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Abstract

Background: The aim of this thesis is to explore the solutions that Deep Learning
techniques can offer in the field of Medical Imaging, in particular for breast cancer
characterisation in magnetic resonance images. The thesis proposes the development
of a Deep Learning architecture for a concrete problem such as the evaluation
of pathological complete response (pCR) to neoadjuvant chemotherapy in breast
cancer.

Methods: The mpMRI dataset analysed includes 37 patients, each of whom
underwent two studies: before and after 2 cycles of NAC. An index slice was
extracted from each available sequence by an experienced radiologist. Pathological
results were used as ground truth. The proposed architecture seeks to make the
most of the multi-parametric nature of the dataset, extracting features separately
from each of the available image modalities (DCE, DWI and T2). The resulting
sub-sequences are used as input for a multi-task ensemble learning model that
takes into account the different type of information represented by each of them, as
well as the time dimension due to the two studies per patient. The use of a specific
branch for each sub-sequence combined with the use of Grad-CAM aims to provide
an additional level of interpretability to a model that starts directly from full slices.

Results: Using 4-fold cross-validation, with each training set consisting of 28
patients and each validation set of 9, the mean area under the receiver operating
characteristic (ROC) curve (AUC) of the model was 0.90, with a positive predictive
value of 86.3% using all the available sub-sequences. Experiments with different
configurations have shown that the combined use of all sub-sequences and both
studies (pre-NAC and post-NAC) available per patient results in a model capable
of better performance and generalisation.

Conclusion: The work conducted in this thesis demonstrates the great potential
of Deep Learning applied in this specific medical field, proposing a solution that
achieves significant results in the use of an mpMRI dataset for early prediction of
pCR to NAC, an area that is still little explored in the available literature and that
could provide valuable information in a crucial task such as treatment prediction.
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Chapter 1

Introduction

In a world that is becoming more data-driven with each passing day, it should come
as no surprise that the availability of large-scale data is slowly but surely shaping
every aspect of our lives. With an average of about 1.7 MB of data per second
generated by each person, as estimated by the International Data Corporation
(IDC), steadily shifting towards individuals over companies, the challenge of making
the most of the great potential hidden in this growing mass of digitized information
permeates every sector of research, be it industrial or academic.

Information is a valuable resource that can be integrated into any activity, in
order to improve it from an organizational and productive point of view. It can
help in understanding an event, predicting others, or finding seemingly invisible
correlations among them. But analysing and finding meaning in large amounts of
often unstructured data is not a straightforward task. The three "Vs" of "big data',
as first theorized by Douglas Laney [1], can give a more precise idea of the scope
of this task: volume, variety and velocity describe in fact the main characteristics
of this field. With an estimated 44 ZB of stored data (as of 2020), this volume
is growing at an exponential rate, contributing to the speed with which data are
collected and available, in an ever-increasing variety of formats and types.

In this scenario, the development and increased affordability of hardware and
software with fast and cost-efficient computational power has been a driving force
for the development of solutions that not only allow efficient analysis and storage
of this large amount of data, but also use them as a starting point for training
models capable of autonomously extracting complex representations.

This is the case of machine learning, whose purpose is to learn the representation
of data used as input, extracting generalized patterns from it, in order to then
make predictions on new data never seen before; that is, learning from data, to
perform tasks without being explicitly programmed to do so.

Deep Learning can be seen as a complex and, to some extent, natural evolution
of machine learning algorithms, an evolution made possible by the growing amount
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Introduction

of data that can be used as input and processed with increasing power. Designing
a hierarchical, layered architecture capable of extracting highly abstract features
from data and emulating the human brain learning process, can also be applied to
the most fundamental processing element of these architectures, the neuron. These
stacked non-linear features extractor have achieved impressive results by taking
full advantage of the information contained in large-scale data, without the need
for a domain expert to reduce the complexity of the data.

Quoting Andrew Ng: "The analogy to Deep Learning is that the rocket engine is
the Deep Learning models and the fuel is the huge amounts of data we can feed to
these algorithms.” [2].

It is therefore not surprising that Deep Learning is being used in a variety of
increasingly essential and innovative applications, from natural language processing
to computer vision. In this last field, among the many applications, Medical Image
Analysis represents one of the most difficult and stimulating challenges, with results
in continuous evolution that make its contribution no longer negligible in a crucial
field such as medicine.

The aim of this thesis is to realize a Deep Learning architecture able to help
in the resolution of a concrete problem, the prediction of pathological complete
response in neoadjuvant treatment of breast cancer. Neoadjuvant chemotherapy
(NAC) is widely used to treat locally advanced breast tumors before surgery,
aiming to reduce tumor size and enabling breast-conservation surgery instead of
mastectomy, among other advantages. Pathological complete response (pCR), the
absence of residual invasive disease in the breast or lymph nodes, is associated
with a significantly improved disease-free and overall survival. However, a pCR
is achieved in just around the 30% of the patients after the completion of NAC,
making the prediction of treatment response a crucial early step for identifying
patients who do not benefit from NAC, allowing them to immediately undergo
a different treatment. Speeding up and helping the decision-making process of a
radiologist can therefore be extremely important in such a context, and one possible
way to achieve this goal is to intensively exploit the information contained in the
MRI studies performed on the patient, with particular focus on a study acquired
before the start of NAC therapy and one after completing the first two cycles.

The architecture proposed in this thesis aims to make the most of a dataset that,
in addition to the aforementioned temporal component consisting of the two studies
per patient, is composed of mpMRI studies, i.e. multi-parametric, allowing access
to different sequences using different acquisition protocols, each containing peculiar
information about the lesion. A multi-branch ensemble learning architecture is
therefore used to process all this heterogeneous information as best as possible,
trying to produce a result that is not only reliable, but also enjoys a certain level of
interpretability in the decision-making process. This is done by trying to maintain
the highest possible level of automation, reducing the need for domain knowledge
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Introduction

and manual intervention by qualified personnel on the source data to a minimum.

The use of all the latest state-of-the-art techniques in the field of Deep Neural
Networks is only part of the construction of such a specific architecture, which uses
as a starting point the studies available in the literature on breast MRI analysis
with Deep Learning, addressing all the challenges typical of the Medical Imaging
field, from the scarcity to the structure of the source data, to specific and often
necessary architectural choices, up to the integration with a traditional medical
pipeline.



Chapter 2
Medical Image Analysis

Medical Imaging defines the techniques and processes used to generate images
of the human body for various clinical purposes such as medical procedures and
diagnosis or medical science including the study of normal anatomy and function [3].
Extending its definition to that of discipline, it can be considered part of biological
imaging and incorporates radiology.

The technological evolution of this field, which has reached various stages over
the years, from the first applications of X-rays to the most recent MRI modalities,
now poses new challenges and possibilities in the era of big data and digitization.
The role of images, which are becoming more numerous and richer in information,
is increasingly key in the decision-making process of medical experts, from diagnosis
to prognosis and treatment of a disease.

But the interpretation of these complex images can be tedious and prone to
misinterpretation, requiring a great deal of effort from qualified personnel. The
introduction of tools to support the quantification and classification of these data
is an important step towards new standards of quality, service efficiency, and costs
of healthcare along with the reduction of medical errors [4].

2.1 Computer-Aided Diagnosis

CAD systems, standing for Computer-Aided Detection/Diagnosis, have over time
become an integral part of routine clinical work.

The idea and enthusiasm for computers capable of totally replacing humans in
medical tasks dates back to the first examples of digitization of medical images in
the 1960s. But, following a common trend for this type of technology in those years,
excessive enthusiasm soon gave way to disinterest in the face of poor results due to
the lack of adequately powerful technologies at the time. In the 1990s, however,
the concept of CAD as we understand it today re-emerged, this time as a tool to
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be used alongside a radiologist rather than replacing him completely [5].

From a technical point of view, these systems use pattern recognition and
classification techniques to help either in the detection of an abnormality or in its
classification. This makes them particularly suitable for application in the field
of detection and diagnosis of cancerous lesions, a potentially repetitive task for a
radiologist but one with well-defined rules to be learned by a machine.

Supporting evidence from existing medical literature, together with the rapid
development of hardware and software capable of sustaining such applications and
scaling better on the huge amount of data available, as well as the now achieved
integration and standardization by regulatory bodies such as the FDA, make CAD
systems central to many applications such as breast cancer detection.

2.2 Breast Cancer and NAC

According to the World Health Organization, impacting around 2.1 million women
each year, breast cancer is the main cause of cancer-related death among women
and the second most common tumor overall. Outcomes for breast cancer are very
different depending on factors such as the cancer type, the person’s age, and the
extent of disease. The five-year survival rates in developed countries is between 80
and 90%, sinking to 40% for developing countries [6].

Therefore, early detection and an appropriate diagnosis leading to a correct
treatment are critical for improving the survival rate to a certain extent.

NAC, Neoadjuvant Chemotherapy, refers to the systemic treatment of breast
cancer prior to surgery, and is an important option in patients with early-stage breast
lesions. This therapy can convert an unresectable, inoperable tumor to an operable
one, as well as increasing the chances of breast-conserving surgery in patients
with operable breast cancers. Another advantage is the possibility of observing
direct and early stages of response to treatment, allowing fast modifications of the
treatment plan in the event of poor response [7]. This kind of observation offers the
chance for the evaluation of treatment response with complete pathologic response
acting as a surrogate marker of survival, as well as representing an excellent model
to determine the predictive role of tumor characteristics thanks to its correlation
with clinical outcome [8]. Establishing the response to therapy is therefore a
crucial step, and can be done through clinical and pathologic examination, and
using breast imaging studies. Since neoadjuvant chemotherapy induces changes
in the morphology of the tumor, the distribution of residual tumor may change
in studies acquired at different time points during the therapy process. For this
reason, the choice of the imaging modality should be taken according to its ability
to clearly demonstrate the extent of disease at presentation, making MRI the most
informative one for neoadjuvant treatment.
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2.3 Magnetic Resonance Imaging (MRI)

One of the most important discoveries in the field of medical imaging, MRI, or
Magnetic Resonance Imaging, uses the natural properties of the body’s magnetic
field to produce extremely detailed images of any part of the body. It is particularly
suitable for disease detection, diagnosis, and treatment monitoring (especially in
non-bony parts or soft tissues of the body), being a non-invasive technology that
produces detailed, three dimensional anatomical images.

Using a powerful magnet, the protons in the body are forced to align with
a strong generated magnetic field. In particular, the protons’ axes, normally
aligned in a random way, will be all aligned creating a magnetic vector oriented
along the axis of the scanner. The strength of this filed is usually between 0.5
and 1.5 Tesla [9]. An additional energy, a radio-frequency current, is then used
to stimulate the protons, which will now spin out of equilibrium, deflecting the
magnetic vector. When the radio-frequency field is turned off, the realignment of
the protons to the magnetic field causes a radio wave to be emitted. Receiver coils
are used to detect this signal, plotting its intensity on a new generated grey scale,
cross sectional image. The environment and the chemical nature of the molecules,
determining specific tissues or abnormalities, produce different relaxation times (the
time needed to realign after the radio-frequency is switched off). These different
magnetic properties make it possible to distinguish between these tissues, such as
water and fat. Different pulse sequences can emphasize different aspects, as in the
case of “fat suppression”, which will remove the signal from fat leaving only the
abnormalities laying in it. Finally, a further distinction can be made on the basis of
the proton relaxation time considered: T1 relaxation represents the time required
for the magnetic vector to return to the state of rest, while T2 relaxation considers
the return to the state of rest of the axial spin.

2.4 The Future of Medicine?

In a context where the exponential growth of available and processable data,
coupled with astonishing results achieved by machine learning (Deep Learning in
particular), places the emphasis on the possibility of automating human labour,
specific considerations must be made for the medical field. Geoffrey Hinton, a
charismatic figure in the artificial neural network field, stated that "it is quite
obvious that we should stop training radiologists” and Andrew Ng affirmed how
“a highly-trained and specialized radiologist may now be in greater danger of being
replaced by a machine than his own executive assistant” [10].

