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Abstract

Introduction: The current standard method for breast cancer screening is digital
mammography (DM). Digital breast tomosynthesis (DBT) can detect more cancers
but is more resource-demanding, not the least due to a more time-consuming reading,
which hinders the implementation in screening. Artificial intelligence (AI) might open
possibilities to overcome this, but different potential ways of using Al need to be tested
using representative screening data. To facilitate the testing and further development
of Al it is necessary to collect and organise more data in a research-friendly form.

Aim: To create a breast imaging research database and explore different ways of using
Al to improve breast cancer screening.

Methods: All DM and DBT examinations performed in Malma, Sweden during 2004—
2020 were collected and combined with other relevant information in a research
database. A subset consisting of 14 848 women had been examined with paired DM
and DBT as part of the Malmé Breast Tomosynthesis Screening Trial (MBTST). This
cohort was used to test different ways of using an Al cancer-detection system, which
scores examinations based on cancer risk. It was studied whether the Al system could
be used on DM to exclude normal cases from human reading, detect additional cancers
on DM that radiologists only detected on DBT, or add DBT in selected high-gain
cases. Further, it was studied how the Al system can be utilised to reduce the workload

of DBT screening.

Results: A research database was created that contained 449 000 examinations from
103 000 women, performed during a time span of 17 years. This includes 9 250 cancers
in 7 371 women. It was found that the tested Al system can be used on DM to exclude
19% of examinations from human reading without missing any cancers and that Al
can detect 44% of DBT-only detected cancers using only DM. Further, adding DBT
for the 10% of the women with the highest Al risk score can detect 25% more cancers
than DM screening. For DBT screening, the Al system can reduce the reading
workload to the level of DM screening, either by replacing the second reader in a double
reader setup or by discarding half of examinations from reading, thus focusing double

reading on the half with the highest risk.
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Discussion: The results indicate that Al can be used to improve the performance and
efficiency of breast cancer screening in several ways, including making it possible to use
DBT in screening without demanding more resources. The research database can
facilitate larger retrospective studies on these and other subjects. However, before
clinical implementation, prospective studies would also be necessary, where e.g. the
interaction between radiologists and Al can be investigated.
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Populirvetenskaplig sammanfattning

Screening for bréstcancer sker idag med digital mammografi (DM) i Sverige och manga
andra linder. Digital brosttomosyntes (DBT) kan uppticka fler cancerfall och kan ses
som en sorts 3D-mammografi. DBT visar bréstet i flera tunna snitt istillet for bara en
sammansatt 2D-bild, vilket minskar problemen med att vissa cancrar doljs av andra
vivnadsstrukturer. Ett hinder for att infora DBT i screening dr att med traditionell
granskning tar det lingre tid att granska DBT 4n DM. Detta ir problematiskt eftersom
det redan i dagsliget 4r brist pd erfarna bréstradiologer. Under de senaste dren har det
skett en revolutionerande utveckling inom artificiell intelligens (Al), vilket 6ppnar nya
mojligheter inom bildgranskning och kan vara en méjlighet att effektivisera screening-
granskningen. Detta skulle kunna frigora resurser for inforande av DBT eller andra
forbittringar. Det finns flera olika Al-system som kan anvindas som stodverktyg for
radiologen i granskningen, men ocksa exempelvis for att sortera undersékningarna efter
cancerrisk sé att screeningen kan anpassas efter varje kvinnas cancerrisk.

I delarbete 1 byggde vi en forskningsdatabas f6r brostcancer med fokus pa radiologisk
bilddiagnostik. Dir samlade vi alla DM- och DBT-undersokningar som utférts i
Malmé sedan digitaliseringen 2004 till 2020 tillsammans med tillhrande gransknings-
resultat, radiologutlitanden och uppgifter om cancer frin olika register. Fér andamalet
har vi byggt en plattform dir data frin olika killor kan skas och linkas samman.
Databasen innehéller nistan 450 000 undersékningar fran 103 000 kvinnor.

I delarbete 2 undersokte vi om ett Al-system kan anvindas for att utesluta normalfall i
DM-screening. Vi analyserade DM-undersékningar fran knappt 10 000 kvinnor med
ett Al-system och undersokte ifall lagriskfall skulle kunna uteslutas frin radiolog-
granskning. Resultaten visade att nistan 19 % av undersdkningarna med ldgst risk
skulle kunna uteslutas utan nagra cancerfall missas.

I delarbete 3 studerade vi om ett Al-system kan anvindas for att hitta ytterligare cancer-
fall pA DM, som enbart kan hittas pA DBT vid traditionell radiologgranskning. Studien
visade att Al-systemet genom att analysera DM-undersokningar kunde hitta 44 % av
cancerfallen som utan Al enbart hittades pa DBT.

I delarbete 4 testade vi om Al skulle kunna anvindas f6r att individualisera screeningen
genom att ligga till DBT i hogriskfall. Resultaten visade att genom att undersoka 10 %
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av kvinnorna med DBT kan 25 % fler cancerfall hittas, vilket motsvarar mer 4n hilften
av de cancerfall som enbart hittades med DBT.

I delarbete 5 undersokte vi hur Al skulle kunna anvindas for att effektivisera gransk-
ningen av DBT i screening. Vi testade om Al kan anvindas for att antingen ersitta den
ena granskaren, eller for att sortera bort hilften av undersékningarna med ligst risk frin
granskning. Resultaten visade att bida sitten att anviinda Al fungerar ungefir lika bra.
Oavsett metod uppticktes 95 % av cancerfallen som hittades med dubbelgranskad
DBT-screening, men med halverad total granskningstid. Detta skulle kunna géra det
mojlige att inféra DBT i screening med samma tidsatgang som DM.

Resultaten frin de olika studierna visar att Al skulle kunna anvindas for att forbittra
screeningen pa flera olika sitt. Fler och storre studier behdvs for att sikerstilla att det
fungerar, och dir kan forskningsdatabasen vara en bra grund. Aven om Al verkar
fungera bra i studier pd gamla undersokningar, sa behover det ocksd undersékas under
mer verkliga forhallanden, dir det exempelvis gar att se hur radiologerna samverkar

med Al
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Introduction

Globally, breast cancer is the most commonly diagnosed cancer, and it is also the cancer
responsible for the largest number of cancer deaths among women." In an attempt to
combat this, many countries have implemented mammography screening for breast
cancer with the aim of finding the cancers at an earlier stage when the prognosis is
better. Unfortunately, a substantial number of breast cancers are still undiagnosed until
they start to cause symptoms.” At that time, the possibilities for successful treatment
and cure are often worse than if the cancer would have been detected at an earlier stage.
Various potential ways of improving the currently usually digital mammography (DM)
based breast cancer screening have been suggested, where, in particular, digital breast
tomosynthesis (DBT) — or 3D mammography — has emerged as a better and feasible
alternative to standard mammography.’ This method is, however, hindered by a longer
reading time that adds a further burden on the, in many places already understaffed,
screening programmes.

In the last few years, artificial intelligence (AI) and deep learning has undergone rapid
development and have begun to be employed within numerous different domains. In
healthcare, there are higher requirements for a solid verification of the function and
performance than in some other fields. Breast cancer screening is one of the areas in
healthcare which has gained a significant amount of interest among Al developers, both
because screening contains monotonous tasks suitable for Al and favourable conditions
for developing Al systems thanks to the large amounts of data that have been collected
over decades of breast cancer screening. However, the development of Al systems is not
enough, as it is necessary to thoroughly investigate how these perform in a clinical
context before they can be introduced in the clinical workflow.

At the time of initiation of this thesis in 2019, only a few Al systems were commercially
available which were aimed at assisting the radiologist with breast cancer detection in
their readings. Some studies had tested Al systems working stand-alone on cancer-
enriched retrospective mammography datasets,” but this does not give a realistic
estimation of the performance in real-world screening. No published studies had yet
tested an Al system on a screening dataset from a population not used in developing
the Al system. Apart from assisting the radiologist, different ways of using Al in breast
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cancer screening remained largely uncharted. Further, despite the fact that huge num-
bers of mammography examinations had been performed in screening programmes,
very little screening data were available for research and development purposes, which
is a prerequisite for successful development and testing of Al systems.

This thesis proposes several different potential ways of using Al for the purpose of
improving breast cancer screening, based on my testing of an Al system on data from a
screening study with paired DM and DBT examinations. The use of screening data can
give a more representative view on how Al would work in clinical use compared with
studies based on cancer-enriched collections. The paired DM and DBT data opens
possibilities for studying how Al can help to efficiently utilise DBT in screening, and
this is explored from several perspectives. Additionally, a breast imaging research
database is presented, including almost 450 000 examinations, which constitutes a solid
foundation for future research on Al in breast cancer imaging.
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Background

Breast cancer

Breast cancer is the most commonly diagnosed type of cancer worldwide, with 2.26
million new cases diagnosed in 2020 and accounting for 11.7% of all cancers but
24.5% of all cancers in women." The lifetime risk of being diagnosed with breast cancer
for women is 5.9% globally but varies considerably, and in e.g. Sweden, the risk is
12.2%.’ Breast cancer also caused 685 000 deaths, making it the deadliest cancer
among women worldwide. In Sweden on average 7 900 women have been diagnosed
with breast cancer per year during the last 10 years, with 1 400 deaths yearly.® The
incidence has been successively increasing over the last decades, in part due to changes
in the population with longer lifespan and shifts in lifestyle, including having fewer
children and at a higher age, but also due to higher awareness of breast cancer and
introduction of breast cancer screening. During the same time span, the number of
deaths from breast cancer has decreased, which in part is thanks to improved treatment
methods but also the introduction and advancements of breast cancer screening, where
about 60% of all breast cancer cases are diagnosed,” has an important impact.

The relative survival rate of the most common type of invasive breast cancer (invasive
ductal carcinoma, IDC) is 90% after 5 years and 73% after 20 years.® Thus, despite
relatively good short-term survival, the long-term survival remains relatively poor.
Metastases from breast cancer can appear more than 15 years after seemingly successful
treatment of the primary tumour.” The most common locations for metastases from
breast cancer include the bones, lungs, brain and liver.'

Risk factors

There are several risk factors for breast cancer, with female sex being the most
prominent. The risk also increases with age. Family history of breast cancer is an
important risk factor; many breast cancer-associated genes have been identified,
including the BRCA1 and BRCA2-genes, albeit more than half of the cases of hered-

itary breast cancer appear in women without any identified specific gene variants."
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Previous breast cancer and previous biopsy with benign findings are also risk factors.'
Obesity is a risk factor for breast cancer in post-menopausal women."? Younger age at
menarche and older age at menopause are also risk factors."* High breast density is
associated with a higher risk of breast cancer."” Exposure to radiation therapy involving
the breasts is also a risk factor, in particular at an early age.16 Use of hormone
replacement therapy is associated with an increased risk."” Alcohol intake is also a risk
factor.'® Higher parity and longer breast feeding are protective factors."”

Characterising breast cancer

Breast cancer is a heterogeneous disease, and there is a wide variation in characteristics,
treatment options and prognosis. The complete biological background is not fully
understood, but in order to understand a specific case as closely as possible, it is valuable
to combine different properties.

As with most other cancer types, the size and localisation are usually essential in the
description of breast cancer and are important in e.g. the planning of surgery and
radiation treatment. The location of a tumour can be defined with radiological
methods, such as by ultrasound examination or by combining information from at least
two mammography projections. The size of a breast cancer can be measured with
different methods, which can give some variations in results.”” The visible extent of the
lesion might differ between imaging modalities; namely, mammography, ultrasound
and magnetic resonance imaging (MRI) can result in different measurements. After
surgery, the size can also be measured on the pathological specimen. Here, the borders
of the tumour can be defined with higher precision, but in the process of preparing the
specimen for microscopy, the shape might be altered, and thus the size might differ
from the size that the tumour had in vivo.

Regional lymph nodes are often the first site of metastases, and assessment of lymph
nodes draining the area of the cancer is thus important. Among screening-detected
breast cancers, lymph node metastases are found in about 23%-24% of the cases.”"*
In some cases, enlarged lymph nodes, e.g. in the axilla, are palpable or visible with
ultrasound or mammography. In these cases, the lymph nodes are biopsied and
analysed cytologically. Unless the presence of lymph node metastases is already
confirmed when the tumour is operated on, a sentinel node biopsy procedure is usually
performed during tumour surgery. This means that the first one or few lymph nodes
draining the cancer area are extirpated and analysed. The sentinel nodes are usually
identified by the injection of a radioactive tracer and blue dye.
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Apart from localisation and size, the radiological characterisation of breast cancer is, to
a large extent, limited to radiographical appearance. Tumours can be described using
different terms, including circumscribed mass, spiculated mass, calcifications and
architectural tissue distortion. In some cases, enlarged lymph nodes are the only visible
sign. While, in some cases, these properties may contribute information on prognosis
and have some correlation with different histological and molecular types of breast

23-25

cancer, most of the characterisation relies on pathological examinations of samples

from the suspected cancer lesion.

