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Abstract

Introduction: Breast cancer is a heterogeneous disease in which imaging plays a
central role. Beyond identifying malignancy, imaging provides information about
the mammographic tumor appearance, breast density, and characteristics of the
surrounding adipose tissue, which may reflect underlying tumor biology and relate
to the prognosis. The aim of this thesis was to explore how features from
mammography and MRI relate to characteristics and outcomes of breast cancer.

Methods: Papers I-III were observational studies involving women with invasive
breast cancer in the Malmé Diet and Cancer Study cohort. Mammographic tumor
appearance, breast density, and the mode of detection were linked to histopathology,
surrogate molecular subtypes, and long-term breast-cancer-specific survival using
regression models and Cox analyses. Paper IV evaluates a chemical-shift-encoded
MRI technique to quantify fatty acid composition in breast adipose tissue. A total
of 68 women underwent a dedicated multi-echo MRI sequence, and the results from
the MRI examination were compared to breast density, menopausal status, tumor
proximity, and gas chromatography.

Results: Spiculated mammographic tumor appearance was strongly associated with
favorable cancer characteristics, including hormone-receptor positivity, lower
grade, lower Ki67 expression, and the luminal A-like subtype. Distinct masses were
more often triple-negative breast cancer, whereas tumors with calcifications were
more frequently HER2-positive. However, neither mammographic tumor
appearance nor breast density was significantly associated with breast-cancer-
specific survival. A novel metric quantifying the degree of spiculation, the Spic
Mass Ratio correlated with both age and breast density but did not predict axillary-
lymph-node involvement or survival. MRI-derived adipose content was lower in
dense breasts and in premenopausal women. In women with unilateral cancer, the
cancer-affected breast contained less adipose tissue than the contralateral breast.
The proportion of saturated fatty acids was highest adjacent to cancer, although this
finding was not statistically significant, potentially due to lack of power.

Conclusion: Mammographic features at the time of breast cancer diagnosis reflect
tumor biology to some extent but cannot independently predict breast-cancer
survival. Chemical-shift-encoded MRI accurately depicts adipose tissue and shows
potential for characterizing fatty acid composition but warrants further study to
determine its potential clinical application.



Popularvetenskaplig sammanfattning

Brostcancer dr den vanligaste cancerformen hos kvinnor. I Sverige insjuknar varje
ar 6ver 8 000 kvinnor. Trots att bdde behandling och overlevnad har forbéttrats
dramatiskt under de senaste decennierna innebér en brostcancerdiagnos ofta mycket
oro, frekventa sjukhusbesok och behandling som paverkar livet i stort. Brostcancer
delas in 1 distinkta subtyper som har olika allvarlighetsgrad. Dessutom &r storleken
pa tumdren och om den har spridit sig vidare fran brostet vid upptéckten viktig
information vid val av behandling, och for att kunna forutspa hur det kommer gé for
den drabbade kvinnan framéver.

Bilddiagnostik dr en av hornstenarna i brostcancervarden, men den involverar ocksa
alla asymtomatiska kvinnor som screenas for brostcancer. Genom screening kan
brostcancer hittas 1 ett tidigt, ofta botbart stadium. Trots god bildkvalitet missar
mammografi ibland tumérer, och det finns ocksé tumdrer som ger symptom mellan
tva screeningtillféllen, sa kallad intervallcancer. En annan utmaning med screening
ar overdiagnostik. Det innebér att en del av tumorerna som hittas i screening aldrig
skulle ha hunnit ge symtom eller utvecklas till en farlig sjukdom. Overdiagnostik
leder dérfor till atgirder som inte hade varit nédvéndiga. Vilka tumorer som ar
kliniskt betydelsefulla, och vilka som inte ar det, 4r darfor angeldget att studera.

Syftet med min avhandling har varit att undersoka om information frén radiologiska
bilder kan ge ytterligare information om tumdoren, utdver att konstatera dess existens
och lokalisation. Kan bilden ocksd sdga nagot om tumdrens egenskaper,
aggressivitet och prognos? Brostcancer kan se ganska olika ut pd mammografi, och
mycket av denna variation verkar spegla tumdrens underliggande biologi. Vissa
tumorer har vélavgransade konturer och framtréader tydligt mot omgivande vévnad.
Andra dr mer diffusa och svérare att urskilja. En sérskilt intressant grupp ér tumdrer
med sa kallad ”spikulering” — tumdrer med strék som strélar ut fran tumoren i den
omgivande vévnaden. Brosttithet ar ytterligare en bilddiagnostisk faktor som béde
paverkar hur litt en tumér uppticks och som speglar brostets sammanséttning.
Kvinnor med téta brdst 16per en dkad risk att utveckla brostcancer, men om téitheten
ocksa paverkar risken att do 1 brostcancer nér en tumor val har uppstatt dr mindre
tydligt. Dessutom ville vi undersdka om en ny typ av magnetkamerateknik kan ge
tillforlitlig information om fettsammanséttningen i brostvivnaden, och dé sérskilt
hur den ar nira tumorer, da detta skulle kunna vara en ny pusselbit i forstaelsen av
brostcancer.
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Avhandlingen bestér av fyra vetenskapliga artiklar:

e Studie 1 fokuserade pa sambandet mellan tumdrens utseende pd mammografi
och tumdrens biologiska egenskaper, sdsom hormonreceptor-status, tumdrgrad
och molekylér subtyp.

e Studie 2 undersdkte om tumorutseende och brosttithet paverkar 6verlevnaden
1 brostcancer, baserat pa lang uppfoljningstid i Malmé Kost Cancer-studien.

e Studie 3 undersdkte om graden av spikulering i spikulerade tumdrer pa
mammografi &r relaterad tumorkaraktéristik och dverlevnad i brostcancer.

e Studie 4 utvirderade en magnetkamerateknik for att kartlagga
fettsammanséttningen i brost hos kvinnor med och utan brdstcancer.

Studierna visade att tumorer med spikulering oftare hade mer gynnsamma
biologiska egenskaper. Trots detta innebar spikulering inte en forbattrad 6verlevnad
i langtidsuppfoljningen. Ingen signifikant skillnad i 6verlevnad ségs heller beroende
pa hur utbredda spikuleringarna var. Brosttéthet visade sig inte paverka prognosen
nir en tumdr vél hade upptickts. Magnetkameratekniken for att beddma
fettsammanséttning 1 brostet kunde urskilja olika komponenter i fettvivnad och
overensstimde ndgorlunda med referensmetoden (gaskromatografi) for att
bestimma fettsammanséttning. Fler studier behdvs dock for att bekrifta dessa fynd.
Sammantaget visar den hir avhandlingen att information frdén mammografibilder
och avancerad magnetkamerateknik kan séiga mer om brostcancer dn vi hittills
utnyttjat kliniskt.
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Abbreviations
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ROI Region of interest

RRR Relative risk ratio
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SMR Spic Mass Ratio

TNBC Triple-negative breast cancer
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Introduction

Breast cancer is a major health concern both in Sweden and globally." ? Incidence
rates are increasing worldwide, and a substantial number of women undergo
invasive diagnostic procedures followed by both surgical and medical treatment.
The clinical course of breast cancer is highly variable, and depends on multiple
factors, including tumor biology, clinical stage at diagnosis, and patient
characteristics.” Mortality due to breast cancer varies considerably between
continents and countries.* In Sweden, mortality is showing a decreasing trend,
which has been attributed at least in part to early detection through breast-cancer
screening, as well as continuous improvements in treatment outcomes over time.