While the available literature suggests how a considerable progress has been
made in recent years, both in terms of accuracy and efficiency, in the use of CAD
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systems (and more specifically in all the main steps of breast tumor detection
and classification), many challenges still remain and many questions need to be
answered regarding the integration of this breakthrough technology to the medical
workflow. An investigation paper carried out by the European Society of Radiology
(ESR) [11] has concisely listed most of the issues that machine learning has to face
in the medical field: from the need for large, unbiased and annotated datasets, to
the regulating issues (often inadequate to handle the rapidity with which algorithms
evolve by using the same validation standards applied, as example, to new drugs).
Furthermore, medico-legal responsibility should not be underestimated, with the
question "who is responsible for the diagnosis" more relevant than ever due to the
introduction of outputs from "black-box" algorithms to the clinical workflow.

It should become more and more clear how the figure of a radiologist can’t
be totally replaced by an algorithm, however the impact of machine learning is
undeniable and potentially decisive into shifting the expertise of trained radiologist
from more time-consuming and mechanical tasks to more sophisticated and useful
ones. The only radiologists at risk of losing their job are the ones who refuse to
work with AT [12].



Chapter 3

Deep Learning applied for
Breast DCE-MRI

The complex nature of MRI sequences, which constitute a source of information
in four dimensions (three spatial dimensions plus the temporal one), provides a
valuable source of information in the medical field, while introducing an element of
difficulty for their correct interpretation, and not only by a neural network.

Reading and analyzing such information-rich sequences, leading to a diagnostic
result, can be a very error-prone and tedious task for a human. The introduction of
Computer-aided Detection and Diagnosis systems (CAD) in the clinical workflow
can potentially reduce the radiologists’” workload, reduce the inter- and intra-
observer variability and provide a second reading, by automating some of the
diagnostic tasks.

A typical CAD system is composed by two main phases: the analysis one and the
diagnostic one. During the former, after a pre-processing stage, anatomical structure
of the images and their features are extracted. This can be achieved by delineating
a region of interest (ROI) and acquiring its features (CADe). These features are
then used in the diagnostic phase, by integrating them in a classification procedure
(CADx). The basic components of a CAD system are, therefore: pre-processing,
segmentation, feature extraction and selection, and classification [13].

The aim of the following analysis is to explore the available literature about these
"modules", retracing all the steps from image acquisition to tumor classification
and treatment response prediction in the field of breast DCE-MRI, focusing on the
state-of-the-art approaches, most of them exploiting a Deep Learning solution.
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3.1 Applications in the Medical Field

We can define radiomics as the conversion of medical images into high dimensional
mineable data [14]. Traditional machine learning methods require hand-engineered
features, both quantitative and qualitative, composing a “radiomic signature” used
to learn patterns in data. While attaining promising results even in the specific field
of the prediction of pathologic response to neoadjuvant therapy in breast cancer,
as Cain et al. [15] demonstrated by training two multivariate machine learning
models (logistic regression and SVM) only on features of pre-treatment MRIs, or in
still not fully explored contexts such as multi-parametric MRIs, where Tahmassebi
et al. [16] achieved high accuracy and stable performances testing eight different
classifiers, the trend in medical imaging analysis is rapidly shifting towards Deep
Learning.

Even if the use of Deep Learning in the era of big data analytic in the context of
medical imaging is far from fully documented, the ability provided by Deep Learning
algorithms to remove human knowledge in parsing any substantial information is a
crucial step [17]. Being able to learn features as data representatives, directly from
raw medial images, without additional effort or prior knowledge is indeed a key
characteristic of Deep Learning algorithms, that if combined with the increasingly
available computational power explains the growing popularity of this approach
in the medical imaging field, and also in the specific breast DCE-MRI one. But,
although several overview papers such as Lo Gullo et al. [18] and Debelee et al. [19]
have stated the impressive performance of Deep Learning, especially Convolutional
Neural Networks, compared to traditional machine learning, several new challenges
need to be tackled.

In spite of the automated feature extraction advantages, data centrality poses
additional challenges that can be especially hard to solve in the medical field,
one of them representing the need of large datasets to provide sufficient training
samples. On one hand, the performance of CNNs in this field increases when
more training data is available, contrary to radiomics algorithms [20], on the other
hand Hamidinekoo et al. [21] schematically indicated in their overview paper that
more standardized procedures, both in technical phases like image acquisition by
scanners and annotation operations for an appropriate ground truth, as well as a
better interpretability of information provided by the layers of the model are still
required for building suitable datasets. Finally, it is worth noticing how several
studies have assessed that an optimal result is achieved when CNN are used for
fusion classification together with human-engineered radiomic features, suggesting
that prior knowledge, when available can still make a substantial difference [22].

All these advantages and future challenges will become clearer while analyzing
the implementation choices of state-of-the-art Deep Learning approaches used in
the CAD pipeline for breast DCE-MRI, here taken in consideration.
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3.2 Pre-processing

Each step of the MRI-based radiomics workflow lacks standardization in the pub-
lished literature. Granzier et al. [23] in their systematic review, using a Radiomics
Quality Score (RQS) applied to different studies, stated that the overall promising
state-of-the-art results are difficult to compare, due to the great methodological
differences especially in segmentation, feature selection and model development.
In particular, considering the information-rich data provided by DCE-MRI, very
different choices can be made to exploit them: focusing on the 3D spatial aspect, or
on different slices extracted by them rather than on the temporal dimension, using
images acquired at different time-points. These choices, that represent a crucial
aspect of the state-of-the-art approaches, will be further explored when the specific
studied solutions will be described, both in lesion detection and in classification.

However, preliminary low-level operations on the image aimed to reduce noise and
improve quality represent a crucial pre-processing step described in all available
literature references. These operations also include a first segmentation step,
involving the whole breast, which by exploiting anatomical features extracts a mask
only representing the breast parenchyma, thus removing other tissues, the pectoral
muscle and the chest wall.

3.2.1 Image Normalization and Denoising

Since Deep Learning algorithms are very sensitive to these factors, essential image
pre-processing operations are image resizing, as well as normalization (by excluding
extreme values, transforming the value range, subtracting the mean and dividing by
the variance) and bias-correction to eliminate the heterogeneity of light distribution.

It must be noted that the peculiar characteristics of a DCE-MRI dataset usually
involve additional steps even in this phase, combining the traditional normalization
used for Deep Learning networks with more domain specific applications. The
introduction of a contrast agent, implicating a considerable variation along the
temporal dimension, generates a different intensity distribution in the post-contrast
frames, compared to pre-contrast ones. A subtraction between the former and the
latter is often performed, aiming to emphasize the contrast enhancement while
suppressing the constant background.

Applying a denoising deep neural network like DnCNN on the normalized images
could also be a viable solution [24].

3.2.2 Breast Volume Segmentation

The process of breast volume segmentation in MRI images is not so straightforward,
and many automated or semi-automated solutions have followed across the years,
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from conventional image processing ones, to conventional machine learning all the
way to Deep Learning.

The removal of unwanted voxels (hence reducing the following computational
effort) was initially achieved with pixel-based approaches, like the one based on
Otsu’s thresholding and morphological refinements post-processing proposed by
Viganti et al. [25]. Other geometrical and atlas-based solutions are now outper-
formed by Deep Learning algorithms, in particular the ones exploiting the semantic
segmentation provided by U-Nets [26].

Piantadosi et al. [27] automatically segmented the breast parenchyma from air
and other tissues by applying a 2D U-Net to the 3D volume MRI data, feeding
the architecture with a composition of different slices from different projection
planes. The use of a 2D network instead of a 3D one allowed the saving of around
66% of trainable parameters, while achieving state-of-the-art result measured in
accuracy, sensitivity and Dice Similarity Coefficient (DSC). The performance was
also comparable on all projection planes. In a follow-up study [28] this solution was
further expanded by segmenting the three projection planes with different U-Net
networks, using a multi-planar approach by merging these three outputs with a
combination rule (the Weighted Majority Voting strategy performed best).

Xu et al. [29] also assessed the potential of U-Net breast segmentation, specif-
ically on transverse fat-suppressed DCE-MRI, enhancing the performance with
appropriate post-processing, exploiting the segmented breast candidates’ volumes
(in the choice making step the smaller one was deemed as a scar and discarded).

Figure 3.1: Segmentation results. Red line: the segmentation of proposed method;
green line: manual segmentation; yellow line: the overlap of green line and red line
(extracted from the original paper by Xu et al. [29]).

Zheng et al. [30] helped the 2D U-Net in the still difficult task of identifying the
boundary between breast and pectoral muscle on MRI images by adding, along
with the pre-processed MRI slice, two spatial coordinates indicating the breast
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position. The middle point of the breast-air boundary was selected as the origin of
coordinates, allowing the so created coordinate-guided U-Net to perform better
than a traditional one, especially by avoiding false positives.

The advantages of U-Net were also extensively reported in [31], where no
significant benefits emerged in the use of 3D U-Nets over 2D ones and in the use of
pre-contrast T1 weighted images with or without fat suppression.

3.2.3 Motion Correction

Once the volume of interest (VOI) is efficiently cropped, the next pre-processing
step requires a motion correction technique (MCT) to perform image registration:
to reduce motion artefacts that may occur in the image acquisition stage, the
volumetric images acquired at different time-points need to be aligned, in order
to better compare their respective information. This can be a crucial operation
especially when tumor volumes are evaluated before and after chemotherapy, or
when a subtraction between a post and a pre-contrast image needs to be done.

In most of the literature examined, motion correction operations were not
specified, or simply achieved with an affine 3D transformation. Antonio Galli et
al. [32] assessed the impact of motion correction on Deep Learning approaches
used on breast MRI-DCE, suggesting that a simple MCT can still increase the
performance of lesion segmentation tasks, while having an almost irrelevant influence
on lesion classification.

The use of Deep Learning for the task of image registration is still new and
barely covered in literature.

3.2.4 Data Augmentation

In a context where the lack of training data is a major issue and large annotated
dataset are often unavailable, data augmentation can represent an essential solution.
Through transformations like rotation, translation and flipping (which are partic-
ularly suitable for MRI images), new training images can be created, improving
the performance of Deep Learning networks while also avoiding overfitting. This
can also help in the task of balancing the often-unbalanced classes within medical
datasets. Almost the totality of the current literature used this pre-processing
technique.

An innovative approach could be represented by the use of Generative Adversarial
Networks (GANSs), able to perform photo-realistic image synthesis. Guan and
Loew [33] explored the application of GANs both for image augmentation and
transfer learning to improve the performance of a CNN classifier, using a breast
mammogram dataset: the generated GAN ROIs helped the training process,
avoiding overfitting, and the image augmentation provided by GANs was shown
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as necessary to train a CNN from scratch. However, they did not succeed into
training a CNN with transfer learning only on generated ROIs.

The application of this image synthesis approach on MRI image data was tested
by Shin et al. [34], by generating abnormal brain tumor MRI images with a GAN
based on pix2pix. Improvements in segmentation performance were measured, as
well as allowing the training on a completely anonymized dataset.

i |
."‘

Real }
\,’

Synthetic

Figure 3.2: Real and synthetic abnormal ROIs generated from GAN (extracted
from the original paper by Guan and Loew [33]).

3.3 Lesion Detection

An accurate breast lesion detection through segmentation is a decisive step in a
CAD workflow, representing an essential tool in providing a meaningful input to
the classification module, in extracting a ROI to perform quantitative radiomics
analysis or into evaluating tumor region changes. This challenging task, made
difficult by the complexity of the background breast tissue and by the tumor shape
irregularity, is now approached with Deep Learning methods, thus avoiding manual
segmentation and classical machine learning methods dependent on handcrafted
features.

As in the case of breast segmentation, the U-Net architecture seems to be the
most common choice in the latest literature, being able to perform an efficient tumor
segmentation using MRI slices, both in a 2D and 3D U-Net fashion [35]. However,
very different implementation choices are available within this same architecture,
based on how to exploit the 4D data provided by DCE-MRI and the different
clinical screening settings. Dalmig et al. [36] focused only on the early-phase scans,
extracting spatial information from them: given a MRI axial slice, a U-Net outputs
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a likelihood map for each voxel, combining those maps provides a likelihood volume
used to select a candidate. Among those candidates, false positives are further
reduced through the use of a 3D CNN, able to exploit the 3D morphology of the
candidate regions.

