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Abstract Population-based breast cancer screening programmes are efficacious in reducing the
mortality due to breast cancer. These programmes use mammography to screen the women who
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are invited to participate. Digital mammography makes it possible to develop computer-assisted
diagnosis (CAD) systems that promise to reduce the workload of radiologists participating in
screening programmes. However, various studies have shown that CAD results in a high rate of
false positive diagnoses. Systems based on artificial intelligence are being more widely imple-
mented, and studies have shown that these systems have better diagnostic performance than
traditional CAD systems.

This article explains the fundamentals of artificial intelligence systems and an overview
of possible applications of these systems within the framework of breast cancer screening
programmes.
© 2020 SERAM. Published by Elsevier Espana, S.L.U. All rights reserved.

¢Son los sistemas de inteligencia artificial una herramienta atil para los programas de
cribado de cancer de mama?

Resumen Los programas poblacionales de deteccion precoz del cancer de mama (PDPCM) con-
tribuyen eficazmente a la reduccion de la mortalidad debida a esta patologia. Estos programas
usan la mamografia para el seguimiento de las mujeres invitadas a participar. La mamografia
digital posibilitd el desarrollo de sistemas de diagnostico asistido por ordenador (CAD) con
importantes expectativas para reducir la carga de trabajo de los radiologos participantes en
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dichos programas. Distintas investigaciones evidenciaron la obtencién de un nimero importante
de falsos positivos con los CAD. La creciente implementacion de sistemas basados en inteligencia
artificial ha propiciado el desarrollo de investigaciones sobre su rendimiento en mamografia
que muestran su superioridad frente a los CAD tradicionales. En este articulo se describen los
fundamentos de los sistemas de inteligencia artificial y se aporta una panoramica de sus posibles
aplicaciones en el marco de los programas de cribado de mama.

© 2020 SERAM. Publicado por Elsevier Espana, S.L.U. Todos los derechos reservados.

Introduction

Breast cancer is the most common malignant tumour among
women with an annual incidence of more than 2 million cases
worldwide and a mortality rate of 30%." In Spain, it is esti-
mated that there were 32,800 new cases in 2020, with a
mortality rate of 19.5%. Early detection of breast cancer is
vital for reducing mortality>* and improving the prognosis
and quality of life of women after treatment. Breast cancer
screening or early detection programmes (BCEDPs) aimed
at asymptomatic women have been organised in most coun-
tries for decades.*> Mammography is the diagnostic test on
which these programmes are based due to its high sensitiv-
ity for cancer detection, as well as its adequate cost-benefit
balance. The target population for most BCEDPs are women
aged between 50 and 69 years and this population is usually
screened every 2 years, in most cases with two mammo-
grams per breast. The effectiveness of BCEDPs is limited by
various factors, with the main one being the use of a 2D
technique, such as a mammography, that results in tissue
overlap and reduces detection capacity.®-® Other signifi-
cant factors are the high workload due to the high number
of mammographies (the majority normal) and the double
reading procedure.’ This procedure, adopted to increase
the cancer detection rate, has recently been hampered by
the growing shortage of radiologists.'”'" These limitations
influence, among other things, the rate of interval can-
cers (cancers diagnosed symptomatically after a negative
screening test and before the next round of screening).
According to the studies, these cancers affect approximately
2 per 1000 screenings in European BCEDPs.” The use of
breast tomosynthesis has led to a notable increase in the
breast cancer detection rate.'>'* However, its inclusion in
BCEDPs has been questioned as it increases the workload
and reading time."'®*Computer-aided detection (CAD) sys-
tems first appeared in the 1990s as a diagnostic support tool
for mammography. These systems automatically process the
images and highlight the areas considered suspicious (Fig. 1)
to reduce the number of lesions that are not visualised.
There are two categories of CAD algorithms: those used to
detect the presence of a lesion and those that also indicate
whether the lesion is benign or malignant. In both cases,
the algorithms ‘‘search’’ the image for characteristics spe-
cific to the lesions previously defined by the radiologists.
The main drawback of CAD systems is their moderate speci-
ficity, meaning they mark a lot of areas as suspicious leading
to false positives or negatives from radiologists.'’-2° Recent

developments in the field of artificial intelligence (Al) have
opened up new horizons in the field of diagnostic support
systems. The results of numerous research projects have
shown that systems based on deep learning (DL) perform
better than traditional CAD systems.