But despite decades of advancements in screening and treatment, breast cancer is
still one of the leading causes of cancer-related death among women in Sweden and
globally.! Screening may also contribute to overdiagnosis and overtreatment of
indolent tumors that would never have caused any harm.’ Therefore, it is desirable
to predict tumor behavior accurately at the time of diagnosis. Quantitative imaging
biomarkers and radiomics techniques may contribute to improving precision in the
prediction of tumor aggressiveness or indolence and could add information to
existing tools for disease staging and prognostication.’

This thesis consists of four papers exploring different aspects of breast imaging in
relation to the characteristics and prognosis of breast cancer. Papers I-1II focus on
mammographic features, and paper [V investigates a magnetic resonance imaging
(MRI) technique for estimating the composition of breast adipose tissue. Breast
imaging is closely linked to screening, diagnosis, treatment, morbidity, and
mortality in breast cancer, and a short background is provided for these aspects to
frame this thesis in a broader clinical context.
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Background

Breast cancer — a major health issue

Incidence and mortality

Breast cancer is the most common malignancy among women worldwide.'
Approximately 2.3 million new cases were diagnosed in 2022, including over 8,000
occurring in Sweden."’ Incidence rates have been rising steadily and continue to
increase both in Sweden (Figure 1) and globally, which has been attributed to
demographic changes in the form of both aging and growing populations, higher
prevalence of modifiable risk factors, and larger diagnostic capacity.* A substantial
part of the incidence increase could be due to improved diagnostic methods that
increase the detection rates of cancer in screening,’ but it is possible that the true
incidence of both diagnosed and undiagnosed breast cancer is increasing. The
incidence of breast cancer is rising among younger women,® which could support a
true increase in incidence as these women are generally not targeted in screening
programs.

Despite advances in detection and treatment, breast cancer is still one of the leading
causes of cancer-related death in women and causes an estimated 670,000 deaths
annually worldwide.' Trends in mortality differ largely between countries. Breast-
cancer mortality is rising in many countries with limited access to care, but it has
been stable or decreasing in most countries with strong health systems, despite
similar incidence rates, which reflects inequities in detection and access to therapy.*

In Sweden, the age-adjusted breast-cancer mortality has declined in recent decades
(Figure 1). However, the absolute number of women who die from breast cancer has
been relatively stable at just under 1,500 deaths per year in the last decade. The
survival rate is commonly assessed at 5 and 10 years after diagnosis, and both
measures have steadily improved in Sweden over time. As of 2020, 92.8% of
women with breast cancer survived at least 5 years after diagnosis, and 87.6%
survived 10 years.’

17
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© Copyright — International Agency for Research on Cancer (IARC), 2025. All Rights Reserved.
Available from:

Diagnosis and triple assessment

Breast cancer is diagnosed through screening, symptomatic presentation, or
incidentally. In Sweden, women aged 40-74 years are invited to breast-cancer
screening with mammography regularly at intervals of 18-24 months.'" The
screening guidelines are stipulated by the Swedish National Board of Health and
Welfare.!! Attendance rate in Sweden is over 80% but varies considerably according
to socio-demographic factors.'? Breast cancers detected through screening generally
have a more favorable prognosis than those diagnosed by other means."* In Sweden,
slightly more than 60% of breast cancers are detected through screening in the
invited population.'*

Symptoms and work-up

Symptoms of breast cancer include a palpable lump, nipple discharge, skin changes
such as dimpling (also known as peu d orange) or erythema, localized swelling, and

18
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occasionally pain.” The established diagnostic approach for breast complaints is
triple assessment, which includes clinical examination, imaging, and tissue
sampling.” Tissue sampling is performed by fine-needle aspiration, core needle
biopsy, or vacuum-assisted biopsy. Fine needle aspiration is used for cytological
assessment and can be performed on both the breast and lymph nodes in the axilla.

However, cytology is more limited than biopsy, which offers histopathological
confirmation and receptor status evaluation, which is essential for treatment
planning.”> Tissue sampling is most commonly performed under ultrasound
guidance, but it can also be done manually by palpation or with mammography- or
MRI-guided techniques. In Sweden, breast findings in imaging and pathology are
coded on a five-grade scale:*

1. Normal finding

2. Benign finding

3. Finding with uncertain malignant potential

4. Finding that raises the suspicion of malignancy
5. Malignant finding

The number grade is preceded by a letter that indicates the diagnostic method used:
mammography (M), ultrasound (U), cytology (C), or biopsy (B). Since 2016,
suspected breast cancer (code 4 and 5) is investigated according to a nationally
standardized protocol in Sweden.” Breast lesions with uncertain malignant potential
(code B3) are treated according to the presence of atypia, sampling size, lesion size,
and patient preferences.'® In Sweden, the diagnosis and treatment of breast cancer
rely on recommendations in the comprehensive National Breast Cancer Care
Program published by the Regional Cancer Centers.*

Screening — benefits, harms and challenges

The primary goal of mammography screening is to reduce mortality through the
early detection and treatment of breast cancer. Major screening trials have shown
that screening lowers breast-cancer-specific mortality by approximately 20%.'" '*
However, reductions in breast-cancer-specific mortality do not account for potential
increases in mortality from treatment-related side effects, such as late cardiac events
following radiotherapy. Two meta-analyses have not demonstrated a reduction in
all-cause mortality associated with mammography screening,'® ?° possibly due to
limited statistical power.

Advancements in mammography technology since the original screening trials have
enhanced the ability to detect subtle abnormalities.”’ This has likely improved
screening but has possibly also led to increased overdiagnosis — the detection of
tumors that would never have caused symptoms during a woman’s lifetime.

19



Conversely, mammography does not detect all cancers present at the time of
screening. Some cancers remain undetected (false negatives),”? and others are
diagnosed between scheduled screening rounds among women who attend
screening (interval cancers). There are, however, new screening tools that not only
increase detection of aggressive cancers but also decrease the number of interval
cancers.”® Assessing the current benefit of screening is also complicated by the fact
that breast-cancer treatment has improved since the screening trials. As a result, a
benefit would likely be harder to detect if the trials were repeated today. Lastly,
costs and the distress among women who are recalled from screening, of whom the
majority ultimately do not have cancer,” must also be weighed against the benefit
from screening.