Figure 3.3: Sample slices showing the great variation inherent in the task of lesion
detection (extracted from the original paper by Zhang et al. [35]).

Lu et al. [37] instead took advantage of four different image modes from breast
MRIs (T1W, T2W, DWI, and SYN), building a four-mode linkage backbone with
a CNN (DenseNet, with transfer learning and data augmentation performed best)
used for feature extraction. The features extracted from the four different image
modes are then concatenated and used to refine the tumor segmentation task by
initializing a U-Net with a modified upsampling process, which uses a sub-pixel
method.

The temporal dimension of breast MRI plays a key role in [38], where the tumor
segmentation is still achieved with a U-Net, but with a training that uses three
different, well-defined temporal acquisitions of the same MRI slice as channels of
the input image. This approach obtained a good compromise between results in
terms of DSC and efficiency provided by the simple architecture (no additional
nets are required to train temporal features).

An attempt of using both sides of the spatio-temporal information was made by
Chen et al. [39], using a convolutional long short-term memory network for feature
extraction. This architecture is particularly suitable for processing sequence data
with spatial correlation, and the use of three parallel ConvLSTM pathways, each
given respectively the current, preceding and subsequent sequence of the same slice,
allows the extraction of 3D information around the lesion. After a feature fusion
stage, a U-Net with only two pooling operators is trained for lesion segmentation.
Besides a promising result provided by the dice coefficient, this work also assessed
how a dice coefficient loss is more suitable to solve the unbalance problem in breast
lesion segmentation.
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A radically different approach is taken in consideration by Maicas et al. [40],
proposing a deep reinforcement based method for accurate lesion detection with
less inference time. A deep Q-network is used to decide the next segmentation
action, evaluating the features extracted from a bounding box by a ResNet network
“agent”. The DQN network can decide to translate/scale the bounding box, or to
end the search for the lesion. State-of-the-art performance is achieved.

3.4 Lesion Classification

The final step of a CADx system is the classification of the lesion, meaning the
binary classification of a lesion as benign or malignant. An automated approach that
provides the radiologist with a valuable aid can be particularly useful considering
the complex nature of a breast DCE-MRI scan, where even the slightest change in
the lesion’s temporal enhancement pattern can be decisive in determining the nature
of the lesion itself. The literature trend of the last years shows, as predictable,
a strong trend towards Deep Learning approaches, exploiting automatic feature
extraction from the segmented lesion ROIs. However, some studies still value the
additional support provided by classical hand-engineered features.

The first implementation of a CNN for this task can be tracked back to Antropova
et al. [41], which already adopts one of the still most common architectural choices
in this field, in relation to one of the main problems of medical imaging, namely
the lack of training data: a pre-trained CNN is used. An AlexNet architecture,
pre-trained on the ImageNet database, is employed as a feature extractor from
ROls, features that are then used as input for a Support Vector Machine (SVM),
classifying the lesions. The obtained area under the receiver operating characteristic
curve (AUROC), useful as a metric because independent of cancer prevalence, was
0.85, showing promising potential. The use of Deep Learning architectures in this
task rapidly increased, showing again different variations based on how to 4D data
was used.

In [42], a mixture ensemble of CNN has been employed to efficiently process
the high-dimensional data, with a fixed number of “expert” networks focusing
each on a region of the input space and a “gating” network used to properly fuse
their outputs. All the CNNs are trained together in an end-to-end optimization
approach, achieving good performance and fast execution time.

The temporal dimension plays a key role in [43], where three different time-points
of the same ROI are used as input in the color channels of a pre-trained VGG19
network, operating as feature extractor. Specifically, features are extracted from
the five max-pooling layers, and then average-pooled along the spatial dimension,
before as being used as input for an SVM. It is also worth noticing how the best
results were achieved when traditional hand-crafted CADx features were fused
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together with the CNN extracted ones.

(a)

VGG19

Figure 3.4: (a) Examples of slices with the corresponding ROIs extracted. Benign
case on the left, malignant one on the right. (b) ROIs, extracted from the pre-
contrast time-point (t0) and the first two post-contrast time-points (t1, t2), input
into the three color channels of VGG19 (extracted from the original paper by
Antropova et al. [43]).

In a follow-up study, Antropova et al. [44] took another step forward, improving
the accuracy, by also including the spatial dimension along the temporal one,
exploiting Mazimum Intensity Projections (MIP): the idea is to use the same
architecture as before, but with MIP images as input for the VGG19. They are
obtained by a subtracted MR image collapsed by selecting the voxel having the
maximum intensity along the projection through all transverse slices, forming a 2D
image from a 4D DCE-MRI, therefore retaining information about enhancement
changes throughout the whole lesion volume. Hu et al. [45] obtained even better
results by max-pooling CNN features from all slices of a given lesion, reducing the
image at feature level on the axial dimension instead of image level, as in the MIP
case.

Long Short-term Memory (LSTM) networks were also tested in the task of lesion
classification, allowing morphological and temporal information to be captured by
extracting features from different time-points of the same MRI ROI using pretrained
CNNs, one for each. The extracted features are then used to train the LSTM
network, outperforming in this way a fine-tuned VGGNet [46].

Besides the focus on Deep Learning, knowledge provided by the radiomics
field has regained great consideration in recent studies, but this time integrated
along with the data extracted features. Gravina et al. [47] followed the radiomics
methodology of the “three time points”, using well defined time-points of a single
slice as channels for the input image to a fine-tuned CNN, combining all the outputs
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from all the slices of a single lesion with a specified rule, to classify each one as
benign or malignant. The results are independent of the image acquisition protocol
used and of the selected pre-trained CNN, as long as three different temporal
acquisitions are available and the network adopts a three-channel input layer the
approach remains valid. In [48] instead, the inclusion of some peritumor tissue,
adjacent to the ROI containing the tumor, has been considered: this approach
further demonstrated how Deep Learning methods have the potential to outperform
ROI or radiomics based ones in diagnostic accuracy, and by evaluating different
bounding boxes showed how the inclusion of a relatively small amount of peritumor
tissue along with the tumor itself as input ROI for a pre-trained CNN can provide
useful information, boosting the accuracy.

Feng et al. [49] included some domain knowledge along the data-driven features,
to better relate those otherwise “black box” features to a clinically relevant phenom-
ena. The main idea is to divide the DCE-MRI sequence in different sub-sequences,
each one specifically focusing on a different feature type (exploiting pre-processing
techniques), constraining in this way those features to semantic characteristics of
the lesion. After this sequence division module, an adaptive weighting one is used
for feature integration. The different sub-sequences are individually processed by
different Deep Learning architectures, chosen accordingly to the specific highlighted
characteristics of the lesion. The weighting will then integrate all those features
and has also the ability to determine which sub-sequence contributed the most to
the classification choice. This approach achieved state-of-the-art results on the used
dataset in terms of sensitivity, specificity and accuracy, showing the importance of
implementing domain knowledge into Deep Learning.

Further attention to feature extraction is given in [50], where a CMSL-driven
deep network is used to learn more separable inter-class features and more compact
intra-class features, tackling the heterogeneity problem of tumors. CMSL, standing
for “cosine margin sigmoid loss”, embeds the deep feature vectors onto a hyper-
sphere and learns a decision margin between classes in the angular feature space. A
3D ResNet, trained with CMSL, outperformed other architectures, learning more
underlying feature patterns in data.

3.5 NAC Response Prediction

Finally, particular attention was paid to the recent literature dealing with the
prediction of NAC treatment response. In this scenario prediction of pathologic
complete response is crucial, and other considerations besides the binary classifi-
cation of the segmented lesion need to be considered, such as taking into account
and comparing the follow-up DCE-MRI scans with the pre-treatment ones, rather
than evaluating only the initial scans to perform the prediction process.
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A first evaluation on how to exploit the temporal dimension of DCE-MRI scans
in relation to the prediction of response to neoadjuvant chemotherapy was done
by Huynh et al. [51] by feeding a pre-trained VGGNet with different subsets of
MRI data (acquired before and after treatment), separated in pre-contrast, first
and second post-contrast time-points (the different combinations, as well as the
integration in a RGB channel where also evaluated). The performance of this
features was tested by an Linear Discriminant Analysis (LDA) classifier, showing
how ROIs from the pre-contrast time-point subset are particularly useful.

Ha et al. [52] explored the capability of a CNN to predict NAC treatment
response by only using breast DCE-MRI scans obtained prior the initiation of
the therapy, achieving an accuracy of 88%. Ravichandran et al. [53] performed a
similar attempt on pre-treatment MRIs with comparable results when considering
both the pre and post-contrast phase, but further increased performance by adding
clinical HER2 status to the CNN’s consensus.

The use of two breast tumor MRI slices acquired before and after the first
round of chemotherapy was analysed by El Adoui et al. [54] with the use of a
CNN employing two VGG-like branches. Using slices from the appropriately pre-
processed and aligned VOIs from both the DCE-MRI scans notably improved the
classification accuracy.

NACT —— CNN

Concatenation
+

Fully Connected

b 4

Sigmoid

NAC2 —— CNN

Figure 3.5: Overview of the architecture proposed by El Adoui et al. [54]. The
branches take two 120 x 120 breast tumor ROIs. Each branch uses four blocks of
2D convolutuion (32 kernels for the first two, 64 for the remaining), with ReLu as
activation function and Max Pooling.

In a follow-up study [55] the 3D nature of the data was exploited, modifying the
CNN architecture: the two branches, fed with pre and post chemotherapy slices,
are now repeated three times, processing respectively the axial, transversal and
coronal slice of the DCE-MRI data. The proposed 3D approach achieved an AUC

18



Deep Learning applied for Breast DCE-MRI

value of 0.92, delivering a very good performance and demonstrating again the
additional value of MRI data acquired after the first round of chemo.

The potential of Deep Learning architectures for this specific task, as well
as that of the combined use of data from pre- and post-NAC studies is further
confirmed by Byra et al. [56], showing how a Siamese network using data after
the second cycle of NAC can improve prediction compared to a neural network
based solely on studies acquired before the start of therapy. The best AUC value
reported was 0.84, and regardless of the data considered, the performance of
automated Deep Learning architectures was better than models using manually
extracted morphological features. These results are further extolled by Choi et
al. [57], using a simple architecture based on AlexNet to obtain good results on a
dataset consisting not only of MRI but also PET/CT images. Several quantitative
features are extracted and used as a baseline for predicting response to therapy,
demonstrating the potential of CNNs and once again the usefulness of integrating
studies performed after the first cycles of NAC.

Qu et al. [58] made another step towards performance improvement by building
a Deep Learning model able to predict pCR to NAC from pre and post NAC
MRI data: a multi-path CNN was inputted by six distinct enhancement phases
from pre-NAC MRI and by other six from post-NAC. The individual feature
extraction process for each of the 12 channels involved a concatenation of max-
pooling layers and cropping operations. A molecular sub-type index was also
added as an additional input channel in the feature concatenation stage, which did
however not provide any benefits in terms of accuracy but could still carry valuable
information for clinical practice. The combined model, using both pre and post
NAC data, produced impressive state-of-the-art results in terms of AUC (0.97) and
positive predictive value (100%), exploiting in the best possible way the changes
inside the tumor, both in volume after the therapy and during the enhancement
phases, dealing in the most efficient way such a difficult and crucial task.

The idea of a multi-path architecture is also explored by El Adoui et al. [59],
developing two parallel CNN sub-networks, each analysing pre- and post-NAC
studies separately. The extracted features are concatenated and used for pCR
prediction, post dropout and a fully connected layer. The inputs taken into account
are VOIs extracted from lesions shown in DCE-MRI images. An interesting
experiment is done giving in input to the network these volumes both segmented
(i.e. extracting only the tumour) and not (i.e. including besides the tumour also
the surrounding tissue) analysing then the different performances. It is also the
combined use of both pre- and post-NAC studies that records the best AUC (0.91).
Interestingly, the non-segmented input obtains the best results, a result that is
also confirmed by visual inspection made possible by Grad-CAM. In particular,
the area surrounding the tumour seems highly relevant for non-pCR patients,
while the tumour itself is more focused for pCR patients. The importance of the
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region surrounding the lesion is emphasised not only by the latter but also by
several studies analysed, both in the case of lesion classification and NAC treatment
response, as it can provide information related to lymphocytic infiltration.