This paper aims to provide an overview of the applica-
tions of Al systems for breast cancer detection and their
roles in the context of BCEDPs. First, we look at the most
relevant basic concepts that the Al algorithms are based on.

Artificial intelligence: evolution of machine
learning techniques

Concepts such as DL and ‘‘machine learning’’ (ML) are
commonplace today in a wide range of fields, including
radiology.?’ Their use in diagnostic imaging is genuinely
revolutionary, as the significant increase in the number of
publications and scientific sessions devoted to the topic
demonstrates. Al studies the incorporation of human intel-
ligence behaviours, for example learning, in machines. The
field of Al includes, for example, robotics and ML (Fig. 2),
which is the element that gives machines with the ability to
learn a task from previous experience without needing spe-
cific programming. In contrast, DL?>2* comprises machine
learning techniques in which the algorithm learns by itself
which features of an image are the most important for per-
forming a particular task. The learning architectures that
are currently most widely used in DL are neural networks,
which are interconnected nodes that form multiple lay-
ers that mimic biological cerebral neural networks. Once
trained, the networks assign a weight to each node (image
feature) to highlight its importance to the network’s final
task (segmentation, detection, etc.).

Within the DL, convolutional neural networks (CNNs) are
a subset of algorithms based on convolution operations that
started to be used in the early 1990s.%* The first scientific
work in which a CNN applied to mammography was used was
published in 1996.% It was not until this decade that this
technique was used on a massive scale driven by the avail-
ability of a large number of digital medical images, improved
computing power and the decrease in the price of graphics
processing units.

CNNs automatically learn the combination of image fea-
tures that make it possible to perform a given task without
the need for prior knowledge or, therefore, human interven-
tion. This is the fundamental difference between CNNs and
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traditional CAD systems. CNNs trained with a large number
of cases perform much better than CAD systems and avoid
the biases associated with the use of hand-picked features.?®

Basic concepts in artificial intelligence

Within ML, two main families of algorithms are recognised:
supervised learning and unsupervised learning. In the for-
mer, a task is learned from a set of cases with a known
outcome (ground truth). In the field of radiology, these
would be images with a known label depending on the
problem being tackled: localisation of a lesion (detection),
definition of the border of the lesion (segmentation) or diag-
nosis of the lesion (classification). Unsupervised learning
models use unlabelled images that are grouped according
to some common features. The lack of a large number of
labelled images is one of the biggest current problems for
supervised learning models. This has motivated increased

Example of a traditional computer-aided diagnosis system. It automatically processes the images and displays markings
to the reader in several areas that the system considers suspicious.

Machine Learning

Classification
Regression models

models
Clustering

Deep learning

Diagram showing the areas covered by artificial intelligence. The acronym CNN stands for ‘‘convolutional neural

research into unsupervised models and the proposal of algo-
rithms that combine both paradigms. These days, there are
public databases of labelled images, with the most common
in digital mammography being INbreast?” and CBIS-DDSM.%
There are also private databases, such as OMI-DB.?° A lot of
DL architectures require an image as an input element, while
others work from fragments or regions of interest, which
enables image weights to be increased without having to
have a large computing capacity.

Supervised algorithm learning is divided into three
phases:

1. Training: the model’s parameters are optimised based on
a previously determined error that we are trying to min-
imise. The error is obtained by comparing the model’s
prediction with the actual label associated with the set
of training images.
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2. Validation: the model obtained after the training is used
to predict the labels of a second set of images. The
results obtained with this set are also used to perform an
initial validation of the model and to adjust parameters
and features to optimise the model.

3. Testing: the performance of the final model is evaluated
using a set of new, previously unseen, images. The results
of this analysis with this set of images determine the
model’s accuracy and generalisability.

The set of images used for the validation and evalua-
tion should have a distribution of cases that is as similar
as possible to the distribution of cases that the algorithm
will evaluate in its final application (images from equip-
ment from different manufacturers, proportion of cases with
lesions observed in population screening, etc.).