This thesis investigates imaging features derived from both mammography and
MRI. If imaging-based tumor and tissue characteristics can help distinguish
clinically significant disease from indolent findings and accurately predict tumor
behavior, screening strategies and clinical management could be individualized
accordingly.

What is breast cancer?

Anatomy of the breast

The breast consists of glandular structures that include the mammary epithelium,
ducts and alveoli, which are derived from the ectoderm, and support structures such
as connective-tissue stroma, adipose tissue, vasculature, and smooth muscle from
the mesoderm (Figure 2).2* The glandular structures include ~15-20 lobes in each
breast, which produce milk during lactation and are individually connected to the
nipple via lactiferous ducts. Every lobe is made up of numerous lobules, also known
as terminal duct lobular units.?

Both women and men have glandular breast tissue, but it is far more abundant in
women.** Breast tissue is highly sensitive to circulating sex hormones. Estrogen
promotes ductal growth, progesterone stimulates lobuloalveolar development, and
prolactin drives milk secretion, while androgens have inhibitory effects. During
menstrual cycles, estrogen and progesterone cause cyclical changes in epithelial
structures, including ductal proliferation and alveolar budding. Pregnancy induces
extensive lobuloalveolar development under the influence of estrogen,
progesterone, and prolactin to prepare the breast for lactation.”® After menopause,
declining estrogen levels lead to lobular involution, where glandular tissue is
replaced by fat, and the degree and rate of involution differ markedly among
women.”’
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Figure 2. Anatomy of the female breast

Front view and cross-sectional side view of a normal breast of an adult female. Apart from the indicated
structures in the figure, the breast also includes vessels, nerves, and lymphatic and connective tissue.
Reprinted with permission: © (2011) Terese Winslow LLC, U.S. Govt. has certain rights.

Breast carcinogenesis

Breast cancer originates from epithelial cells in the terminal duct lobular units.”®
Cancer can arise from other cell types in the breast, but only tumors originating from
epithelial cells are classified as ‘breast cancer’.” For example, an angiosarcoma may
occur in the breast, but as a tumor of mesenchymal origin, it is regarded as a soft-
tissue sarcoma and treated accordingly. Breast cancer is either non-invasive or
invasive. Non-invasive breast cancer remains confined within the duct or terminal
duct lobular unit and does not penetrate the basement membrane,” whereas invasive
breast cancer extends beyond the basement membrane into the surrounding breast
tissue. Only the invasive form is considered to be capable of metastasizing.”

Hallmarks of cancer

A normal cell transitions to a cancer cell in a process called carcinogenesis, and the
reason for its occurrence is not fully understood. Current evidence suggests that this
transformation is driven by a combination of cellular alterations that collectively
enable malignant behavior. The influential framework, “Hallmarks of Cancer,” by
Hanahan and Weinberg from 2000 proposes that cancer cells acquire a set of core
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capabilities that are essential for cancer development, and this theory is widely
accepted in cancer biology.*” Initially, six hallmarks were defined, and subsequent
updates have included new hallmarks, including tumor-promoting inflammation and
deregulation of cellular metabolism,’’** which involves abnormal lipid
metabolism.**

Lipid metabolism and the tumor microenvironment

The microenvironment surrounding breast cancer is frequently characterized by
harsh conditions that include hypoxia, low pH, and limited availability of glucose
and other nutrients, such as lipids.** Lipid metabolism is dysregulated during tumor
development®® and may play a critical role in the initiation and progression of
cancer.”” * Locally altered lipid composition has previously been reported in
cancers of the breast, *° colorectum *°, and prostate.41

Composition of adipose tissue

Adipose tissue consists mainly of adipocytes, fat-storing cells that contain 90-95%
triglycerides.*> ** Triglycerides are made of three types of fatty acids that are
attached to a glycerol backbone. The fatty acid molecules are built from a
hydrocarbon chain (a line of carbon atoms with attached hydrogens) and a carboxyl
group at one end. They vary in both saturation (number of double bonds) and chain
length.** Saturated fatty acids (SFAs) have no double bonds between their carbon
atoms, while monounsaturated fatty acids (MUFAs) have one double bond, and
polyunsaturated fatty acids (PUFAs) have two or more double bonds. Fatty acids
are commonly grouped according to chain length as short, medium, long, and very-
long-chain fatty acids.

Fatty acid composition refers to the distribution of SFA, MUFA, and PUFA within
the adipose tissue. SFA has been associated with the risk and progression of cancer,
supposedly by promoting chronic inflammation and membrane rigidity.* For
example, increased SFA levels have been reported in epithelial breast-cancer cells
that were co-cultivated with mammary adipocytes.*® The gold standard for assessing
fatty acid composition is gas chromatography, which requires tissue samples.*” MRI
has previously shown promise in estimating fatty acid composition in human
adipose tissue from the thigh and subcutaneous abdominal fat and has also been
explored in the breast.*’!
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Risk factors for developing breast cancer

Although the exact cause for breast carcinogenesis is unknown, several well-
established risk factors have been identified. The strongest risk factors are female
sex at birth and increasing age.’

Factors associated with hormonal exposure

Many risk factors for breast cancer are linked to lifetime exposure to sex hormones.
These include early menarche (before age 12), late menopause (after age 55),> few
or no full-term pregnancies,” older age at first childbirth,*® limited or no
breastfeeding,” use of hormone replacement therapy,” use of hormonal
contraceptives,’*** and postmenopausal obesity.”> A common feature of these risk
factors is that they increase cumulative exposure to estrogen, which is considered
an important hormonal driver of breast cancer.”” However, progesterone and
biosimilar agents also seem to play a significant role in breast carcinogenesis.** ¢!

In the case of postmenopausal obesity, the increase in risk is thought to be partly
due to elevated estrogen levels driven by conversion of androgens into estrogens in
adipose tissue. Obesity also induces chronic low-grade inflammation, which has
local and systemic tumor-promoting effects.”? Parity and breastfeeding are
associated with a protective effect,” particularly against aggressive forms of breast
cancer. This has historically been explained by the absence of menstrual cycles for
long periods of time, but new data suggest that both parity and breastfeeding can
induce T-cell-mediated protection against breast cancer,” which implies that
immunological mechanisms might be important for the protective effect.