3.5.1 The NAC Baseline

The studies analyzed show how the use of Deep Learning applied to NAC response
prediction can drastically improve the whole clinical workflow when used in con-
junction with the knowledge of radiologists, which can be crucial especially for NAC
where an early feedback provided to a radiologist can really make the difference in
the care of a patient. The solutions differ greatly in terms of the input data used
and the architecture employed, as well as the performances and the type of focus
chosen for the output.

Starting with these results as a baseline, this thesis aims to build an architecture
that exploits a mpMRI dataset as input (a case still not fully explored in literature),
using only full slices, for assessing treatment response to NAC.

Network Dataset (MRI Patients) MRI Sequences Used Input Type Architecture Performance
Tahmassebi et al. [60] 37 DCE, DWI, T2 Qualitative/quantitative features | XGBoost AUC: 0.86
Huynh et al. [51] 64 DCE (3-Time-Points) ROIT crops VGGNet AUC: 0.85
Ha et al. [52] 141 DCE Voxel crops VGGNet-like Acc: 88%
Ravichandran et al. [53] | 166 DCE (pre-treatment only) | Patches from index slice CNN with 6 blocks AUC: 0.77
El Adoui et al. [54] 42 DCE ROI crops VGGNet-like AUC: 0.96
El Adoui et al. [55] 42 DCE ROT crops VGGNet-like AUC: 0.92
Qu et al. [58] 302 DCE ROI crops Custom Multi-path CNN | AUC: 0.97
El Adoui et al. [59] 42 + 14 external for validation | DCE, DWI VOI crops Custom Multi-input CNN | AUC: 0.91
Table 3.1: Characteristics and classification performance of other NAC studies.
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The Dataset

The analyzed dataset consists of 37 patients who were diagnosed with histopatho-
logically established breast cancer and underwent NAC treatment between April
2008 and April 2013.

Some precise inclusion criteria were followed: each patient was over 18 years
old, not pregnant, not lactating and had not undergone nor given any signs of
contraindications for MRI or MRI contrast agents.

All patients underwent mpMRI; in particular, the sequences considered refer
to a scan performed two weeks before the start of the first NAC cycle, and to one
performed after two cycles of the neoadjuvant therapy.

The assessment of pathological treatment response was achieved through the
residual cancer burden (RCB) score, with RCB 0 standing for pCR.

The RCB is an index that combines pathology measurements of the primary
tumor and nodal metastases and has been shown to be effective for the prediction
of disease recurrence and survival across all breast cancer subtypes [61].

Originally defined by Symmans et al. [62] as a continuous variable calculated on
the bi-dimensional diameters of the primary tumour bed, on its proportion that
contains invasive carcinoma, on the number of axillary lymph nodes containing
metastatic carcinoma and on the diameter of the largest metastasis, it is a reli-
able indicator for assessing pathological treatment response, especially after NAC
treatment [63].

Out of the 37 patients 9 achieved a pCR with no evidence of residual disease,
28 did not.

4.1 MRI Modalities

The mpMRI scans of the breast have been acquired at 3 Tesla in the prone position
(Trio Tim; Siemens Medical Solutions, Erlangen, Germany) using a dedicated
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4-channel breast coil (In Vivo, Orlando, FL), providing high-resolution and high-
quality imaging of both breasts.
The following protocol was used before and during NAC:

« DCE-MRI: a hybrid DCE-MRI protocol was used with the following se-
quences: until December 2011 a T1-weighted volume-interpolated breath-hold
examination sequences (TR/TE, 3.62/1.4 milliseconds; FOV, 320 mm; 72
slices; 1.7 mm isotropic; matrix, 192 x 192; one average; TA, 13.2 seconds
per volume; 37 measurements) and T1-weighted turbo fast low-angle shot
3-dimensional sequences with selective water excitation (TR/TE, 877/3.82
milliseconds; FOV, 320 mm; 96 slices; 1 mm isotropic; matrix, 320 x 134; one
average; TA 2 minutes) with a total time of acquisition of 9:20 minutes [64].
From January 2012, a transversal T1-weighted time-resolved angiography with
stochastic trajectories was acquired (water excitation fat saturation; TR/TE,
6.23/2.95 milliseconds; flip angle, 15 degrees; FOV, 196 x 330 mm2; 144 slices;
spatial resolution, 0.9 x 0.9 x 1 mm; temporal interpolation factor 2; temporal
resolution, 14 seconds; matrix, 384 x 384; one average; center k-space region
with a resampling rate of 23%; re-acquisition density of peripheral k-space of
20%; and TA, 6:49 minutes).

e DWI: a double-refocused, single-shot echo-planar imaging with inversion
recovery fat suppression: TR/TE/time of inversion, 13700/83/220milliseconds;
FOV, 340 117mm; 40 slices at 3.5mm; matrix, 192 x 64 (50% oversampling);
2 averages; b-values, 50 and 850 s/min2; and TA, 3 minutes 19 seconds.

o« T2: a T2-weighted turbo spin echo sequence with fat suppression: time of
repetition (TR)/time of echo (TE), 4800/59 milliseconds; field of view (FOV),
340 mm; 44 slices at 4 mm; flip angle, 120 degrees; matrix, 384 x 512; and
acquisition time (TA), 2:35 minutes.

The total MRI examination time for each study lasted from 10 to 12 minutes. A
standard dose of gadoterate meglumine (Gd-DOTA; Dotarem; Guerbet, France) of
0.1 mmol/kg body weight was injected intravenously as a bolus at 4 mL/s followed
by a saline flush.

The great heterogeneity of the dataset, which differs profoundly in the protocols
used in addition to the obvious and inevitable variations inherent in the acquisitions
made on the various patients, represents at the same time the greatest challenge
to overcome and the greatest asset to build an architecture capable of making
predictions on new data.

Being mpMRI studies, that is multi-parametric, for each patient a potentially
large amount of information is available to be extracted from different sequences
(DCE-MRI, DWTI and T2), each of which could provide significant indicators to
predict the response to NAC therapy.
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Figure 4.1: Example of slices extracted from sequences belonging to the same
pre-NAC study. Starting from left: DCE-MRI, DWI, T2.

Dynamic Contrast Enhanced-Magnetic Resonance Imaging (DCE-MRI) has
been shown as a powerful solution in screening different tumor tissues, gaining an
increasing popularity in the field of breast cancer early detection, due to the high
sensitivity and high resolution in dense breast tissues as well as the characteristic
of retaining high 3D resolution and dynamic information. A 3D volume of the
breast is acquired at different times, before and after of the intravenous injection
of a contrast agent, thus resulting in a 4D volume (three spatial dimensions and a
temporal one).

This non-invasive acquisition technique allows the visualization of the extent of
disease and its angiogenic properties, as well of visualization of lesion heterogeneity,
detection of changes in angiogenic properties before morphological alterations,
and can carry very useful information for the prediction of overall response either
before the start of therapy or early during treatment, as extensively documented
by Turnbull [65].

DWI, standing for Diffusion- Weighted Imaging, can instead provide insights into
tissue micro-structure by visualization and quantification of water diffusivity. It
allows the evaluation of the Apparent Diffusion Coefficient (ADC), which has been
proven helpful for cancer sub-typing in breast cancer patients and in prediction of
response to neoadjuvant chemotherapy. Spick et al. [66] showed that DWTI of breast
lesions can provide consistent characteristics to support its use as a potential QIB
(Quantitative Imaging Biomarker), being an objective characteristic derived from
an in vivo image that can be measured and used to indicate a biological process,
disease process, or drug response.

Finally, the T2-weighted sequences can provide a valuable aid in false-positive
rate reduction, distinguishing well-circumscribed breast carcinomas from common
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benign breast masses. In addition, edema, mucus, hemorrhage and cystic fluid
within a lesion are clearly depicted on T2-weighted sequences [67].

Adding a further level of available information, as well as complexity, to the
dataset is the temporal nature of a prediction based on response to NAC therapy:
for each patient two studies are available, carried out at different times (two weeks
before the first cycle of NAC and after two cycles) using the same acquisition
modalities.

4.2 Machine Learning with mpMR for
Early Prediction of Response to
Neoadjuvant Chemotherapy

In 2018, Tahmassebi et al. [60] conducted a joint study by Florida State University
and the Medical University of Vienna, stating the potential of machine learning to
perform early prediction of pathological complete response to NAC on the same
dataset used for this thesis.

Since the objective of the latter study is the same as that of the architecture
proposed in this thesis, but using classical machine learning algorithms instead of
Deep Learning, it is important to deepen the results already achieved, inspecting
them taking into account the various substantial differences.

The study used 8 machine learning algorithms (logistic regression, support
vector machine, linear discriminant analysis, decision tree, random forest, stochastic
gradient descent, adaptive boosting and extreme gradient boosting “XGBoost”) to
predict the pCR based on the RCB class on the mpMRI data.

In order to properly train and use these algorithms, intensive feature extraction
work is required to facilitate the learning process from the input data. These
hand-crafted features inevitably add a semi-automatic component to the pipeline,
requiring the prior intervention of experienced personnel, which can be very time-
consuming. In particular, two experienced radiologists extracted both qualitative
and quantitative features from the imaging data (23 features for each lesion). As
features are measurable properties of the data, in the case of an mpMRI dataset
they will include parameters such as lesion size, signal intensity, presence or absence
of edema, shape, margins, as well as mean plasma flow, volume distribution and
the mean, minimum, and maximum ADC coefficient. By using recursive feature
elimination an optimum ranking of the features has been computed, reflecting
in this way their importance in the model and showing how both quantitative
and qualitative features, containing information found in all the available image
modalities (DCE, DWI, T2), are necessary.

Regarding the classification process, the best results were yielded by XGBoost.
XGBoost is a machine learning algorithm developed by Tiangi Chen and Carlos
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Figure 4.2: Feature importance of mpMRI model in prediction of RCB class
(extracted from the original paper by Tahmassebi et al. [60]).

Guestrin [68] which gained popularity for prediction problems on small-to-medium
structured data, exploiting its decision-tree-ensemble with gradient boosting nature.

Classifier RCB

XGBoost 0.9430 (0.8577)
AdaBoost 0.8523 (0.8112)
Linear SVM 0.8767 (0.8450)
LDA 0.7544 (0.6608)
LR 0.8684 (0.8207)
SGD 0.8303 (0.7086)
Decision tree 0.8113 (0.7729)
RF 0.8857 (0.8364)

Figure 4.3: Best AUC (mean AUC) reported for each classifier (extracted from
the original paper by Tahmassebi et al. [60]).

On the mpMRI NAC dataset, taking full advantage of the hand-crafted features,
the model achieved a good performance on pCR prediction, with a mean AUC
value of 0.86 based on 4-fold cross-validation.

These results constitute an important reference point, not only to highlight the
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potential of machine learning applied to a multi-parameter MRI dataset, but also
to build a new Deep Learning architecture that extracts features from the same
dataset in a totally different way.