One categorisation of breast cancer is into different histological types based on the
appearance of pathological specimen in microscopy. The most common histological
type is invasive breast carcinoma of no special type, also called IDC, which accounts
for about 65%-75% of all breast cancers.”**® The second most common invasive type
is invasive lobular carcinoma, which accounts for about 10%—-15% of all breast
cancers.’*?® The most common in situ form, i.e. a cancer that has characteristics of
malignant cells but has not invaded the basal membrane, is ductal carcinoma in situ,
which constitutes about 10%-20% of all breast cancers.*** The proportion depends
on the characteristics of the breast cancer screening programme as ductal carcinoma in
situ is usually diagnosed after identifying calcifications on screening mammography,
and, thus, has a higher apparent incidence in populations subject to screening. Other
less common types of breast cancer account for about 5%.

The histological and nuclear grades describe the degree of differentiation and
proliferative activity. The stage describes the extent and spread of the cancer and is
defined according to the tumour, node, metastasis (TNM) staging system, where T
depends on the size and spread of the primary tumour, N on the presence and extent
of metastatic spread to regional lymph nodes and M on the presence and size of distant

metastases.30

Breast cancer can also be classified by using molecular and genetic properties, which
provides additional information about the prognosis and therapeutical possibilities.’"
Those definitions require analyses that until recently were too complex, slow and
expensive for use in clinical routine, but with technical developments, these are now
increasingly available for clinical use.”> Surrogate measures based on immuno-
histochemical staining for receptors of oestrogen, progesterone and human epidermal
growth factor receptor 2 (HER2),% were originally introduced as a cheaper and faster
alternative, but still play an important clinical role.”® In the surrogate classification,
invasive breast cancers are divided into Luminal A-like breast cancer accounting for
40%-50%, Luminal B-like breast cancer accounting for 20%-30% (often further
divided into HER2- and HER2+), HER2-overexpressing breast cancer accounting for
15%-20% and triple negative breast cancer accounting for 10%-20%.%* The surrogate
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classification has been shown to have a prognostic value, for instance in predicting risk

of lymph node metastases, recurrence patterns and disease-free survival.””

The histological and molecular subtypes are not clearly connected and provide comple-
mentary information; that is, a cancer with a particular histological type does not have
to be of a certain molecular type.

The previously mentioned overall risk factors for breast cancer are dominated by the
risk factors for the most common molecular subtype, Luminal A-like breast cancer.*
Many of the risk factors are common among the subtypes but have different
importance. However, higher parity increases the risk for triple negative breast cancer,
while it is a protective factor for Luminal A-like breast cancer.*

Treatment

Surgery is, in most cases, the cornerstone in the treatment of breast cancer. If it is
possible to attain a surgically radical treatment by using breast-conserving surgery, that
approach is usually taken, as long as a cosmetically and functionally good result can be

d.””?* Otherwise, or in cases with large tumours, multifocality, very high genetic

achieve
risk or personal preference, mastectomy is performed.””*® As mentioned earlier, a sen-
tinel node biopsy procedure is often performed during surgery. If any of the sentinel
nodes contain metastases, complete axillary dissection is performed unless the woman

has planned post-operative radiation therapy.”’

Radiation therapy is always performed after breast-conserving surgery as well as after
mastectomy with tumours >5 c¢cm or lymph node metastases.”® Systemic treatment
includes hormonal drugs, antibody-based drugs, and chemotherapy. For ER-positive
cancers, oestrogen effect inhibition, usually including Tamoxifen, is reccommended.”®

73 Treatment regimens

Chemotherapy is recommended except in low-risk cancers.
including specific antibodies are recommended for HER2-positive cancers. The pur-
pose of systemic treatment is to reduce the risk of recurrence, and it can be given both
after surgery, i.e. adjuvant therapy, and before surgery, i.e. neoadjuvant therapy, where
the latter additionally has the purpose to downsize the tumour to enable a less extensive
surgery.”” In cases when the breast cancer is not curable, usually due to the presence of
distant metastases, palliative treatment is normally offered with chemotherapy or

radiation therapy aiming to prolong the lifetime and reduce symptoms.™
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Breast imaging and diagnostics

Mammography

A mammography examination is performed by letting X-rays pass through the breast
and collecting the transmitted rays on the other side of the breast, historically with an
X-ray film, but in recent years with a digital detector. The resulting image shows the
differences in the density of the structures inside the breast. The first experiments using
X-rays for imaging the breasts had started already in 1913, just a few years after the
discovery of X-rays in 1895.%* While many other applications of plain X-rays usually
focus on structures with high-contrast differences (e.g. bone or gas—fluid interfaces),
the superficial placement of the breasts enables detailed imaging of the low-contrast
attenuation differences in the soft tissue. A broader use of mammography began after

the introduction of specialised mammography equipment in the 1960s.3%

Craniocaudal (CC) Lateromedial (LM) Mediolateral oblique (MLO)

Figure 1. Common mammographic view projections.

Schematic illustration of the positioning of the breast and mammography machine in the upper
line and examples of the corresponding resulting mammography images below. Portions of the
illustration have been edited based on an original by Magnus Dustler.
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Mammography technology has successively evolved, with a notable leap in the 2000s
with the transition to digital imaging, where the X-ray film was replaced by a digital
detector.®! Even after the advent of other imaging techniques, mammography has
remained the base method in breast imaging with short examination times, high
resolution and good reproduction of calcifications as its specific strengths.

Common practice involves a few standardised views where the breast is imaged from
different directions, as illustrated in Figure 1. The craniocaudal (CC) and lateromedial
(LM) views depict the breast in two perpendicular planes, which makes it possible to
determine the position of a specific structure in the breast, provided that the structure
can be identified in both views. The mediolateral oblique (MLO) view is taken at an
angle of about 30°~40° compared with a craniocaudal line, has a better inclusion of
breast tissue close to the chest wall and parts of the axilla, and can improve cancer
detection.”” A breast cancer screening examination usually includes CC and MLO
views, while an LM view is often performed when further investigating a suspected
cancer. There are also several more specific supplementary views that can be used at
assessment of suspicious findings, e.g. magnification views to better visualise small
calcifications and focal spot compression views to better visualise masses and distor-
tions. Usually, the breast is compressed, both in order to spread the tissues to a wider
area, giving less superimposition of tissues and reduce the breast thickness in order to
decrease scattered radiation and lower the required radiation dose necessary to achieve
desirable image quality. The compression also has a fixating function and helps to avoid
motion blur.

Mammography has limitations and is not ideal for imaging all cancers. In particular, in
dense breasts, the abundant glandular tissue might obscure small cancer lesions. In
some cases, it might be impossible to distinguish between a malignant and benign
lesion, for example a circumscribed cancer or a simple benign cyst. Some kinds of
lesions can also be subtle or invisible on mammography, and thus, other modalities are
necessary for detection.

Digital breast tomosynthesis

DBT is basically an extension of mammography where the X-ray tube moves around
the breast and images are taken from numerous different angles, as illustrated in Figure
2. From these so-called projection images, a layered stack of images can be reconst-
ructed similarly as a computerised tomography (CT) 3D volume, albeit only one
projection can be reconstructed with desirable results due to the limited data capture
where not all angles are sampled. However, the layered stack can open possibilities to
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separate structures at different depths, thereby reducing the issues with dense breast
tissue obscuring small cancer lesions, as illustrated in Figure 3.

Projections o _.sssssssssssseenea, " .

Sweep angle —_—

Figure 2. Illustration of DBT machine.

When conducting the DBT examination, the machine moves over the breast, and the sweep angle
varies from 15° to 50°, depending on DBT machine vendor. During this movement, a number of
projection images are acquired, and the number and distribution of projections also depend on
the vendor. Portions of the illustration are edited based on an original by Magnus Dustler.

The sweep angle varies between manufacturers of DBT systems, with Hologic on the
lower end at 15° and Siemens on the higher end at 50°.* The other manufacturers are
in between, e.g. GE has 25°, and Fujifilm 15° or 40° depending on mode. The number
of projections also varies from 9 (GE) to 25 (Siemens). As the total radiation dose has
to be limited, a higher number of projections means a higher noise level in each
projection image. The raw images are reconstructed to readable images, where each
image usually corresponds to a tissue slice of a specific thickness, e.g. 1 mm. Thus, the
sweep angle and number of projections are not directly visible to the reader, but affect
the characteristics of the images. The depth resolution is better with a wider sweep
angle, but as not all angles are sampled, the depth resolution will always be limited
compared with CT.* A narrow angle may instead visualise microcalcifications better
due to less geometrical bluring.*

Several studies have shown that DBT screening has a higher sensitivity than the current

45-50 Gtill, there is hesitation about moving away from DM

52,53

standard of DM screening.
to DBT.”! This is in some places motivated by DBT being more resource-intensive,

31



as DBT usually takes longer to read than DM. Continuing DM can also be valuable in
facilitating comparison with previous examinations performed with DM. In many
places with early introduction of DBT in routine screening, mainly in the USA, DBT
was thus at least initially combined with DM.”' Unfortunately, combining DM and
DBT leads to substantially higher radiation doses. A solution is to use synthetic
mammography (SM), which is a method to generate an image that resembles a DM by
aggregating the data from a DBT into a single image, which has now largely replaced a
combination of DBT and DM.>** The complexity of the task varies with the sweep
angle of the DBT system, as a wider angle is more prone to give artefacts.

In centres where DBT is available, it often has an important role in the assessment of
suspicious findings that have been recalled from screening as well as diagnostic exami-
nations when the woman is referred due to symptoms. In these situations, DBT has, to

a large extent, replaced supplementary DM views.

Figure 3. Example of a cancer visible on DBT but obscured by overlaying tissue on DM.
DBT on the left and DM on the right. The cancer (circled) is a 12 mm large invasive ductal
carcinoma (IDC) with a spiculated mass appearance.

Other imaging methods

While DM is the most important method in breast cancer screening and plays an
important role in investigating cases with cancer suspicion, there are several additional
methods that are important in selected groups or cases.
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Ultrasound is an important method for investigating suspected cancers and comp-
lements DM (and DBT). In Sweden, ultrasound is also the first method of choice for
women under the age of 30 years and those who are pregnant or lactating.’® The
technology is based on sending high frequency sound waves into the tissues and
registering the differences in echoes caused by stiffness variations in the tissues. As
ultrasound depends heavily on the operator and is hard to standardise, its use as a
primary screening method is limited, albeit it is important for defining the character of
specific findings during assessment.®” Further, ultrasound is the preferred method to
guide biopsies and preoperative markings of structures with known or suspected
malignancy.

Breast MRI with gadolinium contrast agents has a high sensitivity for detecting breast
cancer but has a number of drawbacks, including long examination time, high costs
and many false positive findings.*** Also, administration of gadolinium contrast agents
leads to deposition of gadolinium in the brain, which is a concern in particular with
repeated examinations, albeit the biological significance is uncertain.”” MRI mainly
plays a role in screening of women with a known high risk of breast cancer and in
characterisation of complex cancer cases, including preoperative staging and following
the effect of chemotherapy.”

Contrast enhanced mammography (CEM) is an extension of DM where the contrast
enhancement of breast cancers is depicted, similar to breast MRI, but instead using
dual-energy X-ray and an iodine contrast medium. The availability and cost profile of
CEM may be more favourable than for breast MRI.”” The sensitivity for breast cancer
is slightly lower than with MRI (91% compared with 97%), while the specificity of
CEM is higher than that of MRI (74% compared with 69%).”

There are also a number of more experimental or niched breast imaging methods,
which might gain more importance in the future, including breast CT,* phase contrast
X-ray,® mechanical imaging,62 molecular breast imaging56 and optical breast imaging.63

Biopsy

Radiological imaging methods can detect and localise cancer suspicious areas, but the
final diagnosis relies on microscopy and other pathological methods for analysing tissue
samples from the suspected lesion. Usually, such samples are achieved through biopsy
of the lesion, either freechand for palpable lesions or guided by imaging. Ultrasound
guided biopsies are most common, but also DM, DBT and MRI can be used to guide
biopsies, depending on the visibility of the lesion on different modalities and local
traditions and availability.
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Medium-sized core needle biopsy is the most common and allows a review of the
histological appearance of the lesion. Fine needle aspirations can be used in selected
cases, for instance when the localisation is unfavourable for larger biopsies; however,
the gain of information is more limited as the analyses are restricted to cytological
properties, i.e. the individual cells can be studied but not the full tissue. If larger tissue
samples are needed than those obtained with medium-sized needle biopsy, vacuum-
assisted core needle biopsy can be used.