Previous breast diagnosis

A previous breast-cancer diagnosis is associated with an increased risk of future
breast cancer,” particularly for contralateral disease.” Furthermore, a previous
cancer in situ increases the likelihood of subsequent invasive breast cancer, and even
benign lesions are associated with a slight risk increase, but not at the same
magnitude as a previous cancer diagnosis.®

Hereditary and familial predisposition

Several identified mutations that are inherited in predisposing genes are known to
increase breast-cancer risk substantially. The most well-known are mutations in the
BRCAI and BRCA2 genes,67 Other mutations include those in the ATM, BARDI,
CDHI, CHEK?2, PALB2, PTEN, RAD51C, RAD5ID, STK11, and TP53 genes.
Women who are carriers of inherited gene mutations are considered to have a
genetic predisposition for breast cancer, and their disease can be labelled as
hereditary breast cancer. Such women are invited to participate in a high-risk breast-
cancer surveillance program that starts at an earlier age and is more comprehensive
than the regular screening program.?
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There are also families that experience elevated incidence of breast cancer, even
though a predisposing gene mutation has not been identified. Women in such
families are considered to have familial predisposition for breast cancer, and their
disease is often labelled familial breast cancer. The underlying reason for familial
breast cancer can be a common genetic background (such as an inherited single-
nucleotide-polymorphism profile or an unidentified gene mutation), shared
environment and similar lifestyle choices, or just a chance clustering of sporadic
cases.”’

High breast density

Women with mammographically dense breast parenchyma (a high proportion of
fibroglandular tissue in relation to adipose tissue in the breast) are at increased risk
of breast cancer.®® See “Breast density” section for more detailed information.

Behavioral risk factors

Examples of modifiable risk factors are alcohol consumption, which has been
reported to have a dose-dependent risk effect, although there is conflicting
evidence.”” Physical inactivity is associated with a slight increase in relative risk. A
diet high in red meat has been linked to breast cancer, as well as other types of
cancer.”” Cigarette smoking has been associated with increased risk of breast cancer,
but reports are inconsistent.”'””> Working night shifts and disruption of the circadian
rhythm have also been linked to increased breast-cancer risk.”

Previous radiation therapy

A very rare but high-impact risk factor for breast cancer is previous radiation
therapy to the chest—for example, to treat Hodgkin's lymphoma. The risk is
particularly high if radiation therapy was administered during adolescence.” With
modern mammography, radiation exposure is relatively low, and the risk of
radiation-related breast cancer due to screening mammography is regarded as
small.?

Classification and staging

Breast-cancer classification relies on multiple complementary approaches. The
histopathological characteristics of the tumor are assessed using stained tissue
sections and supported by immunohistochemical staining.”’ Breast cancers are
categorized into distinct molecular subtypes,’ and the extent of the disease is staged
according to the TNM system, which is based on tumor (T) size, lymph node (N)
involvement, and presence of metastasis (M).”’
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Histopathology

The lexicon of breast tumors of the World Health Organization (WHO) is widely
regarded as the international gold standard for breast-cancer diagnosis.* It provides
information on histopathological subcategories, standardized terminology,
diagnostic criteria, and information regarding prognostic and treatment predictive
markers.” Ductal carcinoma in situ (DCIS) is the only non-invasive form of breast
cancer.” Classic lobular carcinoma in situ (LCIS) is no longer considered as breast
cancer but rather a lesion of uncertain malignant potential (B3 lesion) and a marker
of increased breast-cancer risk.?’

The most common histological type of invasive breast cancer is invasive breast
carcinoma of no special type, which was formerly known as invasive ductal
carcinoma and accounts for approximately 70% of breast cancers.”’ The second
most common entity is invasive lobular carcinoma (~20%).%’ The remaining 10% is
made up of less frequently encountered histological types, such as tubular,
cribriform, mucinous, medullary, metaplastic, micropapillary, and apocrine
carcinomas, which encompass varying prognoses.” In addition to histology, there
are also two rare clinical subtypes: inflammatory breast cancer and Paget’s disease
of the nipple. Inflammatory breast cancer is characterized by an aggressive clinical
course and poor prognosis, while Paget’s disease is usually associated with
underlying in-situ or invasive carcinoma, and its prognosis depends on the
underlying lesion.”® "

Molecular subtypes

The four subtypes of breast cancer are luminal A, luminal B, human epidermal
growth factor receptor 2 (HER2)-enriched, and basal-like or triple-negative breast
cancer (TNBC), which were discovered by analyzing gene-expression patterns in
breast cancers.”® Surrogate definitions based on immunohistochemical staining
instead of gene expression were proposed to enable use of the subtypes in a clinical
setting (Table 1).*

Table 1. Molecular subtypes of breast cancer

Correspondence between intrinsic and surrogate molecular subtypes and definition of surrogate
subtypes according to immunohistochemical staining for estrogen receptor (ER), progesterone receptor
(PR), proliferation marker Ki67, and human epidermal growth factor receptor 2 (HER2).%°

Intrinsic subtype Surrogate molecular subtype ER PR Ki67 HER2

Luminal A Luminal A ER and/or PR + low -

Luminal B Luminal B (HER2 negative) ER and/or PR + high -
Luminal B (HER2 positive) ER and/or PR + any

HER2-enriched HER2 positive (non-luminal) - - any

Basal like Triple negative - - any -
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In addition to the original proposal of surrogate molecular subtypes (Table 1),
histological grade® is also important in subtype classification, especially when
distinguishing the luminal A from the luminal B subtype.” Tests based on gene
expression define subtypes more accurately than the surrogate classifications,* and
their use is recommended for patients whose treatment decisions can be impacted.?

Luminal A is the most common subtype, accounting for ~50% of breast cancers in
Sweden,'* and it has the best prognosis.** Luminal B has a higher grade and a worse
prognosis® and makes up approximately ~25% of breast cancers.'"* The HER2-
enriched subtype counts for ~15% of cases'* and has seen improved survival since
the introduction of HER2-targeted treatments. TNBC is the least common subtype
(~10%)," it is often aggressive, and it has the worst prognosis.**

TNM staging

Anatomical staging of breast cancer is performed according to the internationally
adopted TNM classification, which integrates information on tumor size (T), lymph
node involvement (N), and the presence of distant metastasis (M).”” An appropriate
TNM code can be assigned by assembling clinical information, including results
from imaging and tissue sampling.

The stages range from I to IV, with stage I indicating localized disease, stage 11
involving regional spread to nearby tissues or lymph nodes, and stage I1I suggesting
more extensive regional involvement. At stage IV, distant metastasis has occurred.”’
In Sweden, almost 90% of breast cancers are diagnosed at stage I or 11, while the
remaining are diagnosed at stage III or IV.'*

Prognostic and predictive factors

In oncology, prognostic factors are features related to the patient or tumor that can
be used to estimate the probability of recurrence and survival independent of
treatment.*® In contrast, predictive factors indicate whether a patient is likely to
benefit from a specific therapy.® In practice, many markers are important for both
prognostication and treatment planning in breast-cancer management, and the terms
frequently overlap.®

TNM status is important for prognostication,’ as is gene-expression profiling.?’
p prog g p p g

Histological grade is another central prognostic factor that is derived from the
combined microscopic assessment of tubule formation, mitotic count, and nuclear
pleomorphism.®! However, TNM status, gene expression, and histological grade
also influence which therapeutic regimens are offered. Additional factors that serve
in both prognosis and prediction include estrogen receptor (ER), progesterone
receptor (PR),89 HER2,” proliferation marker Ki67,”! and the amount of
tumor-infiltrating lymphocytes.”
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Treatment

Breast-cancer management has changed profoundly over the past century. The focus
has shifted from aggressive local control through extensive surgery to therapies
tailored to specific tumor characteristics,” which reflects the understanding that
breast cancer can behave as a systemic disease. Parallel to less invasive surgery,”
breast-cancer treatment has been revolutionized by chemotherapy, endocrine
therapy, and targeted therapies. More recently, immunotherapy has emerged as an
additional treatment option for women with TNBC.* All breast-cancer cases in
Sweden are discussed at multidisciplinary conferences pre- and postoperatively,
during which treatment recommendations and follow-up are decided.’