Patient | DCE (MRI1) DWI (MRI1) T2 (MRI1) | DCE (MRI2) DWI (MRI2) T2 (MRI2)
1 t1_dyn 2min Resolve 0850 IR+ tirm_ tra t1_dyn 2min Resolve 0850 IR+ tirm_ tra
2 t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra t1_dyn_fs Resolve_0_ 850 FS+ tirm__ tra
3 t1_dyn 2min Resolve 0850 IR+ tirm__tra t1_dyn 2min Resolve 0850 IR+ tirm__tra
4 t1_dyn 2min ep2d_ diff_stir_10b tirm_ cor t1_dyn 2min ep2d_ diff_stir_ 2b_sl3.5 tirm_ cor
5 t1_dyn 2min ep2d_diff_stir_ 10b tirm__cor t1_dyn 2min ep2d_diff_stir_10b tirm_ cor
6 t1_dyn 2min Resolve 0850 FS+ tirm_ tra t1_dyn 2min Resolve 0850 FS+ tirm_ tra
7 t1_dyn 2min Resolve 0850 IR+ tirm_ tra t1_dyn 2min Resolve 0850 IR+ tirm_ tra
8 t1_dyn 2min ep2d_ diff_stir_2b_sl3.5 tirm__cor t1__dyn 2min ep2d_ diff_stir_2b_sl3.5 tirm_ cor
9 t1_dyn 2min ep2d_diff stir 2b_sl3.5 tirm_ cor t1 dyn 2min ep2d_diff stir 2b_sl3.5 tirm__cor
10 t1_dyn 2min ep2d_tra_ 2b_ spair tirm__sag t1_dyn 2min Resolve_0_850_FS+ tirm_ tra
11 TWIST tra_dyn Resolve_0_ 850 FS+ tirm__tra t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra
12 t1 dyn 2min Resolve 0850 IR+ tirm_ tra t1 dyn 2min Resolve 0850 IR+ tirm_ tra
13 t1_dyn 2min ep2d_diff_stir_10b tirm_ cor t1_dyn 2min ep2d_diff_stir__10b tirm_ cor
14 t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra
15 t1 dyn 2min ep2d_diff stir 2b_sl3.5 tirm_ tra t1_dyn 2min ep2d_diff stir 2b_sl3.5 tirm_ tra
16 t1_dyn 2min Resolve 0850 IR+ tirm_ tra t1_dyn 2min Resolve_0_850_ IR+ tirm_ tra
17 t1_dyn_fs Resolve_0_850_FS+ tirm__tra t1_dyn_fs Resolve_0_850_FS+ tirm__tra
18 TWIST tra dyn | Resolve 0 850 FS+ tirm_ tra TWIST tra dyn | Resolve 0 850 FS+ tirm_ tra
19 t1_dyn 2min Resolve 0850 IR+ tirm_ tra t1_dyn 2min Resolve_ 0850 IR+ tirm_ tra
20 t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra
21 t1_dyn 2min Resolve 0850 IR+ tirm_ tra t1_dyn 2min Resolve 0850 IR+ tirm_ tra
22 t1_dyn 2min Resolve 0850 IR+ tirm_ tra t1_dyn 2min Resolve_0_ 850 IR+ tirm_ tra
23 TWIST tra_dyn Resolve_0_ 850 FS+ tirm__ tra t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra
24 t1_dyn 2min Resolve 0850 FS+ tirm_ tra t1_dyn 2min Resolve 0850 FS+ tirm_ tra
25 t1_dyn 2min Resolve_ 0850 IR+ tirm_ tra t1_dyn 2min Resolve_0_ 850 IR+ tirm_ tra
26 t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra t1_dyn 2min Resolve_0_ 850 FS+ tirm__tra
27 t1_dyn 2min Resolve 0850 FS+ tirm_ tra t1_dyn 2min Resolve 0850 FS+ tirm_ tra
28 t1_dyn 2min Resolve_0_850_ IR+ tirm__tra t1_dyn 2min Resolve_0_850_ IR+ tirm_ tra
29 t1_dyn 2min Resolve_0_850_ IR+ tirm__tra t1_dyn 2min Resolve_ 0850 IR+ tirm_sag
30 t1_dyn 2min ep2d diff stir 2b sl3.5 tirm_ tra t1_dyn 2min ep2d_diff PA SPAIR tirm_ sag
31 t1_dyn 2min Resolve_0_850_FS+ tirm__ tra t1_dyn 2min Resolve_0_850_FS+ tirm__ tra
32 t1_dyn 2min Resolve_ 0850 IR+ tirm__ tra t1_dyn 2min Resolve 0850 IR+ tirm__tra
33 t1_dyn 2min Resolve 0 850 IR+ tirm_ tra TWIST tra dyn Resolve 0 850 IR+ tirm_ tra
34 t1_dyn 2min Resolve_0_850_ IR+ tirm_ tra t1_dyn 2min Resolve_0_ 850 IR+ tirm_ tra
35 TWIST tra_dyn Resolve_0_850_FS+ tirm__ tra t1_dyn 2min Resolve_0_850_FS+ tirm__ tra
36 t1 dyn 2min Resolve 0 850 FS+ tirm_ tra t1_dyn 2min Resolve 0850 FS+ tirm_ tra
37 t1_dyn 2min Resolve_0_ 850 FS+ tirm_ tra t1_dyn 2min Resolve_0_ 850 FS+ tirm_ tra

Table 4.1: Sequences available for each patient. Three for the pre-NAC MRI
study, three for the post-NAC MRI study.
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Chapter 5
Deep Learning Architecture

The proposed architecture aims to optimally utilize the abundant information
found in mpMRI scans in order to correctly classify full slices containing a lesion,
predicting whether or not pCR is achieved. The idea is to identify and extract
sub-sequences for each patient, and then appropriately include the time dimension
represented by the available second mpMRI scan, performed after two cycles of
NAC.

5.1 Input Data

The multi-parametric scanning protocol used, allows access to different types of
sequences, each with its own properties to be exploited in order to extract as much
information as possible from the lesion. Specifically, Dynamic Contrast- Enhanced
MRI (DCE-MRI) provides a complex sequence of rich lesion information that
can simultaneously reflect morphological and hemodynamic related characteristics,
while the Diffusion-Weighting Imaging (DWI) can reveal the free water molecules
diffuse movement information of lesions, and the T2-weighting images have an
intense signal for edematous lesions.

Let the dataset be represented by D = {P",y,;},—ip with P a patient and
y € Y ={0,1} the label for the lesion, having value y; = 0 when pCR is achieved
and y; = 1 otherwise. Since for each patient P; two mpMRI studies are available,
the index w € W = {1,2}, represents the selected study, pre-NAC or post-NAC.
For each of these studies we identify and extract S* sub-sequences, with k index of
a sequence. Finally, each sub-sequence is represented by X slices. The selected

sub-sequences will thus be:

o Lesion slices extracted from DWI sequences.
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o Lesion slices extracted from T2 sequences.

o Lesion slices extracted from the peak-enhancement phase of DCE-MRI se-
quences.

o Lesion slices extracted from DCE-MRI sequences according to the 3 Time-
Points paradigm and combined into the RGB channel of a single image. No
image registration is performed.

Therefore, we can represent the input data as D = {S}" ok Yi bizip with w € W =
{1,2} (w = 1: pre-NAC study, w = 2: post-NAC study) and k € K = {1,2,3,4}
(k = 1. DWI, k = 2: T2, k = 3: DCE peak, k = 4: DCE 3TP). Moreover,
St = (x5

X;”]k thus denotes the j-th slice of the k-th sub-sequence in the w-th study of
patient <.

Figure 5.1 shows an example of input, consisting of four slices extracted from
the sub-sequences defined for both the pre-NAC and post-NAC study.

It is important to note that it is obviously not possible to use all the slices
available for each scan as input, since this choice would inevitably introduce
excessive noise in the learning phase, at the expense of valuable information.

To overcome this problem while limiting manual intervention on the data to the
bare minimum, an index slices is extracted by an experienced radiologist (K.P. 14
years of experience) from each available sequence.

An index slice is nothing more than the slice within the sequence where the
lesion is most visible. It can be identified with relative ease and efficiency, allowing
to recognize the ideal input data with respect to the amount of information carried.

5.2 Architecture Structure

To optimally extract all lesion features, emphasizing the morphological, hemody-
namic and water molecular diffusion information according to the specific sub-
sequence, as well as the pre- and post-NAC studies for each patient, the architecture
is designed to execute this process independently for each sub-sequence.

This should not only improve the performance of the architecture, but hopefully
also provide an additional level of interpretability, indicating how much each of the
sub-sequences affects the final classification choice with respect to pCR.

According to recent literature and given the size of the dataset, using a pretrained
network for feature extraction should be the most feasible solution: ResNet50
pretrained on ImageNet is the most suitable choice.

Being probably the most disruptive innovation in the field of computer vision
since the introduction of AlexNet [69], the ResNets theorized by He et al. [70]
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MRLL

MRL2

Figure 5.1: Example of index slices used as input, from left to right: DWI, T2,
DCE-MRI peak and DCE-MRI 3-Time-Points. The top and bottom rows show
the pre-NAC and post-NAC study of the same patient respectively. In the case of
DCE-MRI 3-Time-Points (last column), the image is obtained by inserting slices
from different and precise time instants into the three RGB channels. No image
registration was performed.

break the taboo of an extremely deep but still performing and easy-to-train neural
network.

The goal of increasing the depth of a network has always been countered
by the problem of vanishing gradient during back-propagation. The repeated
multiplications on many levels can in fact make the gradient infinitesimally small,
saturating or even worsening the performances of the network with great rapidity.

The solution to the problem has been found moving the focus of attention from
the stacked layers, considered at first as the possible culprits, to the mapping
instead. The theory allows in fact the construction of a deep network with the
same identical performances of a shallower one, using only identity mappings in
the additional layers for which they differ. Working on the mapping instead it
is possible to obtain great results of optimization to a practically null cost. The
hypothesis is that letting the stacked layers fit a residual mapping is easier than
letting them directly fit the desired underlying mapping. In a certain sense, the
blocks in this way "simply" fine-tune the output of their previous block, instead of
having to learn the output from scratch.

Networks employing these residual blocks with skipped connections are less
vulnerable to perturbations that may cause to leave the manifold, thus avoiding
the need for additional data to recover.

All these elements make a pretrained ResNet particularly appropriate for this
architecture, having to extract in the most efficient way possible spatial features from
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very complex and heterogeneous input data, such as MRI sequences of different
protocols, constituting among other things a very small dataset and therefore
prohibitive to analyze without the aid of transfer learning.

The Deep Learning architecture will be in this way composed by four ResNet50,
one for each sub-sequence, from which features are extracted at the last convolutional
layer, with dimension 2048. These features are then concatenated and, following
some dropout and a fully connected layer, are used for the prediction of pCR.

| | | g
| i i

Sub-Sequence Division ResNet50 for DWI ResNet50 for T2 RSBy Resiebuliog

Input

e

DCE_peak DCE_3TP

T2 features Goncatenated

4
AN

Multi-ask prediction

Figure 5.2: Overview of the proposed architecture. Four ResNet50 process sub-
sequences, pre- and post-NAC. Each individual ResNet outputs a classification
result for its sequence. The final classification regarding pCR is performed following
the concatenation of features extracted from the ResNets, after some Dropout and
a Fully Connected Layer.

It is important to note that the same sub-sequences, but from the two different
studies (post and pre-NAC) available for the same patient, are analyzed by the
same ResNet50, using weight-sharing. The assumption at the base of this choice
is that two sequences coming from two studies of the same patient carried out in
different temporal instants, but afferent to the same acquisition protocol, should
produce about the same effect on the parameters of a ResNet. Weight-sharing
should therefore ensure an almost identical result but with a great computational
advantage given the large number of parameters to be optimized in the entire
architecture.

30



Deep Learning Architecture

5.3 Multi-Task Learning

The classification for pCR performed using the vector composed of all concatenated
features is not the only one done by the architecture: each ResNet50 is also linked
to a fully connected layer with two neurons, which will predict the result for the
single sub-sequence. This sort of multi-task learning aims not only to improve the
performance of the architecture in general, but also to provide an additional layer
of interpretability.

The multi-task approach allows to extrapolate useful information contained
in multiple related tasks, improving in this way the generalization capability of
the entire network. Overviews on Multi-Task Learning for Deep Neural Networks
have stated how this technique can, among other advantages, help the network’s
attention focusing (as more task will more likely provide additional evidence for the
relevance or irrelevance of the features) and also introduce a sort of representation
bias (since the model will prefer representations that other tasks also prefer) [71].

Again, having a dataset so heterogeneous in terms of acquisition mode and
difference between the various full slices used as input, focusing on different tasks
may prove to be a fundamental and necessary solution. For a given MRI study of
a patient, it is in fact possible that a sub-sequence may introduce an unforeseen
amount of noise: focusing on each sub-sequence as a single task can help the
architecture to determine more precisely which of these sub-inputs to consider as
more reliable to make predictions about the patient.

This could not only help to improve the training and the performance of the
network, but could reduce the "black box"-effect generated at the output, showing
the relative performance on each acquisition mode present in the mpMRI dataset,
suggesting which of these provided the most significant features to make the final
prediction.

