input. This work showed that even with only
ten patients, we could achieve satisfying performances in line with the reference performance
using 20 MSA patients in training (accuracy = 0.90 vs. 0.92). Even though we considered
various repetitions with different patients and HI, we found the performances did not vary
much, as proven by the standard deviation decreasing with an increasing number of patients
in training. These results are promising enough to encourage experimenting with CNNs,
even if the sample size is limited. Performing similar experiments with other pathological
data could increase our understanding of the importance and impact of training content on
CNN performance while testing different architectures.
Last but not least is the possibility of finding hints for CNN pattern retrieval by analyzing
misclassified patients. If these patients present features in common, we could identify traits
that seem less relevant to the network’s decision-making process. Hence, the misclassified
patients could offer a starting point for ameliorating CNN performance by targeting their
peculiarities.
By summarizing all the previous studies, a concrete application would be to test the feasibil-
ity of Parkinson’s disease data by targeting the substantia nigra, which is a region of interest
in PD. Given the small dimension of this region, we could first create pathology-agnostic
APMaps, similarly as in Chapter 3, to establish a threshold for the intensity increase to ob-
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tain good CNN performances. Afterward, we could exploit these maps to train a CNN and
test PD patients’ data. In addition, creating pathology-oriented maps may favor a better
understanding of the influence of different patterns on CNN performance. Finally, progres-
sively increasing the number of PD patients in training could lead to determining the minimal
quantity of data necessary to achieve the classification task.
Furthermore, we plan to extend these studies to aid the differential diagnosis between PD,
MSA, and other parkinsonian syndromes. It would be interesting to access different cohorts
of pathological data, acquired for clinical and research purposes to discover whether similar
behavior could be found.

The implications of creating altered brain MRI data via such a controlled approach able
to provide meaningful content in the case of a rare neurodegenerative disease hold a great
deal of promise, especially in deep learning applications. The paucity of data should not
prevent us from getting the most from deep methods but rather prompt us to turn this to
our advantage by exploiting the available wealth of knowledge. We hope our approach will
inspire other scientists to investigate the importance of training data for inspecting CNN
behavior.

Thanks to the applicability of CNN, we used them to distinguish coma patients from
healthy controls with a multimodal approach. That represented a stepping stone to contribute
to the field of neuroprognostication.
The main concern of clinicians regarding patients in a comatose state is the difficulty of
predicting a patient’s future. Relentless efforts are in progress to exploit all the information
from neuroimaging and clinical findings and create an integrative and reliable approach to
guide us in this complex world. Our findings are just the first bright step leading in this
direction.

This work has amazed us with encouraging findings and comforted us when confirming
our hypotheses. However, it has also raised awareness that there is room for improvement to
favor the acceptance and use of these powerful tools.
The ultimate goal is always the patient’s well-being to ensure a reliable and early diagnosis
and a better quality of life. This noble aim requires the collaboration of health practitioners,
researchers, and engineers to integrate their skills and knowledge and find an efficient way to
merge their expertise. This transition will probably cause a shift in the role of radiologists,
whose value and contribution will benefit from these advancements while maintaining their
relevance.

After all, the beautiful machines we call black boxes are a human’s work, and, as all
human’s work, they jealously guard their mysterious side.



List of Abbreviations
AD Alzheimer’s Disease

ADC Apparent Diffusion Coefficient

ADNI Alzheimer’s Disease Neuroimaging Initiative

AGI Artificial General Intelligence

AI Artificial Intelligence

ANN Artificial Neural Network

ANOVA Analysis Of Variance

APMaps Altered Parametric Maps

BN Batch Normalization

BOLD Blood-Oxygen-Level-Dependent

CA Cardiac Arrest

CAM Class Activation Mapping

CB-APMaps Cluster-Based Altered Parametric Maps
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List of Abbreviations

CNN Convolutional Neural Network

CRS-R Coma Recovery Scale Revised

CSF Cerebrospinal Fluid

CT Computed Tomography

CV Cross Validation

DCE-MRI Dynamic Contrast-Enhanced Magnetic Resonance Imaging

DICOM Digital Imaging and COmmunications in Medicine

DL Deep Learning

D-Putamen Dilated Putamen

DTI Diffusion Tensor Imaging

DWI Diffusion-Weighted Imaging

E-Cerebellum Eroded Cerebellum

ELU Exponential Linear Unit

ES Expert System
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List of Abbreviations