Breast cancer screening

Background of breast cancer screening

As breast cancer is a common type of cancer, which also strikes many younger women,
it has a large impact on both personal and social aspects as well as to society and the
economy. In order to cure as many women as possible — or if cure is impossible, at least
to prolong and improve the life quality of the remaining life — early diagnosis is
necessary. Early diagnosis can also reduce the need for excessively extensive treatments
with many side effects. Thus, breast cancer screening programmes with mammography
have been implemented in many countries. The aim is to diagnose breast cancer before
it reaches a size where it is palpable and begin to give symptoms.

The first steps to breast cancer screening were taken already in the 1960s with the start
of the first clinical trial, which showed that screening with mammography could lead
to a reduction in breast cancer mortality.** In the following decades, further randomised
clinical trials confirmed the results in other populations and added more solid evidence.
The effect of screening is most clearly proven in the 60-69 age group , where the effect
is the largest, but a smaller but significant effect has been seen in the 50-59 age
group.®** There have been several studies focusing on younger women (40-49), but
due to the small effect in this age group where breast cancer in less common, it is harder
to reach significance. For women 70-74 years of age, where breast cancer is more
common, the evidence is instead weak due to a relatively small total number of study
participants in this age group, as few studies have included women over the age of 70
years of age and only to a limited extent. The shorter remaining life expectancy at a
higher age also limits the potential gain from screening.

Population-based screening programmes, i.e. all women in the population within the
selected age span are systematically invited to screening, were introduced in some

countries and regions already in the 1970s, with more following in the 1980s.57:68
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However, the broad introduction came during the 1990s and 2000s. Many of the early
breast cancer screening programmes have changed over time, e.g. by adjusting age spans
or screening frequency.

The attention paid to breast cancer screening has caused many women to take part in
opportunistic screening, i.e. actively booking mammography appointments despite
having no symptoms. These women can either be well-informed women living in areas
without organised screening or being outside of the age span targeted by the local
screening programme or women choosing to have examinations outside of the

screening programme either as a substitute or as a complement.*””

Current status Of breast cancer scr eening

Breast cancer programmes in some form exist in many countries all over the world, but
population coverage, attendance, screening methods, intervals and age limits can vary.
Most commonly, the targeted women are 50—70 years of age, but many programmes
include younger women down to 40 years of age, and older women up to 74 years of

age'67,71,72

Different screening programmes use various screening intervals, where a screening
interval of two years is the most common. A few screening programmes use three-year
intervals, e.g. the UK,” while annual screening may be used in some places.”*”* Some
screening programmes, including those in parts of Sweden, have more frequent screen-
ing among younger women due to higher average breast density and more fast-growing
tumours.”®

The cornerstone of breast cancer screening has long been mammography, but in recent
years, DBT has emerged as a better alternative and is widely used in the USA, some-
times in companion with DM.”>’® However, this leads to an increased radiation dose,
and in some places, DM has instead been replaced by DBT with SM.”” A generally
higher breast density in some populations makes the sensitivity of DM insufficient, as
is the case in South Korea, where DM is often combined with ultrasound in screening.”®

Double reading, i.e. each screening examination is read by two radiologists in order to
increase sensitivity, is commonly practiced in e.g. Europe,” Australia,”” and Japan®'.
Single reading is commonly practiced in, for instance, the USA*. In order to increase
performance, computer-aided detection (CAD) systems are often used in the USA,
although the gain of this has been disputed.®** The arrival of new systems — based on
modern Al technology, which will be described more thoroughly later — with better
performance has increased the interest in such systems also in Europe. This has, for

instance, been proposed to be used for replacing one of the readers.®*
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There are differences in the culture, legislation and structure of screening programmes
between countries. Thus, the recall rates for DM screening are generally in the range of
2.6% to 4.9% in Europe, while the USA has substantially higher recall rates in the
range of 7.5% to 17.5%.’

Screening examinations are often scored according to level of cancer suspicion using
the American Breast Imaging Reporting & Data System (BI-RADS) scale.®” The exami-
nations are scored from 0 to 6: (0) incomplete examination, (1) negative, (2) benign,
(3) probably benign, (4) suspicious, (5) highly suggestive of malignancy and (6) known
biopsy-proven malignancy, where 1-5 are most relevant in screening. Many screening
programmes, including the Swedish programme, use similar, usually five grade

classification systems, but with slight differences.”®***

Breast cancer screening in Malmé

In Sweden, there are some regional variations in the screening programmes. The
screening programme in Malmg currently invites women 40—54 years of age to screen-
ing with 18-month intervals and women 55-74 years of age to screening with 24-
month intervals. The screening examination is performed with two-view DM, and the
examination is read by two non-blinded readers. The reading workflow is illustrated in
Figure 4. The readers score each breast from 1 to 5: (1) normal, (2) benign findings,
(3) nonspecific findings where malignance cannot be excluded, (4) findings suspicious
for malignancy and (5) malignant findings. Usually, examinations with a score of 3 or
higher are recalled for further examinations. Each of the readers has the option to put
the examination up for a consensus discussion, instead of deciding on recall or not. At
recall, additional imaging is performed, such as additional DM views, DBT or ultra-
sound.
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Figure 4. The path through the breast cancer screening workflow.

After conducting a screening examination, the examination is read by two different readers.
Most examinations are identified as normal, but if something is unclear, the examination can be
discussed on a consensus meeting. If something looks suspicious, the woman is recalled for
further examinations, often including ultrasound and sometimes biopsy. After recall, many
women are found to be healthy, but a few are diagnosed with breast cancer.

Limitations and issues with screening

Interval cancers

Despite the substantial resources and engagement required to conduct breast cancer
screening with mammography — from the health care system, but not least by all healthy
women taking time off from their everyday life to go to repeated appointments — many
cancers are still not detected by breast cancer screening. Cancers that are diagnosed due
to symptoms after a normal screening examination, but before the next scheduled
screening, are considered interval cancers. This excludes cancers in women not follow-
ing the screening programme in the time before the cancer diagnosis. Many cancers are
also diagnosed among women outside the screening age. The interval cancer rate can
be used as a measure of the performance of the screening, both in clinical trials and in
clinical routine. The interval cancer rate varies depending on several factors, including
underlying breast cancer incidence and the properties of the local screening programme,
for example screening interval.” For biennial screening, the interval cancer rates usually
range between 8.4 and 21.1 per 10000 screenings.” The term interval cancer
encompasses both cancers that to some extent were visible at previous screening but
were missed or misinterpreted and fast-growing cancers that appeared after the
screening (true interval cancers). Breast cancer can be considered to be a more definitely
relevant end point than interval cancers, but the required long follow-up time makes it
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an impractical measure; also, the mortality is affected by more factors outside of the
screening programme, such as the efficiency of the provided breast cancer treatment.

False-positive recalls

Another issue is that many women are false positively recalled for further examinations
despite being healthy. The false-positive recall rate is closely related to the overall recall
rate, as this varies far more between screening programmes than the much lower cancer
incidence. A false-positive recall can cause anxiety and other psychological consequen-
ces specific to breast cancer, albeit the effects on general well-being are limited.””" A
false-positive recall is associated with a higher risk of future interval cancer or screening-
detected cancer as well as a new false-positive recall.”” The attendance at the following

screening appointment might be affected by a false-positive recall, but can both be
increased (USA)” and decreased (Europe).”*”

Overdiagnosis

A few women are diagnosed with breast cancer at screening and go through surgery and
other treatments, despite that their cancer would have been so slow-growing that it
would never have caused any symptoms during their lifetime. Such women are subject
to overdiagnosis and overtreatment. As it is hard to measure the extent of overdiagnosis,
estimates in the wide range of 0%—76% have been reported when including several
types of studies.” The best available source of data is generally be considered to be from
randomised clinical trials comparing mammography screening and no screening, where

the control group was not offered screening after the end of the trial.”

This provides
the opportunity to compare the cancer incidence over a longer time span, which allows
to separate overdiagnosed cancers from cancers where the screening led to an earlier
diagnosis of cancers that would otherwise give symptoms in a few years. A previous
review identified three studies fulfilling these requirements, including one performed
in Malmé and two in Canada, where the reported results yielded values of overdiagnosis
of 10%—13%, defined as excess cancers compared with all breast cancers diagnosed in
women not invited to screening”~'”. All three studies are quite old, and the results
might not correctly represent the current status, e.g. due to developments in technology
and treatment, but it would be impossible to perform a similar study today when breast

cancer screening is included in standard of care.
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Al and deep learning

History of automation in breast cancer screening

The first attempts to use computers to automatise the reading of mammography images
began in the 1970s.""" As this was long before the digitalisation of the mammography
equipment, the process started with scanning of the images in order to make them
accessible to the computer. The limited computational power heavily restricted the
possible resolution and colour depth. Only small segments could be analysed at the
same time, and the methods relied on handcrafted rules, trying to imitate some of the
aspects that human readers would assess. Apart from the then cumbersome process of
using computer analysis, the usability was limited by large areas falsely marked as cancer
suspicious.

The advent of more powerful computers and the transition to digital imaging opened
possibilities to implement more powerful and user-friendly computer systems aimed at
assisting radiologists in reading mammography examinations. Systems for CAD, based
on traditional image analysis and handcrafted rules, were first introduced in the late
1990s and gained increasing usage mainly in the USA during the following decade.'”
The use of CAD can increase the cancer detection rate when applied in screening
programmes where single reading is practiced but has less value when double reading
is practiced.'"” CAD systems have been criticised for marking many normal areas as
potentially malignant, leading to increased recall rates in screening.

Technological developments, including deep learning, have opened new opportunities

for using computers to interpret breast cancer screening images.'"

Overview of Al and deep learning

The term artificial intelligence was introduced in the 1950s and is a broad and unclearly
defined term comprising numerous different technologies aimed to simulate human
intelligent behaviours.'"™ Over the years, there have on several occasions been great
expectations that Al would revolutionise medicine, but unfortunately these have not

yet been fulfilled.'*
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Artificial
neural networks

Deep learning

Figure 5. lllustration of the relationship between different methods in artifical intelligence.

Machine learning is a subfield of artificial intelligence, as illustrated in Figure 5, where
the machine itself identifies patterns in the training data and generates its own rules for
solving the specified task.'” Machine learning covers both relatively simple methods as
regressions and complex systems, such as artificial neural networks, which are loosely
inspired by the properties and interplay of nerve cells. In artificial neural networks,
multiple nodes are connected in several layers, as illustrated in Figure 6, where the first
layers often encompass feature extraction, i.e. identifying different features in the input
data, and the subsequent layers often combine these features in order to produce an
output, for instance a classification of the input data. The layers in a model often have
different sizes. The number of nodes of the input and output layers is determined by
the number of dimensions in the input and output data, respectively. The layers
between the input and output layers are hidden layers that are internal for the model,
and their content cannot be readily examined. If the model contains multiple hidden
layers, it is considered a deep neural network, which is the basis for deep learning
systems.
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Input Feature extraction Classification Output

Figure 6. Simplified illustration of a neural network for an image classification task.

The input data, here an image, are fed into feature extraction layers, where different features in
the input data are identified. The output of the feature extraction layers is fed into classification
layers, where the different identified features are combined in order to produce an output,
which in this case is a classification. The size of the output layer is in classification tasks usually
small, for example a single binary value indicating sick or healthy. Both feature extraction steps
and classification steps usually encompass multiple layers with a mix of different sizes and
connection types (see Figure 7).

The layers in a model can be connected in various ways, as illustrated in Figure 7. If
two layers are fully connected, every single node in one layer is connected to all the
nodes in the other layer. Other ways of connecting the layers are convolutional layers,
which combine information from adjacent nodes, e.g. to identify edges in images, and
pooling layers, which reduce the number of layer nodes.

Convolutional layer Pooling layer Fully connected layer

Figure 7. Examples of different ways of connecting layers.

Convolutional layers get input from a limited number of adjacent nodes and combine this
information, e.g. to identify different features in the input data. Pooling layers scale down the
number of nodes by combining the information in adjacent nodes. In fully connected layers, each
node receives information from all the nodes in the previous layer.
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An individual node of an artificial network is illustrated in Figure 8. Each node contains
specific weights for the importance that is given to the input from each of the nodes in
the feeding layer.'” The input data from each input node are multiplied with the
specific weight. Then the sum is calculated, and a node-specific offset is added. The
value is fed into an activation function that generates the output of the node. Usually,
all nodes in a layer are similar and, for instance, have the same activation function, but
the weights and offsets are unique, resulting in an individual output from each node.