5.4 Hand-Crafted Features Auxiliary Task

In the literature reviewed and in the computer-automated processing medical
imaging field, the joint utilization of raw data and features engineered from these
data based on specific domain knowledge, leads very often to optimal and easily
interpretable results.

While the goal of this Deep Learning architecture is to perform the prediction
in the most rapid and automated way possible starting only from the scans, it
is possible to add an additional branch that uses as input also the hand-crafted
features extracted by two expert radiologists from the same dataset, and then
evaluate its overall contribution in terms of performance.

We used the same data as in the study done by Tahmassebi et al. [60], and in
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particular the choice fell on the first 7 features ordered according to their importance
in the machine learning algorithms used (see figure 4.2).

Each slice, whether it comes from the pre- or post-NAC study and regardless of
the sub-sequence to which it belongs, in addition to the information relating to the
image data will also carry as input the following numerical/categorical features:

MRI Mean-Transit-Time.

MRI ADC (min), MRI ADC (max).

MRI size anterior-posterior, MRI size cranial-caudal, MRI size left-right.

MRI edema.

Each input will thus have a shape of:

Tr1 Trg ///951’722/4/
//,//// i1 Tip ///@1(2/2;1/
//,/’///// 11 x%g //,5%2/2/4/ 994,224
$%,1 95%,2 fi224 / L924,224
x%24,224
x%24,1 @24,2 @24,224 //,/*////

With zF and k € K = {1,2,3,4} (k = 1. DWIL, k = 2: T2, k = 3: DCE peak,
k = 4: DCE 3TP) representing the values of each of the 4 sub-sequences input slice
used, of shape 224 x 224 x 3 (representing respectively rows, columns and channels
of the resized image data) and the additional feature vector:

fi f2 oo J7

If the four slices are each processed by a ResNet, the feature vector will be
used as input for a simple MLP (multilayer perceptron) which will perform a
simple binary classification with respect to the pCR prefix. Also in this case the
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features extracted from this branch are concatenated with the others, before the
aggregated output of all the branches. A graph of this additional branch can be
seen in Figure 5.3, the features are concatenated in the same level where those
extracted from the other branches using ResNets are concatenated.

aput: | [(% 14)]
oufput: | [(7. 14)]

Features_imput: InputLayer
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it {2 14)

dense Dense

output: | {7, 28)
et —-—-—'—""'_'_'_—._'_H_FH_F \
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Figure 5.3: The axuiliary Features branch plot. The last fully connected layer is
used for the task-specific prediction. The features extracted by the previous fully
connceted layer are concatenated with the ones extracted by the 4 ResNets.

5.5 Grad-CAM

Finally, Grad-CAM is used to aid understanding of the choices made by the
architecture during learning. Grad-CAM, developed by RR Selvaraju et al. [72],
produces a gradient-weighted localization map, highlighting the most important
regions of the image, decisive for the final choice in the classification task performed.
This can be especially useful given the use of full slices. In this way, it is possible
to test whether the architecture can independently focus its attention on the area
containing the lesion, without any bounding box previously selected by a radiologist.

5.6 Experimental Settings

5.6.1 Axial Resampling

The first preliminary step was, starting from the index slices identified, to resample
the entire dataset composed of MRI slices (in .dicom format) into the axial plane.
The original sequences are in fact presented with different spatial orientations (axial,
coronal, sagittal) and with the aim of having input data as uniform as possible, the
choice fell on the axial plane, often considered as the easiest to use in the training
phase of a neural network.

The operation was performed by working on the starting .dicom files and exploit-
ing the attributes contained in them, in particular the fields ImagePositionPatient,
ImageOrientationPatient, and PizxelSpacing were suitably modified to perform a
resampling in the axial plane that did not lose any information.
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DCE_peak_fold1

Figure 5.4: The Grad-CAM activation map for a slice of the DCE peak sub-
sequence. The architecture seems to focus on the area of the lesion to make its
decision

Figure 5.5: Example of coronal (left) to axial (right) resampling, computed for
the same DCE-MRI index slice.

5.6.2 Resizing and Normalization

To achieve maximum compatibility with the pretrained ResNet50, all slices are
resized to a fixed size of 224 x 224 x 3 with the gray-scale image repeated three
times in the RGB channel for all sub-sequences, except in the case of the DCE-MRI
3-Time-Points. In this specific case three slices were selected from DCE-MRI
sequences of the same study, but in three precise time instants according to the
"Three Time Points" approach: t, pre-contrast, t; approximately two minutes after
CA injection and t, approximately six minutes after CA injection. Each of these
slices constitutes an RGB channel of the input image.

Given the heterogeneity of the input, with different sequences acquired by
scans using different parameters, some signal normalization is necessary. As a
pre-processing step, Z-Score Normalization is applied sample-wise. The distribution
mean and standard deviation is calculated for each feature. Then, the mean is
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subtracted from each feature and this value is divided by the standard deviation:

Z =%
g

5.6.3 Data-augmentation

Considering the limitations of available data, data augmentation plays a key role
in increasing training data.

By processing at an image level, data augmentation can be performed with elastic
transformations as well as intensity variations. Specifically, given the symmetry
of the breast lesion, a flip on the vertical axis is performed. Changes in signal
intensity, and affine transformations are also executed.

In detail, the values used by the Data Generator used to perform the data
augmentation are:

o Vertical flip = True
e Zoom in/out from the original image with a random value of max 0.3

 Brightness range (to change signal intensity) with a random value between
0.3 and 5

o Shear range (to perform an affine transformation) with a random value of max
0.3

Figure 5.6: Data augmentation examples generated from a DCE-MRI peak slice

5.6.4 Input Slices

A very important parameter that can be set concerns the number of slices considered
for each input scan. In fact, the index slice is always included but there is the
possibility of adding more slices starting from it. For example, by setting the
parameter slices = 3, in addition to the index slice the three immediately following
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slices will be included as well as the three immediately preceding ones, bringing
the total number to 7. The optimal value recorded is around 3: a lower number
reduces excessively the information available to the model in the learning phase,
and a higher number introduces an excessive number of slices where the lesion is
not sufficiently visible, thus adding only noise.

5.6.5 Hyperparameters

The optimal number for batch size found in the experiments was 12, the learning
rate 0.0001.

An adaptive learning rate strategy is also applied, with the learning rate being
reduced by an order of magnitude when the loss on the validation set is in a
plateaus. This evaluation is computed every 5 epochs.

The initial number of epochs is set at 100, however during the experiments the
ideal number of epochs to use for effective model training without over-fitting was
noted to be 15. A checkpoint containing model weights is saved after each batch if
improvements are measured.

Alternatively, an "early stopping" strategy can be used, where the training is
stopped earlier when no more improvements are found in the loss term of the
validation set. In this case, at the end of training the weights of the model that
reported the best results are loaded before the final prediction. However, in
reporting performance, the choice made was to consider experiments using a fixed
number of epochs so that the results are not overly based on validation folds.

To further counteract over-fitting, a very likely risk given the large number of
parameters present in the architecture and the nature of the dataset, L2 regulariza-
tion with a = 0.0001 is applied to the convolutional layers of ResNet50, as well as
dropout of 0.5 applied to the vector of concatenated features. Before the output
layer for pCR prediction, a fully connected layer with 128 neurons is added, making
use of relu as an activation function.

A summary of the hyper-parameters tested and the optimal values chosen can
be seen in Table 5.1.

5.6.6 Loss Function

The model is trained in a end-to-end manner using binary cross-entropy as a loss
function. Since the model produces multiple outputs, one for the pCR and one for
each of the included sub-sequences (plus the optional hand-crafted features branch),
the overall loss function takes into account all of these instances, each specifically
weighted with a 7 index. The main goal is obviously to predict the pCR, whose
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weight will therefore be 1; the optimal measured ~ value for sub-sequences is 0.2.

K
Loss = Losspcr + Z v Lossy,
k=1

A further loss function tested, given its affinity with the type of dataset used, is
the focal loss. Originally proposed by Lin et al. [73] for Dense Object Detection,
the focal loss can be considered as an extension of the cross-entropy loss function
that would down-weight easy examples and focus on training on hard negatives.
It is a dynamically scaled cross entropy loss, where the scaling factor decays to
zero as confidence in the correct class increases. This can address the issue of the
class imbalance problem, represented in the dataset by the larger number of slices
belonging to patients who did not achieve pCR.

Lfocal = _at<1 - pt)’y log<pt)

with v > 0 tunable focusing parameter and

e, ify=1
4= {1 — «, otherwise (5-1)

and « value between 0 and 1 used to balance the positive labeled samples and
negative labeled samples.

5.6.7 Cross-validation

The dataset is split at the patient level in a 8/2 manner for training and validation.
To overcome over-fitting, 4-fold cross-validation was used. In each split, the ratio
of patients who achieved pCR to those who did not is kept as homogeneous as
possible with the original distribution of the dataset. All lesions from the same
patient were kept together in the same fold in order to eliminate the impact of
using correlated lesions for both training and testing.

5.6.8 Evaluation Metrics

The evaluation metrics used are binary accuracy and AUC. In particular, the choice
to use the Area Under Curve of the Receiver Operating Characteristic is due to the
fact that the ROC Curve summarizes the trade-off between the true positive rate
and false positive rate for a predictive model using different probability thresholds.
This is particularly useful for a dataset that presents a class unbalance like the one
analyzed, in fact the chance of a high number of false negatives raises a problem
that is not sufficiently emphasized by a metric such as accuracy. These metrics are
computed for each fold, and an average one is used as a final result.
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The prediction is done for each slice, then a majority voting scheme is applied
to obtain the result per patient, based on the diagnosis made for the slices of its
sub-sequences.

Parameter Tested values Optimal values
Slices 0,1,2,3,4,5 3

Batch size 6, 8, 12 12

Learning rate 0.1, 0.001, 0.0001, 0.0005 0.0001

L2 regularization 0.1, 0.001, 0.0001 0.0001

Dropout rate 0.4, 0.5, 0.6, 0.7, 0.8 0.5

Momentum rate 0.8, 0.9, 0.99 0.9

Table 5.1: Tested and optimal values of the used parameters.
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Chapter 6
Experimental Results

In order to fully understand the results obtained from the proposed architecture
and to make a correct comparison with other solutions, it is important to remember
the previously exposed characteristics of the dataset. In particular, the use as input
of index slices (i.e. complete slices extracted from the single MRI slices) and not of
ROI (i.e. an annotated area containing only the lesion) has a decisive impact both
on the performance of the network and on the architectural choices made on it.
Different configurations of the architecture were tested, taking advantage of
its multi-branch nature, and thus trying to underline its strengths in the use of
multi-task learning to exploit the multi-parametric nature of the MRI dataset.

6.1 Settings

6.1.1 Hardware and Software

The models were run on a Linux Shared-Memory Cluster using a Intel Xeon E5-2680
v3 2.50 GHz with 12 cores as CPU and a nVidia Tesla K40 (12 GB) with 2880
cuda cores as GPU.

The architecture was constructed using Python (V3.7.6) based on Keras (V2.3.1)
with TensorFlow (V2.1.0).

6.1.2 Performance Measures and Experimental Method

For the binary classification problem regarding treatment response to NAC therapy,
with label 0 assigned to slices from patients who achieved pCR and label 1 assigned
to slices from patients who did not achieve pCR (i.e. with RCB score other than
0), the following basic measures were assessed:
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 True Positives (TP): number of samples in the no-pCR class that are correctly
classified.

» True Negatives (TN): number of samples in the pCR class that are correctly
classified.

« False Positives (FP): number of samples in the pCR class that are incorrectly
classified.

« False Negatives (FN): number of samples in the no-pCR class that are incor-
rectly classified.

From these, the following measures considered important for assessing classifica-
tion performance on this dataset were calculated:

o Accuracy: measures the percentage of correctly classified instances.

_ TP+TN
Ace = Tp N PPYEN
o Sensitivity: also known as True Positive Rate, measures the proportion of
positives (no-pCR) that are correctly identified.

TP
Se = TP+FN

o Specificity: also known as True Negative Rate, measures the proportion of
negatives (pCR) that are correctly identified.