FA Fractional Anisotropy

FCL Fully Connected Layer

FID Free Induction Decay

fMRI functional Magnetic Resonance Imaging

FN False Negative

FP False Positive

GAN Generative Adversarial Network

GCS Glasgow Coma Scale

GM Gray Matter

GOFAI Good Old-Fashioned Artificial Intelligence

GPU Graphical Processing Unit

HC Healthy Controls

HI Healthy Individuals

HLM Hierarchical Learning Machine
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List of Abbreviations

HRF Hemodynamic Response Function

IEEE Institute of Electrical and Electronics Engineers

ILSVRC ImageNet Large Scale Visual Recognition Challenge

IQR Interquartile Range

ISBI International Symposium on Biomedical Imaging

KB Knowledge Base

LIME Local Interpretable Model-agnostic Explanations

MCS Minimally Conscious State

MD Mean Diffusivity

ML Machine Learning

MLP Multilayer Perceptron

mMRI multimodal Magnetic Resonance Imaging

MNI Montreal Neurological Institute

mPFC mesial PreFrontal Cortex
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MR Magnetic Resonance

MRI Magnetic Resonance Imaging

MSA Multiple System Atrophy

MSA-C MSA Cerebellar variant

MSA-P MSA Parkinsonian variant

MSE Mean Squared Error

NifTi Neuroimaging informatics Technology initiative

NPV Negative Predictive Value

OPMaps Original Parametric Maps

PCC Posterior Cingulate Cortex

PD Parkinson’s Disease

PET Positron Emission Tomography

PPMI Parkinson’s Progression Markers Initiative

PPV Positive Predictive Value
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List of Abbreviations

PreCun PreCuneus

PSP Progressive Supranuclear Palsy

ReLU Rectified Linear Unit

RF Radio Frequency

RNN Recurrent Neural Network

ROI Region Of Interest

rs-fMRI resting-state functional Magnetic Resonance Imaging

SAR Specific Absorption Rate

SGD Stochastic Gradient Descent

sMRI structural Magnetic Resonance Imaging

SNc Substantia Nigra pars compacta

SPM Statistical Parametric Mapping

SVM Support Vector Machine

TE Echo Time
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List of Abbreviations

TN True Negative

TP True Positive

TR Repetition Time

VGG Visual Geometry Group

VS/UWS Vegetative State/Unresponsive Wakefulness Syndrome

WHO World Health Organization

WM White Matter

ZB-APMaps Z-score-Based Altered Parametric Maps
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Appendices
A APMaps for CNN Interpretability

A.1 Comparison with Previous Work

We illustrate the preliminary results regarding the comparison between the CNN model
employed in a previous study from our group [106] and the one proposed in the current
dissertation.
Fig. IV shows the two CNN architectures taken into consideration.

(a) Previous work [106] (b) Current work

Figure IV: Comparison between CNN architectures considering a previous work from our group [106]. The
main differences are highlighted in bold. Building blocks are detailed in Section 3.2.4, Fig. 3.2.4b. Average
Pooling: Average Pooling layer; CNN: Convolutional Neural Network; ConvBlock: Block performing the

Convolution operation; DenseBlock: Block with Dense layers (fully connected layers); Flatten: reshaping of
the outcome of the previous layers in a 1-D array

The main difference between the two models is in the convolutional layers, having filter
size equal to 5×5×5 for the model proposed in [106] and 3×3×3 for the model proposed
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A. APMaps for CNN Interpretability

in the present dissertation. In addition, the latter presents three convolutional layers with
different filter numbers instead of the two in the other architecture.
We trained the two networks with the implementation described in Section 3.2.4 performing
a 10-fold CV.
Table III presents the accuracy scored on the test set achieved by the two models, considering
monoregion APMaps with a 99% intensity increase. We can notice that the model adopted
in this work outperformed the other by more than 10% in the case of the E-Cerebellum.
One possible explanation could be related to the smaller filter size favoring the extraction of
features within a smaller receptive field.