The smaller size of the databases in radiology is a signif-
icant problem that we try to address by increasing the set
of training images (data augmentation) by applying differ-
ent techniques. The most popular technique is deforming
the images, with rotation being the most common method.
Other techniques, such as transfer learning, use everyday
images to train the DL model by taking advantage of the exis-
tence of common features in images from different domains.
Its use in mammography has led to a slight improvement in
DL performance.*® More recently, neural networks capable
of generating synthetic images and thus enriching the train-
ing set (GANs,>" generative adversarial networks) have been
introduced.?? These networks were originally proposed as
unsupervised learning algorithms and their use has spread
to semi-supervised learning models.

CNNs process images through multiple sequential stages
known as layers, in which different mathematical proce-
dures are applied. Firstly, the images are preprocessed,
normalising their intensity to make the learning of the net-
work independent of the origin of the images (different
equipment, etc.). The next stages involve different proce-
dures; the most common are convolutions, the reduction
of dimensions (max pooling) and renormalisation (softmax),
among others. There are CNNs with different architectures
that differ in aspects such as number of layers, the activa-
tion functions, etc.

Artificial intelligence algorithms applied to
medical imaging

The lack of large public databases has limited the clinical
application of Al in medical imaging even though the current
picture archiving and communication systems (PACSs) repre-
sent a great source of information. Nevertheless, a large
number of very useful applications have been developed
for diagnostics in general and, specifically, the diagnosis of
breast pathologies.

The most popular task for Al applications is the auto-
matic detection of lesions in different imaging modalities.
This task involves locating regions in the image which have
a high probability of being lesions and being able to detect
different types of lesions, depending on the training that
the algorithm has received. It has recently been demon-
strated that CNNs can achieve the detection rates of an
average radiologist in mammography.** Once the lesion has

been detected, the CNN can classify it as malignant or
benign or identify what type of lesion it is (nodule, micro-
calcification, etc.). The classification by the CNN has the
advantage of eliminating the variability that may exist
between observers. Another of the most common appli-
cations of CNNs is tissue or lesion segment (definition of
the borders).>*3> The most popular networks for this pur-
pose are U-nets that enable the differentiation of tissues
(glandular or adipose tissue or pectoral muscle in mam-
mography images) and the calculation of the volume of a
lesion.® Image registration is used to analyse the changes
in images from the same patient taken at different times
(longitudinal registration) or taken using different imaging
modalities (multimodal registration). Trying to simulate the
way humans perceive changes in an image is a complex task
for CNNs, but the results obtained show an increase in the
speed and accuracy when performing this task.>3¢

Artificial intelligence as a tool to improve
breast cancer screening

Recent advances in Al open up possibilities that go beyond
those offered by traditional CAD systems when it comes
to supporting radiologists in mammography image reading
in BCEDPs. The objectives of Al systems are the same as
those of CAD systems: improving the detection of malig-
nant lesions, reducing interval cancers and, at the same
time, reducing the reading load. Eventually, it may be the
case that new Al systems and techniques even improve the
cost-benefit ratio of BCEDPs.*’

Performance of artificial intelligence systems in
the detection of cancer in mammography

The first question to ask is whether Al systems are suffi-
ciently accurate in detecting cancer in mammography. We
would expect them to be, given that these systems are
based on machine learning techniques and are trained with
databases that include thousands of mammography images
with a wide variety of clinical case material. Research has
shown that these systems are more accurate than traditional
CAD systems.*® Kim et al.*’ studied the performance of an
Al system using examinations from a screening population
(1200 examinations, half with cancer), obtaining a sensitiv-
ity of 76% and a specificity of 89%, which is much higher
than the values for traditional CAD systems (around 50%).
Studies in which the performance of Al systems and that of
radiologists is compared have shown a performance inferior
or similar to that of the radiologists when using enriched
samples® or screening examinations.*' More recently, stud-
ies have been published comparing the same Al system
against 14 radiologists using a sample of 240 cases (100 with
cancer)* and against 101 radiologists using a sample of 2600
cases (approximately 650 with cancer).** In both cases, the
Al system achieved a performance that was statistically sim-
ilar to that of the average of all the radiologists in terms
of the area under the curve (AUC) of the ROC (receiver
operating characteristic) curve (Fig. 3).