Output
Everything is Activation fed into
summed function next layer

W

n

Weights
Inputs

Figure 8. lllustration of an individual node in an artificial neural network.

Inputs are received from several nodes (x) in the input layer, which are multiplied by a specific
weight for each input (w). The products are summed, and a node-specific offset is added. This is
fed into an activation function, producing the output of the node.

The methods for training an artificial neural network vary depending on the task and
the type of data. The typical task in mammography screening is the classification of
images where the diagnosis of the training data is known. Thus, a supervised learning
method can be used, that is, the desired result is used for training the model. This is
illustrated in Figure 9. The training images are presented to the model as input, and
the output is compared with the desired result by one or more performance metrics.
The weights and offsets are adjusted in order to optimise the performance metrics. The
process is repeated multiple times, and the model is gradually improved.
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Figure 9. The training process of an image classification model using supervised learning.

An example of an input image is presented to the deep learning model, and an output is
produced. The output is compared with a predefined label, and one or more performance metrics
is calculated, which is used to do a slight adjustment of the model weights. This process is
repeated for each image in the training data and usually several times in order to optimise the
performance metrics.

Al is a field that has gained huge attention in recent years, to a large extent owing to
developments in deep learning. While the technology itself has been known for a long
time, the computational power and methods necessary to train practically useful models
first emerged in the 2010s."”'% The models depend on huge numbers of float number
calculations in parallel, which are most efficiently calculated on graphic processors. The
development and availability of this necessary hardware at reasonable prices is largely
owed to enthusiast gamers.

Al in breast cancer screening

In the medical field, breast cancer screening is among the applications that are
pioneering the introduction of Al and deep learning. The requirements of lots of train-
ing data are fulfilled by screening programmes, where large numbers of examinations
have been collected, the ground truth — i.e. cancer diagnoses — is known, and the data
are often relatively well structured.

A number of ways of using Al systems analysing DM or DBT in breast cancer screening
have been proposed. The most mature niche is to try to improve sensitivity by assisting
a human reader, where several commercial products are available, including
ScreenPoint Transpara,'” iCAD ProfoundAL'’ Lunit Insight MMG,” Therapixel

2

MammoScreen,'"" Vara''* and Kheiron Mia.'” The usage in the reading situation
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resembles previous CAD systems based on classical image analysis but with improved
performance.

While some commercial products for analysing DM were already available before the
initiation of this thesis in 2019, the products have evolved in recent years. Only a
limited number of scientific studies involving Al in breast cancer screening were
published before 2019, with the vast majority being retrospective studies based on
relatively small cancer-enriched datasets.* Also, many of the studies focused on the
development of methods for cancer detection, rather than on clinical evaluation. The
Al systems were usually used as standalone readers, which is a reasonable start, as it is
much easier to perform studies where the Al system analyses retrospective data stand-
alone, and a sufficient retrospective performance should be asserted before starting any
prospective studies or clinical use.

Several retrospective studies of Al systems as standalone readers based on large screening
datasets have been published since 2019.7%'"*"1® However, the clinical role of stand-
alone Al systems is currently a bit unclear, as Al-only reading of examinations requires
a broad acceptance of Al both among women attending screening and healthcare staff.
There might also be legal challenges, as the legislation regarding responsibility in health-
care often assumes that humans are making the clinical decisions, while it might be
unclear who is responsible for mistakes made by an Al system. However, it has been
suggested that Al can be used to prioritise which cases should be read first or triage
between different reading strategies, e.g. single- or double-reading.'"”'"® Several of the
clinically available systems now also have versions aimed at such use.

Breast density is an important risk factor for breast cancer and has received public
attention, particularly in the USA,"” and there are several Al systems for measuring

120-122 Cancer risk models with a more comprehensive approach have also

breast density.

been suggested in order to predict individual cancer risk in a longer time perspective.

Such models can be mainly image-based'* or more complex and also include factors
y imag p

such as lifestyle and heritance.'**

Big data

The term big data refers to collections of data that are so large that they cannot be
processed by traditional methods of data processing.'* As the digital era has now existed
for about two decades, with an ever-increasing level of digital data production, many
data collections have grown to a size at which they can be considered big data. Big data
is particularly valuable in the training of deep learning systems, where performance

44



heavily depends on the amount and variation of the training data. In order to assert an
intended performance, a comprehensive validation of medical Al systems is necessary
before clinical implementation, which calls for the use of big data collections also in
validation. In the healthcare sector, Al developers and data owners are often separated
in different organisations, with academia and commercial companies on one side and
healthcare providers on one side, necessitating sharing of data between organisations.

Mammography databases for research

Although years of mammography screening had led to large image collections in
multiple hospitals, only a few relatively small mammography databases optimised for
research purposes were available at the initiation of the project in 2018. These databases
were cancer-enriched and included both digitised film mammography examinations,
e.g. DDSM (2 620 cases, USA)'*¢ and MIAS (322 images, UK)'?, as well as DM exam-
inations, e.g. INBreast database (410 images, Portugal)'** and OPTIMAM Mammo-
graphy Image Database (OMI-DB, 2 623+ cases, UK)'?. Additionally, a number of

internal datasets have been used for training or evaluating specific Al systems.*

The limited number of available databases called for the development of new research
databases. Further, while cancer-enriched case collections can be valuable in some
phases of training Al systems, the unrealistic proportion between cancer and normal
cases might affect the performance when applying the system to real screening data. In
particular, this is important when evaluating Al systems for use in screening, where it
is crucial to assess the specificity in the screening situation. Thus, it is important to have
databases with a large proportion of normal cases, and this should be taken into account
in the creation of new databases.

Data regulations and ethics

Ethical considerations are always important in research using human data, albeit no
effort by the individual is necessary for the use of data that has already been collected
as part of the clinical routine. However, it is practically impossible to find each
individual in order to obtain informed consent. The legislation in the ethical field
might vary between different countries, but at least in Sweden, it is possible to get the
requirement for informed consent waived by the ethical review board in cases when the
risks for the research person can be considered negligible and there is a potential
scientific gain that can help people in the future. Particularly in large database projects,
where the amount of data is large and often collected from different sources, privacy
and data security are of paramount importance. The rules and knowledge about
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handling personal data have seen major developments in recent years due to the
introduction of the General Data Protection Regulation (GDPR). Although the
previous Swedish laws on the subject had many similarities, the increasing concern
about handling personal data led to the development of knowledge, nomenclature and
structures — in the society as well as specific organisations — and many previously unclear
aspects were clarified.
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Aims

The overall aim of my research is to improve the breast cancer screening with Al in
order to identify more cancers earlier. Specifically, the aims are as follows:

e To create a platform to make future research on breast cancer imaging more
efficient.

e To investigate whether Al can improve the performance and resource
efficiency of DM screening.

e To investigate how Al can make it possible to introduce DBT in screening
without excessive additional demand for reader time or other resources.
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Methods

Study populations

The studies in this thesis are all retrospective and based on breast images collected in
Malmé. Paper 1 introduces the Malmé Breast ImaginG (M-BIG) population, which
includes breast examinations with DM and DBT from 2004 through 2020. Setting up
a large research database is a complex and time-consuming process, and although the
database project was already initiated before I started my thesis work, the database has
not been ready for use until the very end of my work. Thus, most of the papers in my
thesis, i.e. Papers 2-5, are based on data collected during the Malmo Breast Tomo-
synthesis Screening Trial (MBTST)?, which now encompass a portion of the M-BIG
population.

Malmé Big ImaginG database — M-BIG

The project of building the M-BIG database was started in order to create a solid
foundation for future studies where a large collection of organised and accessible data
is necessary. This includes Al in breast cancer screening as well as cancer risk models
and long-term follow-up of the breast cancer screening programme. The M-BIG
database encompasses all DM and DBT examinations, screening or clinical, performed
in Malmé from 2004 through 2020.

The M-BIG database contains the cohort from the MBTST, which is a clinical trial
that evaluated the use of DBT in breast cancer screening compared to DM and was run
in Malmé from 2010-2015. This cohort is further described in the next paragraph.
The M-BIG also contains the MBTST control group. In these previous studies, much
of the data collected during 20102015 were collected and organised in a structured
form. However, for all other examinations, the M-BIG database relies on data collected
from different registries. This includes the regional cancer registry and the National
Quality Registry for Breast Cancer (NKBC). While the quality of the registries is
usually good, some data might be missing, particularly for the oldest cases. Further,
some data are not available from any registries, e.g. data on adherence to the screening
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programme, which is needed for differentiation between interval cancers and cancers
diagnosed outside of the screening programme.
g g prog

The development of the M-BIG database is the focus of Paper 1, and more details on
the population are given in the article.

Malmé Breast Tomosynthesis Screening Trial - MBTST
The MBTST was performed during 2010-2015. At the launch of the study, DBT was

a relatively new method and had not been studied as a method for breast cancer
screening. A few other studies also started about the same time, all using either a
combination of DM and DBT or two-view DBT, which both led to a higher radiation
dose compared with DM. In order to keep the radiation dose equivalent to the current
standard two-view DM, the MBTST was designed to investigate whether one-view
wide-angle DBT (MLO) can be used for improving the sensitivity of breast cancer
screening without losing specificity. The rationale was that the depth view of wide-
angle DBT is sufficient for examining the breast in only one view; thus, the second
view can be left out.

A random selection of one-third of the women in the breast cancer screening pro-
gramme in Malmé were invited to take part in the MBTST. Of the invited women,
68% gave informed consent to participate, resulting in a total of 14 848 women in the
study.” Each woman was examined during the same visit with both two-view DM and
one-view wide-angle (50°) using a Siemens Mammomat Inspiration. The DM and
DBT examinations were separately double read and scored according to Swedish
routine on a scale of 1-5, and the readers could flag the examinations for discussion. A
slight difference from the usual routine was that all examinations were discussed at a
consensus meeting before recall. The consensus meeting was collective for both the DM
and DBT reading arms. Recalled cases were marked as recalled on either DBT, DM or
both depending on whether the initial reading decision called for discussion on a
consensus meeting or not. The reading times were not recorded in the MBTST, as the
reading workflow included a number of additional steps and thus would not be
representative of routine reading. Most of the examinations were manually classified
for breast density following 4™ edition of BI-RADS density classification, i.e. four
categories based on percent fibroglandular tissue (<25%, 25%-50%, 50%—75%, and
>75%).

For all the cancer cases, different characteristics were registered in a structured form.
This included histological type (invasive ductal cancer, invasive lobular cancer, tubular
cancer, ductal carcinoma in situ, and other invasive cancer), presence of lymph node
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metastases, histological grade (invasive cancers) and nuclear grade (in situ cancers). This
information was collected from pathology reports. Data were also recorded on
radiological tumour size and radiological appearance (spiculated mass, circumscribed
mass, microcalcifications, architectural distortion and enlarged lymph nodes).

The MBTST cohort has been the basis for a series of previously reported studies,

initially mainly focused on the sensitivity and false positives of DBT screening®'**-'%,

133,134 5

but also including aspects related to breast density and cancer characteristics'”.
During the work on this thesis, further studies have been performed based on the
cohort, in particular related to interval cancers'®, false-positive recalls compared with a

control group screened with DM only'”

, and cancers detected during the following
screening rounds (not yet published). This means that a comprehensive amount of data
about the cohort has been collected, including the number and characteristics of
screening-detected cancers and interval cancers. Further, the image data for DBT
examinations and the majority of DM examinations were stored in a research-accessible

form.

Papers 2 through 5 all study different aspects of using Al based on the MBTST cohort.

Database tools

There are several different ways to implement a research database. In the beginning of
the database project, we evaluated several different solutions. The main purpose of the
research database was to make access to images easier and more efficient than when the
images are stored in a clinical picture archiving and communication system (PACS).
Further, the requirements set by ethical approval made it necessary to have a pseudo-
nymisation framework.

A separate research PACS could have been a possibility, either by using a commercial
PACS or a free open-source solution. Due to the differences in requirements and needs
between our purposes and a general PACS system, any PACS system would include
unnecessary functions and lack important functions. Commercial products would
likely be expensive, including both licensing costs and consultant costs for any
adaptions, and it might also be hard to integrate into a closed product. Some of these
limitations could be overcome by using an open-source system. However, extending an
existing system with necessary functions always has barriers, limitations and risks.