Table III: Comparison of CNN performances expressed as median accuracy (IQR) between a previous work
from our group [106] and the work presented in this dissertation. Results were obtained by training the models

with APMaps presenting an intensity increase equal to 99% for all regions. APMaps: Altered Parametric
Maps; CNN: Convolutional Neural Network; D: Dilated; E: Eroded; IQR: Interquartile Range
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A.2 Monoregion-Trained CNNs

We provide some examples of APMaps in Fig. V.

(a) OPMap, Cerebellum APMap, and E-Cerebellum APMap

(b) OPMap, Putamen APMap, and D-Putamen APMap

Figure V: Monoregion APMaps. Examples of APMaps at 75% intensity increase. Arrows point to the
modified regions. APMaps: Altered Parametric Maps; D: Dilated; E: Eroded; OPMaps: Original Parametric

Maps. Reproduced from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0

To meet as precisely as possible the reference accuracy values, we considered additional
intensity increases in steps of 1%, as provided in Fig. VI and VII.
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(a) Cerebellum

(b) D-Putamen

Figure VI: Monoregion-Trained CNNs. Accuracy on the hold-out set given as the median and IQR over a
10-fold CV according to intensity increase. APMaps: Altered Parametric Maps; CNN: Convolutional Neural

Network; D: Dilated; F: Fair; H: High; IQR: Interquartile Range; L: Low; VL: Very Low. Reproduced
from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0
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(a) Putamen

(b) E-Cerebellum

Figure VII: Monoregion-Trained CNNs. Accuracy on the hold-out set given as the median and IQR over a
10-fold CV according to intensity increase. APMaps: Altered Parametric Maps; CNN: Convolutional Neural

Network; CV: Cross Validation; D: Dilated; F: Fair; H: High; IQR: Interquartile Range; L: Low; VL: Very
Low. Reproduced from [182] (Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0

A.2.1 Comparison with other CNN Architectures

We proposed our implementation of two famous architectures, GoogLeNet and ResNet,
for comparison to the model inspired by VGGNet. We named each model after the corre-
sponding well-known CNN architecture.
Fig. VIII details the devised CNN structures. We provide the additional building blocks in
Fig. 4.18, whereas the others are available in Fig. 3.7b.
We indicate the filter number of convolutional layers for GoogLeNet and ResNet in Table
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4.8 (layers that are not indicated in Fig. VIII may be disregarded in Table 4.8).

Figure VIII: Proposed CNN architectures named after the corresponding well-known model, considering as
input images with a resolution equal to 3×3×3 mm3 per voxel. Details about each building block are available

in Fig. 3.2.4b. Average Pooling: Average Pooling layer; Conv3D: Convolutional layer: ConvBlock:
Convolutional layer Block; CNN: Convolutional Neural Network; DenseBlock: block containing fully

connected layers; ELU: Exponential Linear Unit; Flatten: operation to reshape in a one-dimensional vector;
IdentityBlock: block characteristic of ResNet; InceptionBlock: block characteristic of GoogLeNet; Max

Pooling: Max Pooling layer; [filter number]; (filter size)

For the two additional architectures, we kept the implementation described in Section
3.2.4, considering only Cerebellum and Putamen APMaps as input.
Fig. IX shows performance comparison. We can notice that all three CNNs showed com-
parable behavior, even with some differences in performance, with GoogLeNet being the
most effective. That underlines that this type of investigation can be used to choose the most
suitable model.
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(a) Cerebellum

(b) Putamen

Figure IX: Monoregion-Trained CNNs. Accuracy on the hold-out set given as the median and IQR over a
10-fold CV according to intensity increase and CNN architecture. CNN: Convolutional Neural Network; CV:

Cross Validation; IQR: Interquartile Range
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A.2.2 APMaps and Training Set Size