The success of an BCEDP depends, to a significant extent,
on the uniformity of the performance of the radiologists
involved. Al systems would reduce the notable differences
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Figure 3 ROC (receiver operating characteristics) curves
obtained in a study with 101 radiologists and 2600 cases, 650 of
them with cancer. The mean ROC curve of the 101 radiologists
(continuous line), the curve obtained with an artificial intelli-
gence system (dashed curve) and the ROC curve obtained in a
scenario where 50% of the cases were read by the artificial intel-
ligence system and the other 50% by the 101 radiologists (dotted
curve) are shown. The AUC (area under the curve) parame-
ter represents the area under the ROC curve. Courtesy of A.
Rodriguez-Ruiz.??

that exist between professionals in terms of sensitivity,
which, according to a recent study, ranges from 53% to 89%
and varies depending on the type of lesion.*?

Although the results are promising, it would still be pos-
sible to improve the performance of the Al algorithms to
reach, at least, the level of the best human reader with
an accuracy that is independent of the image quality of
the mammograms produced by equipment from different
manufacturers.“+* This requires continuous improvement
of algorithms to emulate the complex procedures that radi-
ologists follow during routine reading of mammograms, such
as comparisons with the contralateral breast and with exam-
inations from the previous round of screening.

Artificial intelligence as a support tool for
radiologists in BCEDPs

As already mentioned, traditional CAD systems perform
poorly in terms of detecting cancer due to their low speci-
ficity, and to this we have to add the absence of interaction
between the radiologist and the system, which only dis-
plays markings. Both aspects result in an inadequate tool, "
which can also generate significant problems when not used
correctly.'® The new generation of Al-based CAD systems for
mammography aims to prevent up to one third of malig-
nant lesions from going undetected* during the reading
of screening mammograms. To achieve this, in addition to
showing markings in the suspicious regions (with fewer false
positives than a traditional CAD system), some systems intro-
duce new concepts such as interactive support (Fig. 4) or a

score for the examination as a whole that indicates the level
of cancer suspicion.*2#

The first study published on the impact of the use of an Al
system with interactive support, CAD system markings and
a score for the examination as a whole on the performance
of radiologists shows an improvement in both sensitivity and
in specificity of the 14 participating radiologists with a sam-
ple of 240 cases, of which 100 had cancer.> Although the
increase in performance was moderate (3%), it should be
noted that this was independent of the radiologists’ expe-
rience. This study also showed that the reading time per
case did not increase with the Al system, in contrast to what
had been observed in previous studies using traditional CAD
systems where increases of up to 20% per case had been
observed.*®

All these promising results have to be compared with
prospective studies in BCEDP populations in order to inves-
tigate in depth the effect of Al systems on improving
radiologist performance.® This is an essential step for
measuring the efficiency of Al algorithms in a realistic envi-
ronment.

Artificial intelligence as an autonomous reader in
BCEDPs

In the previous sections, we have discussed the results of
the application of Al systems when they are used in parallel
with radiologists, in other words when they are being used
as a CAD system. However, these systems can do more than
that and be used as an autonomous reader since they have
the capacity to categorise mammograms according to their
probability of showing cancer. Those cases classified by the
algorithm as more suspicious would be reviewed by radiol-
ogists first, preventing lesions from going undetected and
enabling the woman to be recalled as soon as possible. Con-
sidering this capability and that more than 95% of women in
the screening population do not have an abnormality of any
kind, it is possible that one of the main uses of Al systems in
the future will be as a first reader. Its role would be to auto-
matically classify the examinations, reducing the workload
by preventing two radiologists from having to read normal
examinations, if double reading is being used.