The implemented solution followed an approach in which the basic parts were imple-
mented first and then more functions could be added gradually. The first step was a file
storage solution where all the examinations were simply stored as Digital imaging and
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communications in medicine (DICOM) files. After identification of relevant examina-
tions, these were exported from the clinical PACS to the file storage server. A directory
was created for each person containing all the files. In order to make it possible to
identify and access specific examinations and also make the files searchable in more
complex ways, all files were scanned with a MATLAB script and indexed in a registry.
This was saved to a PostgreSQL database together with selected metadata from the
DICOM headers. In the next step, clinical data were imported to the PostgreSQL
database from different sources, including medical records and registries. This made it
possible to integrate data from all different sources to select and extract specific pieces
of information or examinations. A pseudonymisation pipeline was implemented as part
of the framework for loading images and clinical data into the PostgreSQL database,
where all identifiers were replaced by randomly generated pseudonymised identifiers.
The improved knowledge and structures around data regulations following the
introduction of the GDPR was valuable in creating the database and probably led to a
more solid structure with better protection of personal data.

Evaluation of ways of using Al in screening

In all studies in which the use of an Al system is evaluated, the selection of the Al
system poses an integral part of the study. The results may or may not be similar to
what would have been achieved if another Al system were to be used, depending on the
similarities of the Al systems for that specific purpose.

ScreenPoint Transpara

For this thesis, the commercial product ScreenPoint Transpara was used in the studies
described in Papers 2—5. The system is one of the most established products in the field
and is probably also the most scientifically studied system in independent studies.'**'**
1! Since there is a continuous development of Al systems with frequent releases of
updated versions, two different versions were used in in the papers, with Transpara 1.4

used in Paper 2, while Transpara 1.7 was used in Papers 3-5.

The system, which is illustrated in Figure 10, uses a combination of machine learning
technology and hand-crafted rules to identify and grade suspicious areas in the images.
Soft tissue lesions and calcifications are analysed separately. Each suspicious area is
given a score from 1 to 100, where 100 indicates the highest risk of cancer. Areas with
scores above a predefined threshold, at about 35 for calcifications and 55 for soft tissue
lesions, are recorded as findings, while those below the threshold are discarded. All the
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findings can be seen in the user interface if clicked directly, but those with high scores
are also presented as CAD marks and can be shown by clicking a button in the user
interface. The thresholds vary slightly between different versions of Transpara.

O B @ O O 10

Figure 10. Screenshot of ScreenPoint Transpara Viewer.

In this example, the Al system has identified an area with a suspected malignancy (indicated with
circles), which has gotten high finding scores (91 and 95) and led to a high examination score
(10). This corresponds to a DM screening-detected 20 mm large invasive ductal carcinoma (IDC).

All findings in all images of an examination are combined into a composite score for
the full examination using a proprietary calculation algorithm. This examination score
ranges from 1 to 10, where 10 indicates the highest risk of cancer. The score is calibrated
to place approximately 10% of each score in a screening material. However, this may
vary depending on the characteristics of the examinations, such as number of images in
each examination and type of mammography equipment.

The examination score is usually presented as an integer value, which is derived from a
decimal value through rounding upwards. The decimal score with several decimals is
available for export from the system, and this was used in all the studies.

Data management

Even if the size of the MBTST dataset used in Papers 2—5 may seem small compared
with the M-BIG dataset, it still consists of a lot of data, and some tools are necessary to
handle this data efficiently. At the time when the projects of Papers 2-5 were per-
formed, the infrastructure of the database that was implemented as part of the M-BIG
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project described in Paper 1 was not available. Thus, these projects were performed by
using data collected in the MBTST project at the time available in a separate
infrastructure. The data were handled with project-specific scripts and data structures
in MATLAB. This included orchestrating automated processing of the data, e.g.
sending all examinations to Transpara, gathering the results and to verify that the results
were valid and complete. There was also a substantial amount of data handling even
before the Al analyses could be started, for example the DBT examinations at the
research-accessible image storage were stored as raw data and had to be reconstructed
to a suitable format (i.e. ‘for presentation’) before they could be processed by Transpara.

Statistics

Diagnostic performance

When studying the performance of a diagnostic test, sensitivity and specificity are both
basic measures. Sensitivity describes the ability of the test to detect the target condition,
such as what percentage of all sick individuals are detected by the test.'*> On the other
hand, specificity describes the ability to detect the absence of the target condition, i.e.
what percentage of healthy individuals are correctly identified as healthy by the test.
The positive predictive value is the proportion of positive diagnostic tests that are true
positives. Conversely, the negative predictive value is the proportion of negative
diagnostic tests that are true negatives. All the values rely on comparing the diagnostic
test with the truth. However, the truth is often not easily defined, and commonly it is
necessary to settle on another better diagnostic test — if available — or simply see what
happens during a long follow-up time.

Descriptive statistics (Papers 1-5)

Most of the data in the papers included in this thesis were binary, i.e. each woman
either had cancer or was healthy, which meant that the data had a binomial distribu-
tion. For the purpose of calculating confidence intervals, this could have been handled
in a number of different ways. In Paper 2, the binominal distribution was approximated
by the normal distribution, and Wald intervals were used. In Papers 3-5, the
confidence intervals were instead calculated as Clopper—Pearson intervals, which use
the binominal distribution. When the number of cases is reasonably large, a normal
approximation can be used, and the differences should be limited. In some cases, Wald
intervals can include negative values, which can never appear in a binomial distribution,
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and thus Clopper—Pearson intervals might be a better alternative. Clopper—Pearson
intervals, on the other hand, might be excessively conservative, and there might be
better alternatives to calculate confidence intervals from the binomial distribution;
however, Clopper—Pearson intervals is the most widely used method. All confidence
intervals were calculated with the commonly accepted 95% significance level.

Statistical tests

Receiver operating characteristic (ROC) analysis

Receiver operating characteristic (ROC) analysis is a commonly used method for
analysing the ability of a diagnostic test to discriminate between two states, usually
having a specific condition or not. While originally developed for measuring the
performance of radar operators during the Second World War, it is now an important
tool in studies of diagnostic tests in different fields, including medicine.'®® The ROC
analysis is a graphical plot of the relation between the true positive rate and the false
positive rate for all possible reader operating points. In many cases, the area under the
curve (AUC) is used as a simple way of quantifying and comparing different tests.
However, for many applications, the shape of a specific segment of the curve is of the
most importance, and thus, only comparing the AUC is not enough and a visual
comparison is preferable. ROC-analyses were included in Papers 3 and 5.

McNemar's test

When comparing two different diagnostic methods performed on the same individuals,
i.e. paired data, McNemar’s test is one way to test for differences in a specific measure.
McNemar’s test tests the null hypothesis that there is no real difference between the
methods. The calculated value follows the x2-distribution and can also be transformed

into a p-value. McNemar’s test was used in Papers 3 and 5.

Kruskal—Wallis test/one-way analysis of variance (ANOVA) on ranks

The Kruskal-Wallis test is a method to assess if two or more samples come from the
same distribution, or if one sample stochastically dominates another sample, i.e. the
values in one sample are always higher than in another sample. The test is non-
parametric and can be applied to values where normal distribution cannot be assumed.
The Kruskal-Wallis test was used in Paper 3 to test for differences in Al scores between
breast cancers with different characteristics. The Al scores sometimes have a stepwise
and skewed distribution, and thus, normal distribution cannot be assumed.
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Summary of papers

Research database

Creation of a database for radiological breast imaging research (Paper 1)

The focus of Paper 1 was the creation of a database for breast cancer research with a
focus on radiological imaging where all DM and DBT examinations that have been
acquired in Malmé from 2004 to 2020 were collected. The data collection also included
reading results for screening examinations and free text radiological reports for clinical
examinations as well as information about cancer and treatments from different
registries, for instance the regional cancer registry and the NKBC.

A purpose-built platform was created where data from different sources can be linked
together for searches and data extraction. The platform also contains tools for the
pseudonymisation of personal data. A total of 449 000 examinations from 103 000
women were included in the database, and it contains consecutive screening
examinations with a follow-up of up to 17 years. Screening mammography examina-
tions dominate the database by number, with over 343 000 examinations from 84 800
women. Diagnostic mammography (64 500 examinations) and recall from screening
(9 800 examinations) follow as the second and third most common examinations.
Regarding screening examinations, it is most common to have only one examination
(16 800 women), but there are about 9 000-11 000 women in each of the categories
2—7 examinations. The median number of screening examinations is 4, and thus, most
women have multiple screening examinations, which is valuable for studying changes
between several screening occasions. Almost 20 000 examinations were performed with
DBT, where most originate from the MBTST, while the rest are diagnostic examina-
tions.

A total of 9 250 breast cancers were diagnosed from 2004 through 2020 in 7 371 of
the women included in the database. For 5 913 of these, relatively detailed information
on cancer characteristics are available from the NKBC, while the rest only have basic
cancer information, e.g. histological type, available from the regional cancer registry.
This includes 1 485 cancers in 1 399 women diagnosed prior to the start of NKBC in
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2008. There is also some inconsistency between the two registries in later years, with
some cancers included in one of the registries but missing in the other.

Regional cancer registry

€ Patient ID
€ Diagnosis date

Histological type

€ Patient ID
& Accession number

NKBC

§ Patient ID
€ Diagnosis date

Reference to image file

€ Patient ID

Cancer characteristics
Treatment information
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Figure 11. Linkability of data in tables imported to M-BIG from different sources.
Radiological examinations can be directly linked to reading results and radiologist reports by
using unique identifiers of the study, e.g. accession number. Each study usually encompasses
several images, which can be identified through the instance table. The regional cancer registry,
NKBC (National Quality Registry for Breast Cancer) and cause of death registry can be linked to
each other and to radiology information through patient ID and dates. Data from SCAN-B
(Sweden Cancerome Analysis Network-Breast) is not yet available, and the way to link to other
data is thus still uncertain. Most women attending screening are by definition not patients, but
here, the term ‘Patient ID’ is used for conformity with the DICOM names.

The data from different sources that have been imported into the PostgreSQL database
as separate tables are linkable to different extents, as illustrated in Figure 11. For images
and information from directly related sources, such as the radiology information system
(RIS), the information can be directly linked to a specific examination by using e.g.
accession number. Data from other sources are linkable through patient ID and dates,
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i.e. a cancer diagnosis can be linked to an examination performed in the weeks before
the diagnosis.

The database is still under development and new kinds of data are continuously being
added. This includes e.g. data on cause of deaths from the national cause of death
registry and genomic data for cancer cases included in the Sweden Cancerome Analysis
Network-Breast (SCAN-B) database. Further, the process of further data curation is
going on, with e.g. adding data on the mode of detection of cancers, i.e. screening-
detected, interval cancer or cancer in non-screening participants.

Evaluation of ways of using Al in screening

Papers 2—5 of this thesis all describe studies where different potential ways of using Al
in breast cancer screening were tested. All the studies were retrospective and based on
the same cohort of women from the MBTST, where paired separately double-read DM
and DBT examinations were available. Paper 2—4 used Al on the DM examinations,
while Paper 5 used Al on the DBT examinations. A brief overview of the conceptual
differences between the Papers 25 is presented in Table 1.

Table 1. Overview of thesis papers regarding DM and DBT for Al and radiologists, respectively.

Paper Alon Al on Radiologist Radiologist Purpose

DM DBT DM DBT
2 X* X Exclude normal cases
3 X X X Detect additional cancers
4 X X Partly Add DBT in high-gain cases
5 X Comparison X Exclude normal cases

Al on DM and DBT describes whether the Al system was used to analyse DM or DBT examinations.
Radiologist DM and DBT describes if the study used the radiologist reading results from DM and
DBT arms, respectively. *Only about two-thirds of the dataset was used in Paper 2.

Al can identify normal DM screening examinations (Paper 2)

The aim of Paper 2 was to determine if some normal DM examinations could be safely
removed from the human reading by Al. The study population encompassed a subset
of 9 581 out of the 14 848 women in the MBTST cohort who were examined in the
later part of the MBTST when DM examinations were stored in a form readily available
for research. DM examinations from the included women were analysed with the Al
system ScreenPoint Transpara 1.4, which gave an Al score ranging from 1-10 for each
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examination. The DM examinations for the full MBTST cohort were not readily avail-
able when the analyses were run.

At publication, the paper was the first evaluation of an Al system on real screening
material. The results showed that the DM examinations with Al risk scores of 1 or 2
can be considered to be normal and can be excluded from reading without missing any
cancers, while also avoiding a few false-positive recalls. That means that 19.1% of the
examinations did not have to be read by radiologists and 10 false-positive recalls could
have been avoided.