We explored CNN performance when varying the training set size according to the mod-
ified regions in the APMaps. In this case, we considered the cerebellum and putamen as
regions of interest.
Adopting a 10-fold CV, we progressively increased the number of APMaps and OPMaps in
training to reach the maximum possible quantity (i.e. 80% of the entire dataset reserved for
training, see Section 3.2.4 for more details) and tested on the hold-out set.
Fig. X provides the median accuracy over the ten folds according to training set size and
intensity increase in the APMaps. There is a substantial difference between the Cerebellum
and Putamen CNN. The former achieved high accuracy at a 27% intensity increase and only
5% of training data, whereas the latter needed over 80% intensity increase and 30% of train-
ing data.
From these findings, we can conclude that the greater and more intense the modified region,
the less training data are necessary for good performances. That is in line with our expecta-
tions: as the differences between the classes to discern become more evident, learning gets
easier for the network.
This implementation is simplified as APMaps were modified with a common method con-
trary to pathological data, which may present high inter-subject variability. Nevertheless, the
proposed application highlighted how much the information delivered by training data could
affect CNN performance.
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A. APMaps for CNN Interpretability

(a) Cerebellum

(b) Putamen

Figure X: Monoregion-Trained CNNs. CNN performances on the hold-out set according to training set size
and intensity increase, considering APMaps presenting alterations in the cerebellum or putamen. APMaps:

Altered Parametric Maps; CNN: Convolutional Neural Network
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A.3 Biregion-Trained CNNs

Table IV lists the significant combinations obtained from the post-hoc analysis of the
one-way ANOVA. To perform this analysis, we considered the accuracy obtained by the
different combinations of biregion-trained CNNs. To avoid repetitions, we grouped biregion
CNNs presenting the same significant combinations, listed according to increasing accuracy
levels from VL to H.

Table IV: Biregion-trained CNNs. Significant combinations given by a one-way ANOVA performed on the
accuracy values achieved by biregion-trained CNNs. ANOVA: Analysis Of Variance; CNN: Convolutional
Neural Network; D: Dilated; E: Eroded; F: Fair; H: High; L: Low; VL: Very Low. Reproduced from [182]

(Giulia Maria Mattia, 2021). CC BY-NC-SA 4.0
Biregion-Trained CNN Significant Combinations

Cerebellum/Putamen,
E-Cerebellum/Putamen,
D-Putamen/Cerebellum

VL/VLvs. VL/L vs.

VL/L, VL/F, VL/H
L/VL, L/L, L/F, L/H
F/VL, F/L, F/F, F/H

H/VL, H/L, H/F, H/H

VL/F, VL/H
L/L, L/F, L/H

F/VL, F/L, F/F, F/H
H/VL, H/L, H/F, H/H

L/VL vs. F/VL vs.

VL/F, VL/H
L/L, L/F, L/H

F/VL, F/L, F/F, F/H
H/VL, H/L, H/F, H/H

VL/H
L/H

F/F, F/H
H/VL, H/L, H/F, H/H

Cerebellum/Putamen,
D-Putamen/Cerebellum

VL/F vs. L/L vs.

VL/H
L/F, L/H
F/F, F/H

H/VL, H/L, H/F, H/H

VL/H
L/H

F/L, F/F, F/H
H/VL, H/L, H/F, H/H

Cerebellum/Putamen
L/F vs. VL/F vs.

VL/H
L/H
F/H

H/VL, H/L, H/F, H/H

F/L

D-Putamen/Cerebellum
L/F vs. F/L vs.

L/L
F/VL

VL/H
L/H

F/VL, F/H
H/VL, H/L, H/F, H/H
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A.4 Monoregion- vs. Biregion-Trained CNNs

Fig. XI presents biregion-trained CNN performance considering biregion APMaps with
the two regions modified with the same intensity increase, compared to the results from the
monoregion-trained CNN.
Cerebellum/Putamen CNN showed similar behavior to Cerebellum CNN. The same goes for
the D-Putamen/Cerebellum CNN with respect to D-Putamen CNN. The performance of E-
Cerebellum/Putamen CNNs slightly improved compared to their monoregion counterparts.