“I got the results of the test back. I definitely have breast cancer.”

“Look, don’t worry about it. Everything will be fine. They re curing lots of people
every day.”

Dialogue from the movie “The Room” (2003), one of the worst films ever made.*

Surgery

The goal in breast surgery is to remove cancerous tissue. Techniques range from
breast-conserving surgery to total mastectomies, in which the entire breast is
resected.” Radical removal of the tumor is the first priority, but the functional and
aesthetic outcomes are also important considerations. Breast-conserving surgery is
the first choice when feasible and is often followed by (adjuvant) local radiation
therapy.” If the tumor is large in relation to the breast volume, there are additional
options to allow for breast-conserving surgery. Oncoplastic surgical techniques are
increasingly used and can enable breast conservation in cases where it was
previously not possible. Oncoplastic techniques are also used to achieve the best
possible cosmetic result.

Another option is to administer systemic therapy prior (neoadjuvant) to surgical
treatment to shrink the tumor and enable less extensive surgery.” In 2024, almost
80% of surgeries for women with invasive disease were breast-conserving surgeries
in Sweden.'* However, total mastectomy may be the only choice for certain tumor
sizes in relation to the breast. Other indications for mastectomy include recurrent
disease, and strong hereditary factors. In some cases, it is performed at the woman’s
own request. Following mastectomy, immediate reconstruction with implants or
autologous tissue may be performed,”’” which is the case for ~20% of women
undergoing mastectomy in Sweden.'* For the remaining ~80%, delayed
reconstruction can be planned at a later stage if the woman wishes.

Breast surgery practically always includes axillary surgery—either removal of
sentinel nodes, a targeted axillary dissection, or a full axillary dissection.”® Axillary
management is widely shifting toward less invasive procedures to minimize
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morbidity. The least invasive option is sentinel node removal, which was performed
in 60% of axillary surgeries in Sweden in 2008 and almost 90% in 2024."*

Chemotherapy

Chemotherapy is a collective term for drugs that kill cancer cells or stop them from
growing and dividing, often by damaging deoxyribonucleic acid (DNA) or
interrupting DNA processes.”” Although primarily aimed at cancer cells, these
agents act systemically in the body and affect all rapidly dividing cells. Inevitably,
many normal physiological cells are also affected, like those in the hair follicles and
the digestive tract, which causes typical side effects. However, also long-term side
effects such as fatigue can occur.'”

In breast cancer, chemotherapy can be administered both in connection with surgery
(neoadjuvant or adjuvant therapy) and independently of surgery in a metastatic
setting. Standard regimens typically include combinations of anthracyclines and
taxanes, with the possible addition of carboplatin in TNBC.?> Neoadjuvant
chemotherapy is commonly used for TNBC and HER2-positive tumors in stages 11
and III; in cases of large primary tumors, lymph-node involvement, and primarily
inoperable or inflammatory breast cancer; or to enable breast-conserving surgery.
One advantage of neoadjuvant administration is that it allows for assessment of
treatment response. Adjuvant chemotherapy is offered to patients with high-risk
features after surgery, while many women with small low-risk tumors can safely
avoid cytotoxic therapy. Chemotherapy also plays a central role in disseminated or
incurable breast cancer, where the aim shifts from cure to disease control, symptom
relief, and better quality of life.'"’

Endocrine therapy

ER-positive breast cancer is routinely treated with endocrine therapy, which is also
called antihormonal or hormone-blocking therapy. These therapies work by
reducing the effect of estrogen on cancer cells.'” In tumors that depend on estrogen
signaling for growth, endocrine therapy significantly decreases the risk of
recurrence and improves long-term survival.'® ' Postoperative endocrine therapy
is routinely offered to all patients with hormone-receptor-positive breast cancer,
provided that the tumor expresses estrogen or progesterone receptors. Preoperative
endocrine therapy may also be used selectively.’

Two groups of drugs are available: ER modulators (which block ERs) and aromatase
inhibitors (which suppress estrogen production).” Aromatase inhibitors can be
offered to postmenopausal women because estrogen production after menopause
mainly occurs in peripheral tissues, while the ER modulator tamoxifen is
recommended for premenopausal women, sometimes together with ovarian
suppression.'” Estrogen suppression commonly leads to side effects such as hot
flashes, joint stiffness, and vaginal dryness, and supportive measures are often
needed.'®
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Radiation therapy

Radiation therapy uses beams of ionizing radiation to damage the DNA of cancer
cells and diminishes their ability to divide. Although surrounding normal tissue is
also exposed, modern radiation techniques have substantially reduced toxicity to
nearby organs such as the heart, lungs, and skin. Despite this progress,
treatment-related side effects remain an important consideration in clinical
decision-making.'” Currently, breast cancer is commonly treated with moderately
hypofractionated radiation therapy, meaning that a slightly higher dose is delivered
per fraction over fewer treatment sessions than with traditional fractionation.
Hypofractionation provides equivalent local control and survival along with similar
or lower toxicity compared with conventional fractionation.'”’

Postoperative radiation therapy is routinely recommended after breast-conserving
surgery to reduce the risk of local recurrence. Depending on the tumor
characteristics and nodal involvement, local breast irradiation may be
complemented by regional nodal radiation to the axillary, supraclavicular, or
internal mammary lymph nodes. ' After mastectomy, radiation to the chest wall
is not routinely administered, but regional radiation therapy is recommended when
lymph-node metastases or other high-risk features are present. In selected patients
undergoing mastectomy, chest-wall irradiation may also be considered.?

Targeted therapies and immunotherapy

Targeted therapies are drugs that have been designed to attack cancer cells by
focusing on specific molecular features that drive tumor growth and thus spare most
normal cells. HER2-targeted agents are used in cases of HER2 overexpression and
are the most used targeted therapy for breast cancer.'™ Other important classes
include inhibitors of Cyclin-Dependent Kinases 4 and 6 (CDK4/6) and Poly ADP-
Ribose polymerase inhibitors, which both act as enzyme inhibitors.'"”

Immunotherapy differs from targeted therapy since it uses the body’s own immune
system to recognize and destroy cancer cells. Immunotherapies include immune
checkpoint inhibitors, monoclonal antibodies, tumor infiltrating lymphocytes, and
CAR T-cell therapy.'"’