Al can detect additional cancers on DM that would otherwise only be
detected on DBT (Paper 3)

In Paper 3, we investigated whether Al analysing DM examinations can detect some of
the cancers that radiologists missed on DM but detected on DBT. We analysed all the
DM examinations from the MBTST cohort with ScreenPoint Transpara 1.7 and
compared this with the results from radiologists’ readings DM and DBT. The Al
performance on the examination level, i.e. a score from 1-10, was analysed with ROC
analyses with different definitions of ground truth: DM screening-detected cancers,
DM or DBT screening-detected cancers, and all screening-detected cancers plus inter-
val cancers. When comparing the ROC curves of Al with the operating point of
radiologist DM double reading, the Al system could not reach the performance of
human double reading on DM for any of the ground truth definitions.

The locations of the Al findings were compared with the actual locations of the
diagnosed cancer lesions. Of the cancers diagnosed on DBT but missed on DM, 44%
had matching highly scored Al findings, which indicates that at least some of these
cancers could potentially be detected by using an Al system when reading DM exam-
inations. In the same manner, 9% of the interval cancers could potentially be detected.
The Al cancer detection was evaluated in relation to different cancer characteristics,
and the Al score distribution was tested with Kruskal-Wallis one-way ANOVA on
ranks without finding any notable differences.

High-gain cases for DBT screening can be identified by AI on DM (Paper 4)

The possibility of enhancing a DM-based screening programme by adding DBT in Al-
identified high-risk cases was explored in Paper 4. This was performed by analysing the
DM examination of the MBTST cohort with ScreenPoint Transpara 1.7 and simula-
ting how different score thresholds for adding a DBT would affect the number of
detected cancers and false positives. We found that by using a threshold value where
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10% of the women would be examined with DBT, 25% more cancers would be detect-
ed, which is 59% of the cancer cases that were detected exclusively on DBT. The
number of false-positive recalls would be increased by 22%. This means that more than
half of the effect of DBT screening could be obtained by only screening 10% of the
women with DBT, but there are some challenges with the proposed workflow, not the
least of the logistical nature, because the scheduling of busy screening clinics would be
complicated if larger variations in the examination time are introduced.

Al can speed up reading of DBT screening to make it workload equivalent
with DM (Paper 5)

The aim of Paper 5 was to evaluate different ways of using Al to reduce the workload
of reading DBT screening examinations. Three different workflows were tested:
excluding normal cases from reading, replacing the second reader and replacing both
readers. ScreenPoint Transpara 1.7 was used to analyse the DBT examinations, and
score thresholds were set to levels to exclude half of the examinations from reading for
the excluding normal cases approach or to keep the number of consensus discussions at
the same level as with DBT double reading for the replacing the second reader and both
readers approaches. The results showed that by excluding half of the examinations from
reading while double reading the others, 95% of the cancer cases that were detected
with DBT double reading would be detected, with retained recall frequency. If instead
replacing the second reader, 95% of the cancer cases that were detected with DBT
double reading would still be detected, but with a 53% increase in recalls. The approach
of replacing both readers with Al could detect slightly more cancers than DM double
reading with somewhat fewer recalls.

Overarching summary of results

Papers 2-5 all include Al analyses performed with ScreenPoint Transpara of DM or
DBT examinations from the MBTST cohort. While there are differences in Transpara
versions and whether DM or DBT examinations were analysed, the papers contain
similar plots presenting the Al scores of all examinations. A compilation of these results
is presented in Figure 12 in order to facilitate comparison. Since Paper 2 only included
a sub-cohort of the MBTST, these results are not directly comparable; thus, the results
for the full MBTST cohort using the same version of Transpara are also provided.
Similarly, the scores of all screening cancer cases and DM screening-detected cancer
cases are presented in Figure 13.
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Transpara 1.7 on DBT (Paper 5)
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Figure 12. Distribution of cancer risk scores among all examinations in the different papers.
The results from Paper 2 are not completely comparable with the other papers as a sub-cohort
was used; thus, the results for the full population with the same version (Transpara 1.4) are also
included for comparison.

In Figure 12, it can be seen that there is substantial difference in score distribution
between the different versions of ScreenPoint Transpara, where there is a general shift
towards lower scores in the later version. A further shift is seen for DBT compared to
DM. Among the cancers (Figure 13), there are only small differences between the
versions, but on DBT, the number of cancers with score 10 is a bit lower than on DM,
while the number of cancers scored 8 and 9 increased slightly. The general redistribu-
tion towards lower scores in the newer version comes at the price of a few cancer cases
among the 1 and 2 scoring categories, where there were no cancers in Paper 2.
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Figure 13. Distribution of cancer risk scores among cancers in the different papers

The score distribution among all screening-detected cancers, i.e. detected on either DM or DBT
(left), and among the DM detected cancers only (right), are presented separately. The results from
Paper 2 are not completely comparable with those of the other papers as a sub-cohort was used;
thus, the results for the full population with the same version (Transpara 1.4) are also included
for comparison.

In Figure 14, the ROC curves for Transpara 1.7 on DM (Paper 3) and DBT (Paper 5),
respectively, are presented together. The figure also includes operating points for radio-
logist single and double reading with and without consensus for DM and DBT. The
AUC for Al on DBT is higher than for DM, but the curves are relatively close to each
other and are crossed a few times. While the Al system has results largely on par with
the human readers on DM, only surpassed by double reading with consensus, the
human readers are clearly superior on DBT compared to Al on DBT.
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Al on DM ROC; AUC = 0.88 [0.842; 0.906]
X DM single reading

DM single reading with consensus
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Figure 14. ROC for Transpara 1.7 for DM and DBT.

Ground truth defined by all screening-detected cancers and interval cancers during follow-up
until the next screening round. Corresponding operating points for radiologist single and double
reading with and without consensus are provided for reference.
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Discussion

This thesis includes two types of papers, where establishment and implementation of a
research database is described in Paper 1, while Papers 25 all evaluate different ways
of using Al in breast cancer screening. The two categories of papers are first discussed
separately, followed by a discussion of more overarching aspects.

Breast imaging databases for research (Paper 1)

Paper 1 describes the creation and basic characteristics of the mammography research
database M-BIG, which in a research-accessible form collects 449 000 DM and DBT
examinations from 103 000 women performed during a span of 17 years. At the initia-
tion of the project, only a few research databases existed, most of which were small and
with several limitations. Many previously published case collections and databases
contained exclusively or mainly cancer cases, which poses limitations both in the
development and evaluation of Al systems.
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Other databases and case collections

The attention paid to Al and deep learning in the field of breast imaging has led to a
rising interest in creating large image databases in order to facilitate the development
and evaluation of such systems. Thus, a number of new databases and large case collec-
tions emerged during the project time, and some of the largest ones are presented in

Table 2.

The OMI-DB has been substantially expanded and now includes 373 000 examina-
tions from 170 000 women collected from several screening centres in the UK.'* A
database has been created containing about 1.2 million examinations from 500 000
women aged 40-74 years of age in the Stockholm region (Cohort of Screen-Aged
Women, CSAW).'* Another project which is called VAI-B (validation platform for Al
in breast radiology) and is led from the Karolinska Institute in Stockholm, collects
mammography data from different Swedish regions. It focuses on women in screening
ages with the goal of creating a platform where several Al systems can be evaluated on
locally collected data in order to identify suitable systems prior to procurement and to
verify expected performance of version updates before clinical installation.'*® As Malmé

is one of the participants in the VAI-B project, there is a partial overlap between the
VAI-B and M-BIG databases.

Apart from the databases that have been described in dedicated publications, there are
several internal, more purpose-built case collections that have been used to train or
internally validate different Al systems (Table 2).”*!'>!"% These are usually less well-
described and are in some cases at least partially cancer-enriched. Further, as these case
collections were often created on commercial grounds, they are unlikely to be available
for external collaborators, which is usually the case for dedicated databases, at least to
some extent. Further, a number of studies independently evaluating Al systems have
used large datasets, which could potentially be used for other purposes in the future,

e.g. evaluating competing Al systems (Table 2).!1¢!4-14

The large number of normal cases is demanding, both with respect to storage and
computational power. Thus, some databases, such as the VAI-B, have chosen to include
cancer-enriched datasets, where all available cancer cases are included, but normal cases
are restricted to a random subset using case-control approaches. This can be rational if
the cancers are the main focus and resource limitations do not allow for including all
the available examinations. On the other hand, when evaluating Al systems for use in
screening, the specificity is often at least as important as the sensitivity, and thus, it is
important to also thoroughly test the Al system on normal cases. Full screening datasets
give the opportunity to retrospectively validate Al systems in datasets with a cancer
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frequency that is realistic for screening, and using weighting factors in calculations and
analyses can be avoided.

Strengths and limitations with the M-BIG database

The M-BIG database opens possibilities for numerous retrospective studies, including
large-scale image-based studies using Al, but also studies aggregating clinical data. The
database can be used as a basis for creating reader studies targeting specific questions or
relatively rare conditions, thanks to the large amount of data. The M-BIG database
spans a longer time period than most other databases, which is a potential advantage in
doing longitudinal studies, for example, comparing Al scores between consecutive
examinations. As the database contains all mammography examinations, and is not
restricted to just screening examinations and screening-detected cancers, it is also
possible to study cancers that are not detected in screening, e.g. in women above
screening ages or women not taking part in screening,.

In contrast to most of the other databases, the M-BIG database also contains DBT
examinations and opens up possibilities for studying DBT, though the study possibil-
ities related to DBT are more limited than DM, as the number of screening DBT
examinations is much smaller (i.e. 14 848 acquired in the MBTST). However, it is
possible to do studies using a DM examination prior to the DBT screening, e.g.
investigating if Al on previous DM can be used to select high-gain cases for DBT. This
would be similar to what was described in Paper 4, but radiation dose and logistical
issues could be reduced.

The M-BIG database benefits from the well-developed Swedish registries and, thus,
contains information about all breast cancer diagnoses in the included cohort, even if
the woman has moved to another part of the country. As the database contains all
examinations from the only breast radiology clinic in Malmg, the population should
be well represented, spanning all socioeconomical groups. Further, the population of
Malms is diverse, with many ethnicities represented. Another unique feature of the M-
BIG database, which is currently in progress and will be included, is the linkage to data
from the SCAN-B project, including tumour genomic data and gene expression
analyses from most cancer breast cases diagnosed from 2010 onwards.

There are also a number of limitations with the M-BIG database compared with the
other databases (Table 2). Although the M-BIG is among the larger databases, the
number of examinations, included women and cancers are still larger in some of the
other databases. As the data inclusion was restricted to one clinic, the generalisability
might be less than some of the databases with a broader inclusion. In contrast to some
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of the other databases, the M-BIG currently does not contain any annotations of the
locations of cancer lesions, and annotations are restricted to the examination level. The
M-BIG database is currently missing information regarding the mode of cancer
detection for non-screening-detected cancers, i.e. interval cancer or cancer in a woman
not attending screening, but the work of adding this is in progress.

With its size and unique characteristics, the M-BIG database is an important comp-
lement to other available databases. While the database in its current form can be a
valuable resource to pursue research projects in an efficient way, at the time of this
writing, some additional data curation and annotations are still necessary in order to
unleash its full value, for instance, annotating locations of cancers and identifying
interval cancers and other modes of detection.

Al to enhance breast cancer screening (Papers 2-5)

In this thesis, several ways of using Al to improve breast cancer screening have been
presented: speeding up reading of DM by excluding normal cases (Paper 2), increasing
sensitivity on DM (Paper 3), increasing sensitivity through selective addition of DBT
(Paper 4) and using Al to speed up reading of full DBT screening (Paper 5).

Speeding up reading of DM with Al (Paper 2)

In Paper 2, we used an Al system to analyse DM examinations from screening, focusing
on excluding normal cases from manual reading. At the time of publication, it was
among the first studies evaluating an Al system on a real screening dataset. A few studies
reporting novel Al systems had included evaluations on screening datasets that in some
178115150 These studies

focused on a general comparison between Al and radiologist performance and are thus

cases partly had been used in the development of the Al mode

not completely comparable to Paper 2, which had a more specific focus related to using
Al in reading workflow and did not include an ROC analysis.

A number of recently published studies have focused on strategies for making the
reading workflow more efficient. As there are uncountable potential workflows,
comparing these studies tend to be complex due to differences in design. Some studies
have simulated workflows where the Al system is used to completely exclude normal
cases from reading while the rest are double read, similarly to Paper 2; this is, however,
usually combined with sending the cases with highest level of Al suspicion either to

l 116,139,147,151

consensus discussion or directly to recal Compared with Paper 2, these
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studies classified a larger proportion of the examinations as normal and discarded them
from radiologist reading, in most cases about 60%—70%, but have in some cases also

accepted a small proportion (1.5%-2.3%) of missed cancers.''®!3147:15!