TN

Spe = TN+FP

The operating point for the calculation of these parameters is left at 0.5

Finally, the main indicator used to assess performance is calculated from the
Receiver Operating Characteristic (ROC) curve, using the Area Under the ROC
Curve (AUC).

6.2 Experiments

The model used below as a baseline has the following architectural features: all four
branches are included, thus processing the DWI, T2, DCE_ peak and DCE_ 3TP
sub-sequences, each of which is extracted from both the pre-NAC and post-NAC
studies.

The slices parameter is set to 3, i.e. a total of 6 slices plus the index slice for
each sequence. As each of the four folds consists of 28 patients for training and 9
for validation, the total number of slices used as input for each of the branches will
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be 196 for training (repeated twice, the first time using pre-NAC slices and the
second time using post-NAC slices) and 63 for validation.

The epochs are set to 15, batch size is 12, learning rate is equal to 0.0001, as is
the L2 regularization, and a dropout value of 0.5 is applied to the concatenated
features vector before the last FC layer with 128 neurons. The loss function used
is the binary cross-entropy, with a weight of 1 assigned to the task specific loss
regarding pCR prediction using the features extracted from all the branches and a
weight of 0.2 to each loss regarding the pCR prediction task using only one specific
sub-sequence. A class weight argument was also used in the training phase, giving
a higher weight to the class in the minority in the dataset, i.e. pCR, in order to
decrease the number of false positives.

Branch Input Slices (Training) Input Slices (Validation)

- (196, 224, 224, 3) (63, 224, 224, 3)
(196, 224, 224, 3) (63, 224, 224, 3)
9 (196, 224, 224, 3) (63, 224, 224, 3)
(196, 224, 224, 3) (63, 224, 224, 3)
(196, 224, 224, 3) (63, 224, 224, 3)
DCE_peak (196, 224, 224, 3) (63, 224, 224, 3)
(196, 224, 224, 3) (63, 224, 224, 3)
bCE_3TP (196, 224, 224, 3) (63, 224, 224, 3)

Table 6.1: Branches used with their inputs. Each branch will have as input two
arrays (one pre-NAC and one post-NAC) composed of 196 or 63 slices (for training
or validation) resized to 224x224x3.

The results obtained with this configuration achieve a mean AUC value (calcu-
lated on the 4 folds) of 0.90 for the classification of the single slice, and of 0.91 for
the classification at patient level.

Sub-sequences AUC Acc (%) Se (%) Spe (%)
DWI, DCE_ peak
T2, DCE_3TP

0.90  85.3 86.3 82.7

Table 6.2: Mean 4-fold classification, performance for pCR at slice level.

Sub-sequences AUC Acc (%) Se (%) Spe (%)
DWI, DCE_ peak
T2, DCE_3TP

0.91 86.1 89.3 79.2

Table 6.3: Mean 4-fold classification, performance for pCR at patient level.
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It is interesting to note that the performance for the 'final’ classification task,
using features extracted from all sub-sequences, is always clearly better than that
of the single sub-sequence tasks, also and above all due to the greater weight given
to its loss in the network training phase, the weights of which will be updated
accordingly. It remains however a first suggestion towards the better performance
of an ensamble model with respect to the use of single sub-sequences.

Sub-sequence AUC Acc (%) Se (%) Spe (%)

DWI 0.69  55.6 23.3 66.7
T2 0.60  54.0 53.1 60.1
DCE_ peak 0.65 62.3 63.2 96.5
DCE_3TP 0.78 71.8 87.6 29.2

Table 6.4: Mean 4-fold classification, performance for pCR at slice level for single
sub-sequence tasks.

The full model also records, as one would expect, varying performances on
individual folds. Each fold is in fact made up of several patients, which already
introduces a certain diversity, and is in addition composed of full slices that are
often profoundly different depending on the protocol used and the location of the
breast or lesion.

Fold AUC Acc (%) Se (%) Spe (%)

Fold1 1 96.8 95.2 100
Fold 2 0.96 88.9 92.9 81.0
Fold 3 097  81.0 75.5 100
Fold 4 0.69 74.6 81.6 50.0

Table 6.5: Classification performance for pCR at slice level, for single fold.
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Figure 6.1: Plot of loss and AUC for each epoch, Fold 1 and Fold 2. The value of
the loss functions, both for training and validation, is equal to the weighted sum of
the individual loss terms for each task. It can be seen that training and validation
loss, in blue and green respectively, decrease towards optimal values as the epochs
pass, with the training loss being much faster in this descent which risks leading to
overfitting. A trend inversely proportional to the latter occurs instead in the AUC
value recorded, with the value recorded for training soon stable on 1 and that of
validation more oscillating. 43
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Figure 6.2: Plot of loss and AUC for each epoch, Fold 3 and Fold 4. It can
be seen that in Fold 4, which performed worst in the reported experiment, the
validation loss decreases in the first few epochs and then increases steadily, thus
compromising the AUC value recorded on this fold.
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Figure 6.3: ROC plot for pCR at slice level, for each single fold. The architecture’s
excellent performance is confirmed in 3 out of 4 folds, with AUC values of 1, 0.96,
0.97 and 0.69 respectively.

The graphs summarise the performance of the model using all sub-sequences for
each individual fold, showing the loss and AUC trends for training and validation,
the ROC curve and the Grad-CAM activation map respectively.
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Dwi

DCE - peak

DCE - 3TP

DCE-3TP

Figure 6.4: Grad-CAM activation map focusing on the results obtained for both
a patient who has achieved pCR and a patient who has not. Even though the
architecture is based on full slices without any manually drawn bounding boxes, it
is able to detect the tumour.

The results obtained, which can be visualised and more easily interpreted using
Grad-CAM, show that the architecture is able to focus its attention on the lesion,
while using full slices as input without any supporting prior knowledge. It is
interesting to note that the area of greatest importance for decision making does
not only include the tumour, but also a large portion of the surrounding tissue,
suggesting that this may be of some importance in correctly performing treatment
response prediction.

This result is in line with both the purely medical literature, which emphasises
that the area surrounding the lesion contains important information especially
about lymph nodes, and the recent literature using Deep Learning for this task, as
in the case of the already mentioned El Adoui et al. [59] study.
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Figure 6.5: Grad-CAM activation map for different patients, highlighting the
great heterogeneity of the input full slices and the ability of the network to focus
on the lesion and surrounding tissue.
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6.2.1 Experiment with Features-Branch

The architecture, with the same parameters, was tested with the addition of the
extra branch using hand-crafted features. The vector composed of the 14 extracted
features, 7 for the pre-NAC and 7 for the post-NAC studies, used as input for the
branch using the MLP to perform a further classification task on the pCR, however,
worsened the overall results of the architecture. The reduced number of available
features, extracted at patient level and repeated for each respective slice, and the
insignificant number of optimisable parameters in the relative branch compared to
those of the ResNet used at image level, are probably the cause of the negative
influence of this sub-task.

The mean AUC over the four folds is 0.87 at the slice level and 0.88 at the
patient level.

Sub-sequences AUC Acc (%) Se (%) Spe (%)
DWI, DCE_ peak

T2, DCE_3TP, 0.87  75.0 84.7 56.0
Features-Branch

Table 6.6: Mean 4-fold classification with features-branch, performance for pCR
at slice level.

Sub-sequences AUC Acc (%) Se (%) Spe (%)
DWI, DCE_ peak

T2, DCE_3TP, 0.88  77.8 85.7 62.5
Features-Branch

Table 6.7: Mean 4-fold classification with features-branch, performance for pCR
at patient level.

6.2.2 Experiment without Class-Weigh
and with Focal Loss

Correctly training the architecture by appropriately addressing the imbalance of
data available for the two classes is one of the crucial steps. To this end, an
experiment was performed without the "class weight" parameter in order to verify
whether its use actually improves performance, and finally an experiment using a
loss function that intrinsically deals with this imbalance: the focal loss.

In both cases, performance did not improve with respect to the baseline model
described above.

48



Experimental Results

In the case of the experiment without class weight, it can be seen that the
specificity drops dramatically, indicating that the model tends to incorrectly classify
negative (pCR) slices as positive (no-pCR achieved) as the latter are in the majority
for training, thus negatively affecting the correct setting of the weights. This
suggests that the class weight parameter does bring benefits.

Sub-sequences AUC Acc (%) Se (%) Spe (%)

DWL DCEipeak
T2, DCE_3TP 0.89  86.5 93.1 41.7

Table 6.8: Mean 4-fold classification without class-weight, performance for pCR
at slice level.

The focal loss instead, while useful, is not entirely suitable for this dataset (it
was designed for datasets with much greater imbalances of the order of 1:1000).

Sub-sequences AUC Acc (%) Se (%) Spe (%)

DWL DCEipeak
T2, DCE_sTp 082 750 85.8 6.8

Table 6.9: Mean 4-fold classification with focal loss, performance for pCR at slice
level.

6.2.3 Experiment with different Slices

The number of slices to be included as input obviously has a great impact on the
capacity of the network. As already reported, the ideal number has been identified
as 3, i.e. the inclusion of three slices before and three slices after the index slice.
A lower number incorporates too little information, a higher number uses slices
where the lesion begins to be too little visible, thus adding noise.

Sub-sequences  Slices AUC Acc (%) Se (%) Spe (%)
DWI, DCE_ peak

DWL, DCE_peak
T2, DCE_3TP 0.87  67.3 60.0  82.4

Table 6.10: Mean 4-fold classification with different slice parameter, performance
for pCR at slice level.
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6.2.4 Experiments with different Branches

The fundamental concept of the proposed architecture is obviously its use of
different branches, creating a multi-input ensemble learning model. Experiments
were therefore carried out using only certain branches, in order to verify the
variation of performance as they changed.

pre-NAC or post-NAC Only

A first attempt was made to test the network using as input only slices from
sub-sequences belonging either to pre-NAC or post-NAC studies, and not both
simultaneously as in the baseline model.

Each of the four ResNets will then be used exclusively to extract features from
a single input array, instead of two (with weight sharing). The results are in
line with what reported in the literature, with both models, pre-NAC only and
post-NAC only, having considerably poorer performance than the model using
both. In particular, performance was extremely poor in the pre-NAC only model,
suggesting that information from full slices belonging to MRI studies prior to the
start of neoadjuvant therapy is insufficient to predict treatment response.

Sub-sequences MRI Study AUC Acc (%) Se (%) Spe (%)
DWI, DCE_ peak

T2. DCE 3TP re-NAC 0.77  63.5 72.9 47.0
?%35%;’;&1‘ post-NAC ~ 0.86  78.2 80.1 518

Table 6.11: Mean 4-fold classification with different MRI studies, performance
for pCR at slice level.

Two Branches and Three Branches

The architecture was tested by trying out the various possible pairs of sub-sequences,
thus having as tasks the two predictions related to the specific sub-sequences used
and the prediction of the pCR carried out by exploiting the features extracted from
both branches. It is important to note that the number of slices used as input
for the single ResNet is the same as the baseline model, it is only the number of
ResNet itself that varies, and therefore the length of the feature vector used to
make the final prediction.
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Sub-sequences AUC Acc (%) Se (%) Spe (%)
DWI - DCE peak 0.85 75.4 79.9 68.5
DWI - T2 0.76 65.0 63.5 72.6
DWI - DCE 3TP 0.84 76.2 91.8 39.3
T2 - DCE peak 0.80 74.6 79.8 62.5
T2 - DCE 3TP 0.77 75.8 94.8 26.8
DCE peak - DCE 3TP 0.83 77.4 86.7 56.0

Table 6.12: Mean 4-fold classification using only two sub-sequences, performance
for pCR at slice level.

It is interesting to note that in all cases the performance is worse than in the
model using all sub-sequences simultaneously. In particular, AUC and specificity
are particularly affected by the use of only two branches. This result suggests that
features extracted from all four sub-sequences are necessary to perform a correct
classification, with the information contained in one of them possibly being key for
the patients contained in a given fold.

The use of all the information available in the mpMRI dataset is therefore key
to the construction and training of a network capable of effectively generalising on
such a small ad heterogeneous dataset composed of full slices.