Image-guided minimally invasive treatment techniques

There are several emerging ultrasound-guided treatments for breast cancer that may
be increasingly performed in the future.'"' Two minimally invasive techniques are
cryoablation, which kills cancer by freezing it, and radiofrequency ablation, which
kills cancer by heating it.''* "> A non-invasive technique that is under investigation
is high-intensity focused ultrasound, which increases the temperature in tissues
using only focused ultrasound waves, which increase temperature levels to a
cytotoxic level.'™*
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Breast imaging

Breast imaging has moved from a single-modality approach using mammography
to a multimodality approach.”’ Advances have also moved on from purely
anatomical imaging to include functional and molecular imaging.''' This chapter
introduces imaging modalities that are used in Swedish clinical practice.

Ionizing imaging modalities

Ionizing radiation is the basis of many medical imaging techniques. In X-ray-
based imaging, radiation is emitted from an X-ray source, passes through the body,
and is detected on the opposite side.''> As X-rays travel through different tissues,
they are attenuated to varying degrees, which is used to produce radiological
images.'"® Conventional X-ray imaging produces two-dimensional projections,
whereas more advanced techniques can reconstruct three-dimensional volumes.

Mammography

Mammography is a two-dimensional technique and the backbone of breast
imaging.''® Image quality has largely improved with the transition from analogue to
digital mammography.''” During a mammographic examination, the breast is
compressed and imaged in different projections, which are most commonly the
craniocaudal, mediolateral oblique, and lateromedial views. The different
projections ensure that the whole breast is included and enable localization of
lesions.

The tissues within the breast attenuate X-rays differently. Fibroglandular tissue
shows stronger attenuation and appears radiopaque (white), whereas fatty tissue
shows less attenuation and appears radiolucent (dark) on the subsequent
mammogram. Malignant tumors also tend to attenuate X-rays and therefore appear
white on mammograms. As breast density increases, fewer cancers are detected
using mammography.''® This is why supplemental imaging modalities are often
recommended for women with dense breasts.”> Nevertheless, mammography
remains the primary method for breast-cancer screening and is also frequently used
in the diagnosis and follow-up of breast lesions in general.”

Digital breast tomosynthesis

Digital breast tomosynthesis is an advanced mammographic technique in which
multiple low-dose projection images are acquired from different angles and
reconstructed into thin slices that can be scrolled through.** This technique provides
a semi-three-dimensional view of the breast that improves the visibility of lesions
by reducing the effect of overlapping tissue.” Digital breast tomosynthesis data can
also be used to generate a pseudo-two-dimensional image known as a synthetic
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mammogram.'’’ In both screening and diagnostic settings, digital breast

tomosynthesis detects more lesions than conventional mammography.'” Two
disadvantages with digital breast tomosynthesis are that it involves a slightly higher
radiation dose compared to standard digital mammography, and that it requires
longer reading time for the radiologist. However, the radiation dose is within
recommended limits for mammography screening,''” and reading time tends to
decrease with increased experience.'"’

Contrast-enhanced mammography

Contrast-enhanced mammography is a technique in which iodinated intravenous
contrast agents are used to visualize breast lesions. During tumor angiogenesis, the
vessels often become permeable, which leads to accumulation of iodinated contrast
material in the tissue.'?* The contrast-enhanced mammography technique can detect
this accumulated iodine and visualize tumors based on their neovascularity.'?! '?
Contrast-enhanced mammography is performed after contrast administration with a
dual-energy system. Low-energy images that resemble regular digital
mammography are acquired, and high-energy images are used to generate a
recombined or iodine image, in which areas with iodine uptake are enhanced.'?! In
the recombined image, the unenhanced background tissue (the regular breast
parenchyma) is subtracted, which is why interpretation of contrast-enhanced
mammography is not density dependent.'*! Contrast-enhanced mammography has
been proposed as an alternative to MRI,'* since it is less expensive and has
demonstrated diagnostic performance approaching that of MRI.'*!

Ductography

Ductography (also called galactography) is used to evaluate the breast ducts,
primarily in patients with pathological nipple discharge.'** The procedure involves
cannulating the affected duct and injecting a small amount of contrast medium,
followed by mammographic imaging. The technique can reveal intraductal lesions
such as papilloma or ductal carcinoma in situ (DCIS).'** Although many centers
have replaced ductography with MRI, it is still in routine use at some sites, including
Malmo.

Computed tomography

Computed tomography renders three-dimensional images of examined tissue. In
Swedish breast-cancer management, computed tomography is used for the detection
and follow-up of distant metastases in the thorax and abdomen.? It is routinely
recommended for women who present with clinically positive lymph nodes since
such patients should undergo metastatic staging.'”® It is also selectively
recommended for patients with breast cancer when the risk of distant metastases is
elevated. In addition, computed tomography is performed whenever clinical
symptoms or findings raise suspicion of distant spread.
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Ultrasound

Ultrasound uses sound waves to produce images of examined tissue'”’ and is very
useful both for identifying and obtaining tissue samples from breast lesions that have
been detected by other modalities.'?® The method does not involve ionizing radiation
and is frequently used in the work-up for both benign and malignant lesions, and is
very effective in differentiating cystic from solid lesions.'”® Ultrasound is not
recommended as a primary screening tool due to a high frequency of false-positive
findings.'” However, it is often used as a supplemental screening modality for
women with dense breasts.”> The fibroglandular structures that induce a dense
appearance in mammography are more heterogeneous when visualized with
ultrasound, and more easily interpretable for the radiologist.

Adding intravenous contrast agents can further enhance ultrasound interpretation
and improve lesion detection,"” but it is not used regularly in Sweden. Hand-held
breast ultrasound is operator-dependent yet widely used in clinical practice.’
Automated breast ultrasound systems that examine the breasts in a standardized and
reproducible manner are also available. Their use has been shown to enhance cancer
detection in women with dense breasts.'*?> However, in Sweden, automated breast
ultrasound is currently limited to a few centers and is most often confined to research
settings.'*?

Magnetic resonance imaging

Brief background to MRI

Hydrogen is abundant in water and fat molecules throughout the human body. The
protons in the hydrogen nuclei have magnetic properties, and MRI detects how these
respond when the magnetic environment changes. When the body is placed in the
magnetic field of an MRI scanner the hydrogen nuclei are slightly drawn in the
direction of the field and they start to precess (rotate around the axis of the field).'**
At this stage, the summed magnetic vector from the hydrogen nuclei will be in the
direction of the field.

To achieve images, the net magnetic vector must be tilted. Therefore, linear spatial
variations of the magnetic field (gradients), as well as radiofrequency (RF) pulses,
are required in addition to the main magnetic field. By varying the timing, angle,
and combination of the RF pulses and gradients, different types of MRI sequences
can be created, which each serve a specific purpose. The acquired signals are then
translated into images by a Fourier transform in what is known as k-space (of which
the details go far beyond the scope of this thesis).
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Breast MRI

Dynamic contrast enhanced (DCE)-MRI is a well-established breast-imaging
technique that has high sensitivity and is used as a complement in selected clinical
situations where conventional imaging is insufficient.” The technique is particularly
valuable for women with dense breast tissue,”” unclear findings, or hereditary risk
as it allows for better visualization of the tumor’s extent, multifocality, and
additional occult cancers that may potentially be present.