Figure XI: Monoregion- vs. Biregion-Trained CNNs. Performance comparison between monoregion- and
biregion-trained CNNs. The latter were trained with biregion APMaps modified using the same intensity
increase for both regions. Accuracy on the hold-out set is given as the median and IQR achieved with a

10-fold CV according to the intensity increase applied on APMaps. IQR of monoregion-trained CNNs is
omitted for clarity. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; CV: Cross

Validation; D: Dilated; E: Eroded; IQR: Interquartile Range. Reproduced from [182] (Giulia Maria Mattia,
2021). CC BY-NC-SA 4.0
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A.5 Visual Interpretation

Fig. XII provides visualization maps for D-Putamen and E-Cerebellum compared to their
anatomical counterparts. We can notice comparable behavior to Cerebellum and Putamen
CNNs, discussed in Section 3.3.4.

Figure XII: APMaps for CNN Interpretability - Visual Interpretation. Mean visualization maps showing the
absolute difference between the average of correctly classified patients per class. We considered Low (L =
0.65) and High (H = 1.00) as accuracy levels per region. Black contours delineate the regions targeted in

training. APMaps: Altered Parametric Maps; CNN: Convolutional Neural Network; D: Dilated; E: Eroded;
IQR: Interquartile Range

Our primary focus was investigating CNN behavior accounting for the various accuracy
levels. Aware that the intensity increase plays a role in pattern retrieval, we compared the
high accuracy level (comprising regions with different intensity increases) and the case with
regions presenting both maximum intensity increases.
To this end, we calculated visualizations maps for the maximum intensity increase available
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(either 165% for E-Cerebellum or 99% for the other regions). For biregion APMaps, we kept
the same intensity increase for both regions considering the maximum percentage (e.g. E-
Cerebellum/Putamen with 165% since the E-Cerebellum has a maximum intensity increase
of 165%).

We can observe from Fig. XIII that both training and test sets present the highest ac-
tivations in the targeted regions with considerably reduced noise in the case of maximum
intensity increase compared to the high accuracy level. In addition, considering the regions
at the same maximum intensity increase, they presented comparable high activations to the
case of different intensity increases (see the results on the training set for Cerebellum/Puta-
men with high accuracy level vs. max intensity increase).
These findings point out that there is still room for improvement to better understand CNN
behavior via the use and interpretation of visualization techniques.
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Figure XIII: APMaps for CNN Interpretability - Visual Interpretation. Mean visualization maps showing the
absolute difference between the average of correctly classified patients per class. We considered the case with
the high accuracy level and the one with the maximum intensity increase for all the regions. Black contours
delineate the regions targeted in training. APMaps: Altered Parametric Maps; CNN: Convolutional Neural

Network; D: Dilated; E: Eroded; IQR: Interquartile Range
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B Investigation of Training Set Content

Fig. XIV provides the standard deviation for the performance of VGGNet model.
Fig. XV and XVI provide the results obtained by using the GoogLeNet and ResNet archi-
tectures described in A.2.1.
Performances were comparable to those achieved by the CNN architecture inspired by VG-
GNet (see Section 4.4.2.2.2). However, the Mild cluster performed slightly worse on the
Severe (mean accuracy around 0.90 compared to 1.00 for the VGGNet), whereas we found
similar trends regarding sensitivity and specificity.
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Figure XIV: Performances from the CNN inspired by the VGGNet architecture, according to the cluster of
MSA patients used for training and testing. Blue represents lower values, whereas red indicates higher values.
We report mean and SD over the 30 random samplings from the set of healthy individuals used for training.

CNN: Convolutional Neural Networks. MSA: Multiple System Atrophy; SD: Standard Deviation
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Figure XV: Performances from the CNN inspired by the GoogLeNet architecture, according to the cluster of
MSA patients used for training and testing. Blue represents low performance, whereas red indicates high

performance. We report mean and SD over the 30 random samplings from the set of healthy individuals used
for training. CNN: Convolutional Neural Networks. MSA: Multiple System Atrophy; SD: Standard Deviation
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Figure XVI: Performances from the CNN inspired by the ResNet architecture, according to the cluster of
MSA patients used for training and testing. Blue represents lower values, whereas red indicates higher values.
We report mean and SD over the 30 random samplings from the set of healthy individuals used for training.

CNN: Convolutional Neural Networks. MSA: Multiple System Atrophy; SD: Standard Deviation
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