The use of Al systems as autonomous readers acting as
first, second or even third readers of mammography exam-
inations would significantly reduce the workload involved
in BCEDPs. In this context, the biggest challenge for an Al
system would be to automatically provide a recall decision
based, for example, on the score assigned to the examina-
tion once the system’s high accuracy has been proven.*:#
In a recent retrospective study,”® in which 8000 examina-
tions from a multicentre BCEDP from the United Kingdom
were used, the Al system (trained with some of these data)
was used as an autonomous reader of the examinations with
a lower likelihood of cancer and the rest were read by a
radiologist. The results permitted the conclusion that the
use of Al could lead to a reduction of the workload of 42.8%
without causing an increase in false positives or false pos-
itives in the programme. In another retrospective study,
Rodriguez-Ruiz et al.>' analysed the possibility of using an
Al system trained with independent data to read the cases
with a lower probability of cancer from a screening sample
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Figure 4

A SECTRA

Example of an artificial intelligence system that provides interactive mammography support beyond the functionality

of traditional computer-aided diagnosis systems. After indicating the area of interest, the system automatically displays the level
of suspicion in the two views (craniocaudal and oblique mediolateral oblique) as can be seen in the inserts included in the cases
(a) group of microcalcifications and (b) distortion. Courtesy of N. Karssemeijer. Radboud University Medical Centre, Nijmegen, The

Netherlands.

of 2600 cases. The sample contained 650 cases with cancer
and was enriched with images from different manufactur-
ers. The researchers found that the Al system reduced the
number of screening cases that had to be read by 47%, with
a 27% decrease in false positives, although the false neg-
atives increased by 7%. Expressed in a more general way,
these results indicate that reducing the number of cases
to be read in a screening programme by 20% leads to a 5%

decrease in false positives and an increase of less than 1% in
false negatives.

Artificial intelligence in tomosynthesis and future
applications

We have already mentioned Al’s great potential for redu-
cing the reading time of tomosynthesis examinations.'>'¢
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The task of the Al system in this scenario would be to
search for and automatically show the radiologist the tomo-
graphic slice with the region in which the abnormality is
located. In recently published studies, it has been shown
that reductions of between 15% and 50% in reading time
per examination can be achieved.>?->* This reduction would
favour the inclusion of tomosynthesis in BCEDPs. These
studies also provided evidence of the possibility of using
the Al system to generate a synthetic image in which the
lesions detected in the slices are enhanced, thus significan-
tly increasing the performance of these images.>

In addition to helping radiologists detect cancer or dif-
ferentiate malignant lesions from benign lesions, Al systems
could also differentiate invasive lesions from other lesions,
such as ductal carcinomas in situ (DCIS), or determine which
DCIS will eventually become invasive.>>¢ Despite the dif-
ficulty of this task, Al systems have the ability to analyse
features that may be hidden from the human eye based
on radiomics. The automatic quantification of the risk that
parameters such as breast density®”*® and other glandu-
lar tissue patterns® could represent is another potential
advanced use of Al systems.

As demonstrated in the study by Wang et al.,*®° the use
of Al also makes it possible to detect other pathologies in
mammograms, for example, vascular lesions from an analy-
sis of vascular calcifications in the breast, with an accuracy
similar to that of expert radiologists.

Conclusions

Al systems perform better than traditional CAD systems with
a similar sensitivity and a very significant reduction in the
number of false positives. These systems also make it pos-
sible to categorise mammography examinations according
to their likelihood of containing cancer. This capability is an
important tool for reducing the workflow involved in BCEDPs
and creates significant expectations for its use as a first
reader.

Al systems also play an important role in reducing the
variability in sensitivity between radiologists when they are
reading a high volume of mammograms from BCEDPs. This
aspect opens the door to the Al system being considered a
reference for evaluating the effectiveness of BCEDPs once
their capacity has been demonstrated.

To date, research into the autonomous performance of
Al systems has been based on retrospective studies and, in
many cases, has used enriched samples. The analysis of the
independent use of these systems in more realistic scenarios
and, specifically, in environments associated with BCEDPs is
necessary to evaluate their real effectiveness.

The applications of Al algorithms in the context of
medical imaging have to take into account ethical and
medical-legal aspects, and these have to be discussed and
be well-established. One of the most salient issues to be
addressed is the question of liability in the event of system
failure.
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