DCE-MRI is performed before and after administration of intravenous gadolinium-
based contrast agent at several time points to capture enhancement patterns that can
indicate malignancy.'” For premenopausal women, DCE-MRI is preferably
performed in the follicular phase to reduce background parenchymal enhancement,
which can otherwise hinder diagnostic interpretation. The use of MRI varies
depending on availability and local conventions. In Sweden, breast MRI is used for
surveillance of women with high risk, for preoperative assessment in selected cases,
and occasionally postoperatively when additional clarification is needed.’

Positron-emission tomography

Positron-emission tomography is a molecular imaging modality that is used in
oncology to visualize the tumor burden throughout the body. The method uses
different tracers to highlight regions with malignant tissue. The most used tracer is
18F-fluorodeoxyglucose, a glucose analogue that is accumulated in regions of
increased metabolic activity, which frequently occurs in malignant tissue. In
addition to fluorodeoxyglucose, other tracers relevant for breast cancer are also
available."*® Positron-emission tomography can be used for staging advanced
disease,'*® detecting recurrence, and assessing treatment response."*” ** In Sweden,
it is primarily performed for treatment evaluation.’
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Imaging features investigated in this thesis

This thesis addresses different aspects of breast imaging characteristics. Papers -
III investigate mammographic breast density and tumor appearance, while
paper IV involves an MRI technique for estimating fatty acid composition in
adipose tissue of the breast. These imaging features are described below.

Breast density

Definition and concept

Breast density is a measure of the relative proportions of fibroglandular tissue and
adipose tissue in the breasts, as seen on mammography.'** Histopathological studies
show that dense breasts contain substantially more stromal tissue than fatty breasts,
while a modest difference occurs in epithelial structures (the presumed site of cancer
origin)."* ! Although historically a mammographic feature, density can also be
assessed using digital breast tomosynthesis,'** MR1,'** and ultrasound.'**

Measurement and classification

Several systems for density classification exist."*’ The qualitative categorization (a—
d) according to the Breast Imaging Reporting and Data System (BI-RADS)'*
(Figure 3) is widely used internationally, but not routinely in Sweden. Since visual
grading is susceptible to intra- and inter-reader variability,'*® automated quantitative
tools that estimate the absolute dense area/volume (cm? or cm?) or percent density
(dense tissue divided by total breast area/volume) have been developed.'*” No gold
standard or universally accepted reference method has been established.'*’

Figure 3. Mammographic breast density

From left to right, density according to BI-RADS 5" edition: a) almost entirely fatty, b) scattered areas
of fibroglandular density, ¢) heterogeneously dense, and d) extremely dense. Image a, ¢, and d are
previously published in paper 11'*® and reprinted under a CC BY 4.0 license, b: copywright the author.
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Epidemiology

Breast density is influenced by genetic and environmental factors, with heritability
around 60%.'* It is generally higher in younger women and declines with age,
particularly during perimenopause and after menopause,'* as the lobular involution
of the breasts takes place'*" '*> However, persistent stromal tissue can keep some
breasts dense despite involution.'>

Density tends to decrease after each full-term pregnancy, while it is generally higher
in nulliparous women'* and in women with later age at first childbirth.'** It is higher
in women taking hormone replacement therapy,'*® and anti-hormonal agents such
as tamoxifen can reduce density."””” The effect of breastfeeding and hormonal
contraceptives on breast density are less consistent.'*'¢" Approximations of the
density distribution among women vary, but roughly 10% of women in Western
populations have the densest category of breasts (BI-RADS density category d),

while around 40% have the second densest category (BI-RADS density category
C)'162, 163

Clinical significance — masking and risk

High breast density masks cancers on mammography because both dense tissue and
many tumors appear radiopaque (white),"”” '®* which leads to decreased
sensitivity.'® In addition to masking, high breast density is an independent risk
factor for developing breast cancer.'® Early studies have reported four- to six-fold
increases in breast-cancer risk for women with extremely dense breasts versus those
with fatty breasts.®® 117 More recent studies report an approximately doubled risk
of breast-cancer risk for women with BI-RADS category d compared to b.'¢* !¢

Recently, additional image-based features beyond breast density, such as texture
and parenchymal complexity — patterns that are not visible to the human eye — have
raised interest as they may better reflect underlying biology than traditional density
measurements.'”® For instance, two women with equally dense breasts can display
markedly different parenchymal phenotypes, which correspond to significantly
different cancer risks.'”' Nevertheless, density remains widely used because it is a
simple and directly available measure.

Prognostic significance?

While high breast density is a well-established risk factor for developing breast
cancer, its prognostic value once a cancer is diagnosed remains uncertain,'”* which
highlights the need for further research on density as a prognostic marker. Evidence
is conflicting, with some studies reporting impaired survival for women with dense
breasts compared to those with less or non-dense breasts once a breast cancer is
diagnosed,'”® while most studies suggest that density does not strongly influence
survival.'”*
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Biological basis

The biological basis linking density to breast-cancer risk is not yet completely
understood. One hypothesis is that high density reflects more epithelial cells being
“at risk” of carcinogenesis.'”” However, the proportion of dense tissue in a breast
(percent density) predicts risk more accurately than absolute dense area,'’® which
implies that the risk is driven by interactions between the epithelial structures and
the microenvironmental factors rather than epithelial cell count alone.'”> Dense
breast parenchyma hosts a more pro-tumorigenic microenvironment than non-dense
breasts.!”” ' However, the precise mechanisms behind the increased breast-cancer
risk accompanied with high density is still unclear.

Communication

Density notification laws requiring that women be informed of their density status
have been enacted in the US'” and are being established in Australia.'® Sweden has
not adopted this practice. The goal with density notification is to enable women with
dense breasts to consider supplemental imaging.'®' However, providing information
on density can cause anxiety and confusion for notified women.'"®! Density
communication should be clear, understandable,'®* and preferably accompanied by
attainable imaging alternatives along with evidence supporting their use.

Mammographic tumor appearance

Definition and classification

Malignant breast lesions can present with different mammographic appearances.'®’
The most widely used classification system for tumor appearances is the BI-RADS
lexicon, which provides terminology for describing masses, asymmetries,
architectural  distortions, calcifications, and associated features on
mammography.'* Masses can be categorized further in regard to their shape,
margin, and density. Mammographic tumor appearance reflects histological
architecture and can provide information on aspects of tumor morphology that relate
to underlying biology and prognosis.