The same experiment was carried out with only three branches active at the
same time:

Sub-sequences AUC Acc (%) Se (%) Spe (%)
DWI - DCE peak - T2 0.84 74.6 76.0 73.2
DWTI - DCE peak - DCE 3TP 0.83 75.8 88.8 45.8
DCE peak - DCE 3TP - T2 0.82 76.9 86.8 51.2
DCE peak - DCE 3TP - DWI 0.84 77.0 91.3 42.9

Table 6.13: Mean 4-fold classification using only three sub-sequences, performance
for pCR at slice level.

The addition of a third branch makes the results more consistent in terms of
AUC and specificity, but they are still lower than in the model using all four
sub-sequences.
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Chapter 7

Discussion and Future
Developments

The results obtained from the proposed architecture are in line with those of
other state-of-the-art studies dealing with treatment response prediction for NAC
therapy, and even with some discrepancies due to the different datasets used and
different architectural choices seem to confirm several assumptions made in the
recent literature.

7.1 Discussion and Comparison

It is useful to recall once again the starting point from which these results were
obtained, i.e. the dataset used, which is often one of the obstacles to making an
objective comparison in terms of pure numbers with other studies on the same
subject. The dataset used does not have a large number of patients and has
a large number of different and heterogeneous sequences. However, this latter
element embodied in the multi-parametric nature of the MRI studies was used as
the major source of information and innovation in the implemented architecture.
The substantial difference with the other Deep Learning studies considered is
represented by the use of full slices as input, i.e. the whole acquired image of the
breast area and not ROIs previously extracted from radiologists or already labelled
data. Having to learn from such raw and diverse data, not very large in number,
represents the biggest challenge of the model implemented.

In the light of these considerations, the first and perhaps most natural comparison
to be made in terms of results is with the study by Tahmassebi et al. [60], carried
out on the same dataset but without directly using the images as input, but rather
quantitative and qualitative features extracted from them and used for traditional
machine learning methods. Using XGBoost as a classifier, the AUC value recorded
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was 0.86, using features extracted from all the different sequences available in the
dataset, some of which were obtained by comparing the post-NAC study with the
pre-NAC study. The architecture proposed in this thesis, with the values considered
as baseline (obtained from the best configuration) of AUC: 0.90, Accuracy: 81.7,
Sensitivity: 81.4, Specificity: 82.7, shows a better performance. This confirms
an assumption that is almost taken for granted in the literature, namely that
Deep Learning models have the ability to outperform traditional machine learning
algorithms. In addition, Thambassemi et al. state that hand-crafted features
extracted from all types of sequences (DCE, DWI, T2) were necessary to obtain
good results. This is also confirmed by the proposed architecture, but in terms of
input images, showing better results using all four identified sub-sequences and
thus underlining the potential of an mpMRI dataset.

Network Dataset (MRI Patients) | MRI Sequences Used | Input Type Architecture Performance
Tahmassebi et al. [60] | 37 DCE, DWI, T2 Qualitative/quantitative features | XGBoost AUC: 0.86
Proposed Architecture | 37 DCE, DWI, T2 Full slices Multi-task ensemble learning model | AUC: 0.90

Table 7.1: Comparison of the proposed architecture with the baseline study.

A first study using an end-to-end neural network to perform feature extraction
that can be used as a comparison is that of Ravichandran et al. [53]. Although the
dataset has a large number of 166 patients, the input consists of simple patches
extracted from DCE-MRI index slices. The only study that is considered at all is
the pre-NAC one, obtaining with a fairly simple architecture an AUC value: 0.77.
The architecture proposed in this thesis obtains the same AUC using only pre-NAC
studies, a value that increases considerably in the case of post-NAC studies and
further when both are used simultaneously.

Network Dataset (MRI Patients) | MRI Sequences Used Input Type Architecture Performance
Ravichandran et al. [53] 166 DCE (pre-treatment only) Patches from index slice | CNN with 6 blocks AUC: 0.77
Proposed Architecture (pre-NAC) | 37 DCE, DWI, T2 (pre-treatment only) | Full slices Multi-task ensemble learning model | AUC: 0.77
Proposed Architecture 37 DCE, DWI, T2 Full slices Multi-task ensemble learning model | AUC: 0.90

Table 7.2: Comparison of the proposed architecture with the pre-NAC only study.

The importance of both studies is widely shared in the most recent literature
although considerable results were also obtained only from images taken before the
start of therapy, as in the case of Ha et al. [52]. In the latter case the accuracy
achieved was 88% on a dataset of 141 patients from which 3107 volumetric slices
of the lesion were extracted by an experienced radiologist and given as input to a
VGG16-like architecture. The architecture developed in this thesis, in order to be
able to stand comparison with such a dataset, must use the results coming from
the experiments conducted to the maximum of its potential, that is with both pre-
and post-NAC studies, obtaining a similar accuracy of 85.3%, but being able to
count on less data and above all not previously processed by radiologists except for
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the identification of the index slice.

A more direct comparison can be made with the studies of El Adoui et
al. [54], [55], [59]. These studies in fact introduce the idea of a multi-branch
architecture capable of considering and processing both pre-NAC and post-NAC
studies. They also use a dataset comparable in size (42 patients) to the one used in
this thesis (37 patients), but working with ROIs extracted around the lesion rather
than a full slice.

In [54] an architecture using two distinct VGG-like blocks independently pro-
cesses ROIs extracted and recorded from the two available studies, concatenating
the extracted features before making the prediction. The AUC value recorded in
the best performing model is 0.96 (obtained using 25% of the data as validation
set, not specified if in k-fold cross-validation). In [55] the branches of the previous
architecture are tripled, going to process separately ROIs extracted from axial,
transversal and coronal slices, thus focusing on features extracted from all spatial
dimensions of the DCE-MRI dataset. In this case the best recorded AUC is 0.92.

More interesting is the comparison with [59], where the same dataset of 42
patients used previously is expanded with 14 new studies used for validation.
Again, the volume of interest containing the lesion is first extracted from axial
DCE-MRI slices and used as input for an architecture that has two branches to
independently analyse pre- and post-NAC before concatenation. The best result
was recorded when the input, in addition to the lesion, also contained the immediate
surrounding region, with a final AUC of 0.92, sensitivity of 92.2 and specificity of
79.1. Also in this study Grad-CAM is used, showing that for a correct prediction
the network considers important not only the lesion but also the surrounding
area. The architecture developed in this thesis is very similar in performance and,
although based on full slices, it seems to confirm that other areas of surrounding
tissue in addition to the lesion itself are indeed important according to Grad-CAM.

Network Dataset (MRI Patients) MRI Sequences Used | Input Type | Architecture Performance
El Adoui et al. [54] 42 DCE ROI crops VGGNet-like AUC: 0.96
El Adoui et al. [55] 42 DCE ROI crops VGGNet-like AUC: 0.92
El Adoui et al. [59] 42 + 14 external for validation | DCE, DWI VOI crops Custom Multi-input CNN AUC: 0.91
Proposed Architecture | 37 DCE, DWI, T2 Full slices Multi-task ensemble learning model | AUC: 0.90

Table 7.3: Characteristics and classification performance with other studies.

Network Input Type | AUC | Accuracy | Sensitivity | Specificity
El Adoui et al. [59] VOI crops 091 |88 92.2 79.1
Proposed Architecture | Full slices 0.90 81.7 81.4 82.7

Table 7.4: Characteristics and classification performance with El Adoui et al. [59].

The impressive results obtained by Qu et al. [58] deserve a special mention:
on a dataset using manually segmented lesions extracted from 244 patients for
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training and 58 for validation, they obtained results of AUC: 0.97, sensitivity: 96,
specificity: 100. The study proposes a multi-branch architecture that uses as input
six lesions extracted from different time instants from the pre-NAC study and
another six from the post-NAC study, before concatenating the extracted features
for the final prediction. In addition to the values recorded, the study also states
that the combined use of both studies for NAC treatment prediction is important,
recording much lower values using only pre-NAC slices and good but not great
results with post-NAC slices. This result also occurs in the proposed architecture.

In conclusion, no other studies in the field of treatment response prediction
to NAC therapy have been found to date that make intensive use of the various
information contained in different sequences of a multi-parameter MRI dataset, and
in general the use of full slices is normally avoided in the literature, preferring an
input with less noise but obtainable only through previous processing or through
the work of a radiologist.

In spite of this, the performances recorded are in line with those reported in the
other studies considered, behaving according to the most accredited hypotheses
in this field and above all demonstrating the potential of an architecture that can
still be developed in the future.

7.2 Limitations of the Study

The most obvious limitation to the results of the proposed architecture is due to
the small number of patients available in the dataset. In addition to the usual
difficulties in the field of medical imaging to obtain organised and structured
data, participation in a study aiming at detecting treatment response requires
an additional MRI study (the one after two cycles of NAC) to which the patient
willing to participate must agree to undergo. Testing the architecture on a larger
and more diverse dataset can provide a much more effective measure of the real
capabilities of the network.

Furthermore, although the study minimised inter-observer and intra-observer
variability by using human input only for the simple task of identifying the index
slice, it uses the entire extracted slice as input. This, in addition to the various
difficulties explained above, makes the imaging protocol used much more incisive
(compared to using a ROI of the lesion as input). It would therefore be useful to
test the architecture using mpMRI studies applying other acquisition protocols,
possibly acquired in other centres, thus overcoming the retrospective and single
centre nature of the study.

A prospective and multi-center study may help in the construction of a model
capable of effective generalisation in predicting treatment response for NAC therapy,
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adapting to different clinical situations.

7.3 Future Developments

The potential shown by this architecture, despite the non-optimal conditions of
the dataset, demonstrates the possibility of further developments related to the
proposed solutions. If, on the one hand, it would be desirable to resolve the
limitations highlighted above, on the other hand, even with the current conditions
it could be possible to develop new ideas linked to the progress of Deep Learning
techniques.

Sophisticated and increasingly used techniques such as generative adversarial
networks could be used to produce synthetic inputs and thus artificially increase
the number of data available for training, with the added possibility of balancing
the minority class (patients achieving pCR). But other more immediate and less
performance-intensive approaches can also be explored, exploiting the multi-task
nature of the network. The features already extracted in the baseline study could be
used to add further tasks related to them, asupicably increasing the generalisation
capabilities of the architecture, with a trend in the literature that sees excellent
results when Deep Learning techniques are combined with a priori knowledge
extracted by qualified personnel.

In addition, the most important "building blocks" of the network consisting of
the ResNet50s pre-trained on ImageNet could be made more efficient by improving
their ability to process medical images, using for example the Deep Colorization
approach proposed by Morra, Piano et al. [74] that by transforming input slices
into RGB helps the transfered learning component of the architecture to process
data more compliant with those on which it was trained.
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Conclusions

The use of computer-aided systems in the medical field is an increasingly concrete
and not negligible reality, and the pervasiveness of data-driven applications in
every sector, whether academic, industrial or simply everyday, suggests that these
tools will be even more decisive in the future. The parallel development, aided by
adequate technological support, of techniques and approaches capable of exploiting
this data, offers more and more solutions to be explored: the use of Deep Learning
architectures to analyse breast cancer MRIs is certainly one of them, as highlighted
by the important role it plays in the most recent literature.

Among the possible uses in the development of a detection and classification
system, ranging from segmentation to distinguishing a lesion between malignant
and benign, treatment response prediction is particularly important. Having a
rapid response on the efficacy of neoadjuvant chemotherapy can prevent the patient
from unnecessarily undergoing the wrong treatment, allowing more effective ones
to be chosen. The architecture developed in this thesis aims to accomplish this
task, being designed after a careful analysis of other state-of-the-art models used
for this purpose and trying to solve the characteristic problems of this specific field
using the most advanced Deep Learning techniques.

The multi-task ensemble learning model created succeeds in making the most of
the information contained in a multi-parameter MRI dataset, yielding promising
results in line with the most accredited studies in this field. To the best of our
knowledge, the proposed architecture is the first to separately analyse different
MRI acquisition modes, pre-NAC and post-NAC, starting from an input composed
of full slices. These results, which can still be further developed, are achieved by
limiting the need for prior knowledge and intervention on the dataset, trying to
provide an approach capable of generalising as much as possible in a field which
unfortunately still lacks a certain degree of standardization with regard to the data
used, and are intended as a further aid in carrying out such a critical clinical task.
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