If using a
threshold excluding 53% of the cases from reading in Paper 2, 10.3% of the screening-
detected cancers would be missed which is more than in the other studies. The differ-
ences might to some extent be due to use of more modern Al systems as these studies
were performed a few years later. However, it is always hard to guarantee that no cancers
at all will be missed, regardless of the threshold. The result in Paper 2 showing that
19% of the examinations can be excluded from normal reading without missing any
cancers at all is probably mostly a matter of random variation and does not appear in
Paper 3, where a more complete version of the same dataset was analysed with a newer
version of the same Al system. A more aggressive approach regarding workload
reduction is to exclude normal cases from reading while single reading the high risk
cases, but this led to over 10% missed screening-detected cancers also in recently
published studies."'*'” However, this might be an alternative for DBT-based breast
cancer screening, as the gain in sensitivity from moving from DM to DBT would still
result in a higher sensitivity compared with double-read DM.

Replacing the second reader with Al

A related but more conservative approach than excluding normal cases from reading —
not the least in terms of psychological and legal aspects — is to replace one of the readers
with Al, which has been studied in several retrospective studies summarised in Table
3.113147-199.152.153 There are some variations in proposed workflows, where the Al system
can send high-risk cases either to a second reader or consensus meeting. The table also
includes two prospective studies, each with a design representing one of the two

85.86
approaches.

In studies where Al sends high-risk cases to double reading, the proportion of examina-
tions sent to double reading varied between 13%—65%. This means that the potential
reduction in reading workload has a wide range. To some extent, this is related to the
study design and performance of specific Al systems, but it is also heavily dependent
on how many missed cancers can be acceptable. If focusing only on cancers detected
on DM with double reading, as mentioned earlier, the Al system can by design not
reach a higher sensitivity than the two human readers. In studies where 13%-24% of
the cases are sent to double reading, the proportion of missed screening-detected
cancers varied from 0%—10%.!'>1%8153 However, detecting some of the interval cancers
can at least partly compensate for the loss of screening-detected cancers.
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Table 3. Studies of workflows in which the second reader is replaced by Al

Name Double Consensus  Recall rate  Recall rate Missed
reading meeting without Al with Al screening-
rate rate detected

cancers
Al triages  Larsen et al.’ (scenario 8)  30% 7.2% 3.2% 2.9% 0.8%
b_ewlvee” Balta et al.' 23.6% 1.1% 5.5% 4.8% 0.0%
i;’;gcj%g Ng etal."™ (workflow C)  13.0%  2.0% 6.3% 5.8% N/A
or double @.1%)°
reading Marinovich et al."® 20.2% N/A 3.4% 3.1% 9.6%

Hickman et al." (scenario  44%-— 2.6% 3.5% 3.4% 0%-0.1%"

A) 65%

Lang et al.®>* 13.7% 4.0% 2.0% 2.2% NI/IA (20%
more
detected)®

Al sends Larsen' et al. (scenario 2) 14% 3.2% 2.8% 3.1%
to Ng et al." (workflow B) 13% 6.3% 5.8% N/A
consensus 2.1%)

Leibig et al."? (pathway B) N/A N/A N/A 2.6%

Dembrower et al.®* 8.95% 2.93% 2.80% 0 (4%
more
detected)

* Prospective studies (in italics).

a) Results from two different populations (UK and Hungary) are separately presented in the study, and the
overall results have been calculated and included in the table.

b) Results for screening-detected cancers are not presented in the paper. The number in the table refers to the
difference between double reading and single reader+Al, which includes interval cancers.

c) Comparison of three different Al systems where the range of results is presented in the table.

d) Missed screening-detected cancers defined as <1% and double reading rate adjusted accordingly.

e) By study design, the number of missed screening-detected cancers cannot be defined, but 20% more cancers
were detected in the Al group than in the control group receiving traditional double reading without Al.

A recently published randomised clinical trial by Ling et al. compared standard of care
double reading, with Al triaging between single reading (86.3%) and double reading
(13.7%), where all readers had access to the Al results, which is a more realistic way of
clinical use, but is impossible to simulate in retrospective data.*” The design did not
allow for direct comparison where the number of missed screening-detected cancers
could be calculated, but as 20% more cancers were diagnosed in the Al arm, this seems
to be at least as good as double reading. A more definite measure for comparison
between the workflows would be the interval cancer rate, which will not be available
until the follow-up time has passed for all the participants in the trial."*

A few retrospective studies also included workflows where the Al system sent high-risk
cases directly to consensus meetings instead of a second reader."'>"'>'” Obviously, this
would further reduce the reading workload, but instead, the number of the usually
more resource-intense consensus discussions would be increased, while more cancers
would be missed. A recently published prospective study by Dembrower et al. followed
this approach, i.e. the examinations were read by a single reader complemented by an
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Al system working standalone and sending cases with an Al score above a predefined
threshold to consensus meeting. This study actually showed a higher cancer detection
when using single reading + Al than in traditional double reading.®® The Al results were
not used in the initial readings, but in contrast to the retrospective studies, the
consensus meetings could benefit from the Al results, and this was apparently valuable.

Some retrospective studies have also included the possibility for the Al system to
directly recall cases with the highest risk. When including interval cancers, where the
Al system has the chance to detect additional cancers that were not detected on double-
read DM screening, some studies reported that the total sensitivity could instead

potentially be increased.'*”'*8

Increase sensitivity on DM with Al (Paper 3)

In Paper 3, the main focus was to investigate if part of the higher sensitivity with DBT
screening can be achieved by using Al on DM. This can only be studied in a dataset
with paired DM and DBT examinations. A Spanish study had some similarities, as
using a paired DM and DBT and the same version of Transpara, but differed by using
two-view narrow-angle DBT and a higher Al score threshold for considering a cancer
as detected.” The study showed that the Al system could detect 45.5% of the cancers,
which human readers only detected on DBT, could have been detected on DM with
AL This is very similar to the corresponding value of 44% in Paper 3. The study focused
on evaluating Al as a standalone sole reader, which could potentially be implemented
in the screening workflow but would also lead to a substantial number of missed cancer
cases that would be detected with double reading. The approach in Paper 3 is of a more
explorative nature, and no concrete way of implementation in clinical workflow is
investigated. The results should instead be seen as an estimation of the highest
achievable sensitivity when using the Al system in DM screening, at least regarding
cancers that are actually present and potentially detectable, in contrast to cancers
detected in the next round, where at least a portion of them might have emerged since
the index screening. In a prospective clinical setting, the potential detection of the
additional DBT-only detected cancers comes with a risk of increasing the false-positive
recalls. Thus, it would be interesting to compare this with prospective studies
comparing DM+AI with DBT.

Another recently published Spanish study compared reading of DM and DBT with
concurrent use of an Al system for both DM and DBT examinations with historical
data from the same population prior to introduction of Al support.’** DM and DBT
are used in parallel in screening depending on available resources. This design can in
many respects be considered as a prospective study, although some other factors might

72



have changed since the collection of the control group. Sensitivity cannot be calculated
at this time, as not enough time has passed for interval cancers to be diagnosed. The
cancer detection rate for DM+AI was higher than for DBT without Al (8.1%o0
compared with 5.8%o), but at the cost of a higher recall rate. Such a strong effect from
Al seems unlikely according to our results in Paper 3. However, the data in the study
differed substantially from our study in that the difference in cancer detection rate
between DM and DBT was negligible, while the MBTST showed a 34% higher cancer
detection rate with DBT. A previous study comparing DM and DBT without Al in
the same population showed a 17% increase in cancer detection with DBT compared
with DM — an effect that seems to have diminished, while the recall rate for DM has
doubled.”*"* One speculation is that in light of the shown superiority of DBT, the
local readers may have lost confidence in DM and are now likelier to recall DM in
order to compensate for this inequality. Another part of the difference could be related
to the fact that the study is based on examinations collected with narrow-angle DBT
(Hologic), while MBTST used wide-angle DBT (Siemens), but differences in the
screening programme and underlying population should also be considered.
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Standalone performance of Al on DM

Paper 3 also includes a general comparison with reader results, including ROC analysis,
which can be compared with other studies where an ROC analysis has been included.
An overview of such studies and corresponding AUC values are provided in Table 4.
As the composition of the datasets differs, most importantly between cancer-enriched
and full screening datasets, the AUC values are not completely comparable. However,
the AUC of 0.925 in our study is somewhere in the middle among the other studies.
The value is slightly lower than in two other studies using the same version of the same
Al system on Danish and Spanish data."'®" When comparing AUC values, it should
be taken into account that non-screening data might give misleading results, and even
in cases when the data originates from screening, the datasets might be biased in
different ways; for example, some studies excluded all women without a normal follow-
up, while others included all available data. The performance measures of the Al
systems can also be affected by differences in the screening programmes, including
screening interval, workflow, vendors of mammography equipment and use of other
modalities in the screening as well as differences in the underlying populations.

Several studies have retrospectively compared the performance of Al systems standalone
with historical radiologist reading results from clinical screening workflow, and these
showed an Al performance that is as least as good as single reader screening
results.'"*1*15 However, radiologist double reading with consensus has usually been
superior to the Al system performance, which is in accordance with the results in Paper
3.114148150 There is a substantial variation particularly in specificity but, to some extent,
also in the general performance of radiologists between different screening centres,
which limits the value of comparing Al systems with radiologist reading.

In some studies, the performance of the Al system was compared with radiologists in
reading studies, where the Al system clearly outperformed the radiologists.”*'** The
performance of the radiologists in these reading studies was clearly inferior to results
usually achieved in clinical reading, which might to some degree be due to using highly
cancer-enriched datasets. Further, it may in part be related to limited reader experience,
but this can be expected even with experienced readers due to the laboratory effect,
which cause the readers to perform significantly worse in retrospective reading studies

than in prospective clinical reading."’

75



Personalisation of screening by selective addition of DBT (Paper 4)

Paper 4 investigates the potential of personalising screening by adding DBT for women
based on an Al risk assessment and shows that a large part of the sensitivity gain with
DBT screening could be achieved by only adding DBT to the 10% of women with the
highest risk.

Several cancer risk models have been proposed, where different types of risk factors are
included.'*'*" Some models focus on clinical and lifestyle factors, e.g. personal and
family history of breast cancer, age, parity and age at first birth, while others also include
genetic analyses or image-derived information, such as breast density. There are also
risk models where more general image-based factors are included by using an Al system
designed for cancer detection.'”” Collecting a large number of factors can be
challenging, and risk models based mainly on images have also been developed.'*

The proposed workflows in Paper 4 have similarities with using an image-based risk
model to adapt the screening to the individual risk, but instead of predicting future
risk, the Al system is used to assess the risk of cancer at the DM examination at the
screening appointment so DBT can be added directly. While including other risk
factors, such as family history of breast cancer, might have some additional gain, it
would add more complexity to the screening process. Another possibility could be to
analyse previous examinations and use DBT for women who had a high risk at the
previous examination, which is more similar to other risk models. However, this means
that any changes since the last examination would not be taken into account. This
could potentially be solved by analysing both previous DM, and then the current DM
in cases not triaged to DBT. While this approach may solve some logistical issues, it
cannot be used when no previous examinations are accessible, which would be a
limitation in fragmented screening programmes where previous images may be in-
accessible if a woman attends screening at a different centre than the previous time.

No retrospective studies with approaches similar to those in Paper 4 have been found,
and the concept should be tested in prospective studies before clinical implementation.
Then, the assumptions that were necessary in the retrospective study can be verified,
and the actual behaviour of readers can be studied. As mentioned previously, in
particular, the effects on recall rate can be unpredictable when mixing DM and DBT
screening, but this effect would probably be less if the allocation to DM or DBT follows
a risk-based pattern rather than being random.
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Speeding up reading of screening DBT with Al (Paper 5)

The possibilities of using Al to reduce the reading burden with DBT screening are
investigated in Paper 5 by analysing the DBT examinations with an Al system and
simulating different ways of using it in the reading workflow. Using Al to exclude low-
risk cases from any reading and double reading the high-risk cases led to slightly better
results than replacing the second reader with Al, but the latter approach is probably
more feasible for psychological and legal reasons.

Compared with Al on DM, there are relatively few studies using Al on DBT. One
retrospective study based on a similar cohort with paired DM and DBT examinations
also investigated a workflow excluding low-risk cases from reading, but replacing the
second reader was combined with excluding low-risk cases from all reading."” That
study was more aggressive regarding workload reduction than that described in Paper
5 and discarded about 70% of the examinations as normal, but still the sensitivity was
slightly higher. This might be due to differences in study design, including a simulated
recall of the 2% of the examinations with the highest score, use of two-view narrow-

angle DBT and a slightly higher overall recall rate.

In a study from the USA, an Al system was developed specifically for the task of
identifying normal cases that can be removed from human reading.'®* In the internal
evaluation, including data from sources other than the training data, the level of
workload reduction was about 40%, which is a bit lower than that shown in Paper 5.
The sensitivity was at the same level as single-reading, which was used as a reference
since the study was performed in the USA.

Al for DBT in general

Paper 5 also includes more general results about Al on DBT with ROC analyses, which
can be compared with other studies on the subject. The AUC values from some
previous studies of Al on DBT are presented in Table 5. Our study has an AUC in the
middle among all studies, but towards the lower end among studies based on screening
data. This could be due to the use of one-view wide-angle DBT, as the studies with
higher AUC were all based on two-view narrow-angle Hologic examinations. These are
more similar to DM images, which constitute the majority of the training data for the
Al systems. However, comparisons between studies are complicated due to differences
in study design and type of datasets.
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Concurrent use of Al for DBT has been studied in a number of reader studies where
the sensitivity increased with Al, while false-positive recalls and reading time were
retained or reduced (Table 5).""*""!! However, as previously mentioned, reader
studies based on retrospective data might not represent the real behaviour of readers
due to the laboratory effect.

A study in the USA aimed to assess the results of using Al in a clinical workflow by
comparing the results from two different screening centres, one with and one without
Al available in the reading situation.'®® The study reported a slightly higher cancer
detection rate with the use of Al, but also a higher rate of false positives. However, the
study has important limitations, where the use of two different centres serving different
populations is probably the most important.

The previously mentioned Spanish study comparing reading of DM and DBT with
and without concurrent use of an Al system also includes data on DBT, which can be
compared with Paper 5. Using the Al system on DBT was associated with a higher
cancer detection rate but at the cost of a slight increase in recall rate. The increase in
the cancer detection rate was slightly higher on DBT than on DM, but this difference
was smaller than the difference between with and without Al support. The recall rate
also increased slightly when using Al, but was still lower than for DM. Due to the
differences in recall rate and the lower gain from DBT compared with DM, it is hard
to determine how these results would transfer to a context similar to the MBTST.
However, it is possible that introduction of a mixed DM and DBT screening, at least
if the selection of modality is not controlled by the risk, could lead to a similar rise in
the recall rate of DM as seen in the Spanish context.

Ethical considerations and trust in Al

Trust in Al

A prerequisite for introducing Al in breast cancer screening is that it is accepted and
trusted by the women taking part in screening. A few studies have investigated the
opinions about the use of Al in the context of breast cancer screening.'®'*” While being
open to start using Al in breast cancer screening if this could improve the screening
programme, the importance to thoroughly test and validate the Al systems both prior
to and after introduction was stressed. A common opinion was also that human readers
should always be involved in decisions and be responsible for the outcomes, while using
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Al as the only reader was met with more scepticism. Equity was also an important
aspect, and it has to be ensured that the Al systems perform well in all subgroups.

Privacy and use of training data

Al systems are usually trained using historical examinations from breast cancer
screening programmes, which might have some ethical implications. Informed consent
or explicit permission from each woman is usually not collected when using medical
data for training Al systems. The ownership of medical data can be a bit diffuse, where
the healthcare system and individual women both have some rights to the data.'®
Commonly, healthcare data are considered to not be personal data after anonymisation
and are thus sharable with external partners. As an alternative, methods have been pro-
posed where the data can be used to train Al models locally at the hospital.'® That
means that the personal information in itself never leaves the healthcare provider. In
both cases, the trained model can eventually be sold to external instances by commercial
companies. However, as all training data affect the model, the personal data can in
some way be considered to be incorporated into the model that then becomes a
product. There has recently been much publicity on generative Al systems, which have
been trained on copyrighted data without permission, where data very similar to the
training data can be exported.'”” However, in the case of classification models, such as
cancer detection systems, where the model cannot export any data similar to the
training data, the incorporation of training data is probably more of a philosophical
matter.

Overarching discussion

Which way of using Al is the best?

The papers included in this thesis, together with numerous other articles published
during the last few years, have explored different ways of using Al to enhance breast
cancer screening. There seem to be several promising approaches, and the continuous
developments of Al systems might lead to further improvements and unleash even more
new possibilities. While most studies in the field have been retrospective, with all
limitations this entails, the first results from a prospective randomised controlled trial
have indicated that Al can actually be used to replace the second reader with a per-
formance even better than expected from retrospective studies.®” The other approaches
have yet to be studied prospectively.
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In order to optimise the use of resources and maximise performance, it would probably
be ideal to implement a combination of several approaches, namely exclude low-risk
cases from human reading and single read intermediate-risk cases with Al support,
while high-risk cases are double read, or even are more thoroughly examined (e.g. with
DBT, contrast enhanced mammography or MRI). However, a prerequisite for exclud-
ing cases from human reading is that all stakeholders trust the Al system for this use.
This might not yet be the case, but with the rapid introduction of Al in different
domains, we will likely all be more familiar with Al in just a few years, and this could
lead to a larger acceptance and trust of Al in the medical field as well.

The new Al-enhanced workflows and reading processes of breast cancer screening can
also open possibilities for introducing DBT in screening. While studies both by us and
others have shown promising results from using Al on DBT, there might still be some
development to be done before Al reaches the same level on DBT as on DM. As an
example, Figure 14 shows that the Al system performs on par with radiologists on DM,
only superseded by double reading with consensus, while the Al system clearly does not
reach the level of radiologists on DBT. This is probably due to insufficient training
data from DBT screening, where the training of the Al systems often, to a large extent,
has to rely on mostly DM data with only a smaller portion of DBT data. With enough
training data, logically, the potential for Al to outperform human readers on DBT
should rather be greater than on DM, as an Al system can spend as much processing
time on each slice of a DBT stack as on a full DM image, while a human reader has to
use a more scrolling approach to retain a reasonable reading time.

Role of databases

Research databases with breast cancer images have several important roles. They are an
important source for training data in the further development of Al systems, not the
least to add more diversity of data as well as better coverage of uncommon cases and
presentations. Databases are also important in evaluating the performance of Al in
further retrospective studies, where the aggregation of large amounts of data can
potentially make it possible to do specific analyses in subgroups and of rare types of
breast cancer. Databases can also be used to test an Al system on retrospective data from
a particular screening centre in order to verify the performance in the local context prior
to procurement. As databases currently predominately contain DM examinations, the
usability for DBT is more limited at the moment.
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Overdiagnosis and overtreatment

An increased screening sensitivity results in more cancers diagnosed at an early stage,
leading to a better prognosis. However, there will also be an increase in overdiagnosis,
which will lead to overtreatment. It is hard to estimate the extent of overdiagnosis as it
today would be unethical to keep a control group out of screening. A longer life
expectancy also means that some of the cancers that were overdiagnosed in the now
quite aged studies of overdiagnosis would today actually lead to symptomatic disease.
Thus, we probably have to accept that the extent of overdiagnosis is uncertain. The risk
of increasing overdiagnosis should not be taken as a reason to not improve the
sensitivity of screening, as only part of the detected cancers represent overdiagnosis,
while others will become symptomatic and should be treated as soon as possible. While
overdiagnosis can have psychological consequences, overtreatment can in addition lead
to serious somatic side effects.

In cases where the cancer has characteristics that indicate a low risk of progression,
diagnosis may not necessarily have to lead to treatment. Instead, concepts such as active
surveillance could be introduced, which are being investigated for ductal carcinoma in

situ in some ongoing studies.'”"'"

As cancers are usually removed after diagnosis,
moving to an active surveillance approach might be challenging and discourage patients
from entering such studies.'”>'”* However, in one of the studies, removing the random-
isation step and allowing patients to choose between active surveillance and conven-
tional treatment accelerated the recruitment and, interestingly, led to most patients

entering the active surveillance arm."”*

Methodological considerations and overall limitations

An overarching limitation of all the studies in this thesis is that they were based on
retrospective data. This means that it has been necessary to make some assumptions
that may or may not be correct. Some aspects cannot at all be studied when applying
Al to retrospective data and comparing it with historical radiologist readings, in part-
icular the interaction between radiologists and Al

Results on DM from the MBTST cohort are not fully comparable with other studies,
as some of the cancers detected on DBT screening would likely not have been diagnosed
until after the next or second-to-next screening rounds and, thus, would not have been
included in the ground truth — or appeared as interval cancers — in studies without
paired DBT. This might to same extent affect Papers 2—4. Using data collected during
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a trial also introduces a selection bias, as the women refraining from taking part in the
study might differ from those who take part.

All the studies were based on data from a single screening centre, serving an almost
exclusively urban population. All examinations in Papers 2-5 are from Siemens
equipment. The M-BIG database is more diverse on the mammography machine
vendor, with three different vendors represented, although there is a temporal
difference. Further, only one Al system was used, and using other systems might result
in different outcomes. The development in the field has been very rapid with several
updates of the Al system since the analyses were performed. Using a newer version of
the Al system might give somewhat different results.

As the M-BIG database is a work in progress where the data have been further curated
since publication of Paper 1, some numbers have changed slightly since the time of
publication, for instance, the total number of examinations and women have been

slightly reduced.
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Conclusions

® A breast imaging research database has been created where images, reader
results and free text radiology reports have been gathered together with cancer
data from different registries. This platform provides more convenient access
to data and will facilitate future research on breast cancer imaging.

e Al can improve the resource efficiency of DM screening by eliminating the
need for manual reading of normal cases.

e Al has the potential to improve the performance of DM screening by detecting
some of the cancers that would otherwise only be detected on DBT screening.
Further, Al can be used on DM for selecting high-risk cases where addition of
DBT would be beneficial.

e Al can make it possible to introduce DBT in screening with an unchanged
reader workload by either excluding normal cases from reading or replacing
the second reader. This would improve the sensitivity in breast cancer
screening, probably without notable changes in recall rates.
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Future perspectives

Breast cancer screening in the future

Al will likely play a successively increasing role in breast cancer screening. It is already
used as support for readers in some places and has in this role been shown to be able to
replace the second reader with retained sensitivity. This can mainly be motivated by
saving resources, which obviously is attractive for healthcare providers, but it can be
more questionable from the perspective of women taking part in screening, who would
likely appreciate enhanced performance more. Although there have been some indica-
tions of minor improvements in both sensitivity and specificity by using Al in DM
screening, it might be favourable to link the introduction of Al to other improvements
of the screening programme that are made possible by using Al It has been suggested
to use Al for adding breast MRI in high-risk cases,'””” but the most immediate
advancement is probably to introduce DBT in breast cancer screening, either in selected
high-risk cases or for all participants. Adding DBT only in high-risk cases does not
unleash the full potential of DBT screening, but this approach could be useful as a
transition phase to full DBT screening. As this approach primarily relies on Al on DM,
the relative immaturity of Al for DBT would largely be avoided.

A screening programme based on DBT and Al not only has several possible workflows,
e.g. excluding normal cases or replacing the second reader, but there are also different
ways of reading the DBT. If a human reader is required to gain public or legal
acceptance, reading an SM might be sufficient in cases marked as low-risk by Al
(suggested in my conference abstract from European Congress of Radiology, ECR
2023).

Role of breast imaging databases
Present evaluations of Al using retrospective data have shown that Al can work on

screening data as a whole, but the performance in different subgroups of women and
for specific types of breast cancer is still to be tested. As large amounts of data are
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important in order to do subgroup analyses, breast imaging databases will be crucial in
this process. Further, databases can be utilised to collect training data from
underrepresented groups. Current breast cancer imaging databases predominantly
contain DM, while DBT screening data are more limited. More DBT training data are
necessary to unleash the full potential of Al on DBT. Clinical DBT can be used in
training, but this comes with the risk of restricting the models to cancers detectable
with DM if not enough DBT screening-detected cancers are included. Subgroup
analyses of Al on DBT also require more DBT screening data. Also, as the character-
istics of the images vary more between vendors for DBT than DM, it might be necessary
with even more extensive evaluations of Al on DBT than on DM.
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Errata

Paper 4

There are some numbers in the results paragraph of the abstract that is inconsistent
with the main text. The paragraph should read (changes are underlined):

“If using a threshold of 9.0, 24 (25%) more cancers would be detected compared to
using DM alone. Of the 41 cancers only detected on DBT, 59% would be detected,
with only 1493 (10%) of the women examined with both DM and DBT. The detection
rate for the added DBT would be 16/1000 women, whereas the false-positive recalls
would be increased with 60 (22%).”

There is a similar error in the second sentence of the first paragraph of the discussion
section, which should read (changes are underlined):

“We found that using a threshold of 9.0, 10% of the women would have DBT added,
and with DM + DBT combination 25% more cancers would be detected, at a cost of

22% increase in false positives.”
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