Tumor appearances, their biological basis, and clinical significance

A breast lesion with a distinct margin is a common mammographic manifestation
and most often represent a benign lesion (Figure 4)."** However, this appearance
can also correspond to a malignant lesion that lacks surrounding stromal reaction.'®?
TNBC often presents in this way and may therefore be mistaken for a benign
lesion."**"*” Masses with ill-defined or partly ill-defined margins often indicate
infiltrative tumor growth (Figure 4)."** Spiculated or stellate tumor appearance
refers to a lesion with strands radiating from the central core (Figure 4).'® The
strands correspond to tumor infiltration, a desmoplastic stromal reaction, or
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periductal fibrosis.'® Although the spicules may contain cancer cells and reflect
adipose-tissue invasion,'® measuring the central tumor core on mammography is

recommended, as it more accurately reflects the histologic tumor size.'*® Spiculated
appearance is a strong predictor of malignancy.'?!"'”* However, despite the worrying
infiltrative appearance, the spiculated tumors frequently exhibit favorable tumor
traits, such as hormone receptor-positivity,'”*'*® HER2 negativity,"* ' lower

and lower expression of proliferation marker Ki67.""* '°® Spiculation
196, 200, 201

197-199

grade,
has accordingly been linked to the luminal A-like subtype

198, 202, 203

and lower
mortality.

Figure 4. Examples of mammographic tumor appearences

From left to right: a) spiculated mass, b) distinct mass, and c) ill-defined mass (located retro-mamillary
with retracted nipple). The images have previously been published in paper Il (Sturesdotter et al.
2023)'8, Reprinted under a CC BY 4.0 license.

Microcalcifications can be categorized based on their morphology, and some are
typically benign.”** Malignant lesions can cause microcalcifications that arise from
necrosis or secretions within the ducts, with pleomorphic or linear
microcalcifications being a common manifestation of DCIS.*® The presence of
microcalcifications with or without soft-tissue lesion is associated with a higher
likelihood of HER2+ breast cancer.'®* 2°2%® The presence of fine linear branching
calcifications, which are also known as casting-type calcifications, is associated
with increased mortality.2**2%

Asymmetry is defined as an area of focal fibroglandular tissue that lacks the
well-defined margins of a true mass.'*> An asymmetry may become apparent when
the area is compared with other regions of the same breast, the contralateral breast,
or with prior images of the same area.”'’ It is not always an obvious malignant
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finding, but a difference in fibroglandular tissue signals a possible underlying
abnormality, warranting further evaluation. Asymmetry is a tumor appearance that
most often consists of a carcinoma, but also lymphomas and rare malignancies can
present this way.?'’ Architectural distortion is a rather common abnormality
detected on mammography that can correspond to both benign and malignant
underlying conditions.*!' Architectural distortion can arise due to for example
strom;ﬂ fibrosis, prior interventions, or invasive cancer — even in the absence of a
mass.”"?

Mammographic cancer detection varies to some degree according to the tumor
appearance. Some tumor appearances are more easily identified, as in the case of
spiculation, while subtle asymmetries and distortions are more prone to being
overlooked in screening.?® The level of breast density also influences the perception
mammographic abnormalities and tumor appearances.’'* ?"* The relationship
between tumor appearances and breast-cancer characteristics are well studied but
not fully understood. Some tumor appearances have been linked to survival
outcomes, but these associations would benefit from further investigation in large
cohorts like the Malmo Diet and Cancer Study (MDCS). Moreover, investigations
of the differences within the group of spiculated tumors are lacking.

MRI estimates of fatty acid composition

MRI techniques for adipose tissue

While density captures aspects of fibroglandular tissue, imaging of fatty acid
composition focuses on the surrounding adipose tissue which is often overlooked.
Routine clinical MRI sequences, such as T1- and T2-weighted imaging, accurately
show where adipose tissue is located. However, if the goal is to determine the
composition of fatty acids within adipose tissue, more specialized MRI techniques
are needed. A classic method for assessing fatty acid composition is magnetic
resonance spectroscopy,’'® which can detect specific resonance peaks of hydrogen
atoms in triglycerides, and thereby differentiates saturated, monounsaturated, and
polyunsaturated bonds.*” Magnetic resonance spectroscopy typically provides data
from a single voxel or a small region and requires long acquisition times.

Another method is chemical-shift-encoded (CSE)-MRIL.*" Instead of separating
signals by their resonance peaks, this method uses a mathematical model that
predicts how the MRI signal should behave at different echo times. The actual
datapoints collected from multiple echoes are then compared to this model, and the
model is adjusted or fitted until it matches the measured signals. This fitting process
allows for estimation of the chemical properties of fat, such as the number of double
bonds, without directly isolating individual frequencies.
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Potential clinical importance

Expanded knowledge on peri-tumoral adipose tissue may provide valuable insights
into tumor biology and could contribute to improved breast-cancer characterization,
risk stratification, and treatment guidance. Imaging methods that accurately estimate
fatty acid composition non-invasively, like the MRI technique investigated in paper
IV, are therefore interesting to pursue. Several MRI studies have reported alterations
in lipid composition in proximity to cancer. For instance, elevated levels of
monounsaturated fatty acids adjacent to colorectal*’ and prostate tumors have been
reported.*’ Similarly, in breast cancer, the composition of adipose tissue differs
between women with and without breast cancer.**>° However, imaging of fatty acid
composition in breast adipose tissue is an underexplored area.
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A1ims

The overarching aim of this thesis was to explore how tumor and tissue features on
breast imaging relate to breast-cancer characteristics and prognosis. This was
accomplished by the following specific aims:

Aims for the separate papers

I.  Toinvestigate how mammographic tumor appearance relates to clinical and
histopathological factors, including surrogate molecular subtypes.

II.  To investigate how breast density and mammographic tumor appearance
relate to breast-cancer-specific survival.

II.  To investigate whether the degree of spiculations relative to the tumor mass
on mammography, the Spic Mass Ratio (SMR), is associated with clinical
and histopathological factors and prognosis in breast cancer.

IV.  To assess the feasibility of chemical-shift-encoded MRI for the evaluation
of fatty acid composition in breast adipose tissue.
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Methods

Scientific approach

Papers I-11I are observational studies based on data from a large population-based
cohort study. The three papers relate mammographic imaging features from incident
breast-cancer cases to breast-cancer characteristics, and breast-cancer-specific
survival. In paper III we developed a novel imaging metric for mammographically
spiculated breast cancer and tested its relationship with breast-cancer characteristics
and prognosis.

Paper IV is a cross-sectional single-center study that was conducted within a routine
clinical breast-MRI workflow. The study evaluates an MRI technique for estimation
of fatty acid composition in breast adipose tissue. We studied MRI-derived variables
in relation to breast density, menopausal status, and occurrence of breast cancer.

Study populations

Papers I-11I: The Malmo Diet and Cancer Study

The first three papers in this thesis are based on data from women with breast cancer
in the Malmo Diet and Cancer Study (MDCS), a large population-based prospective
cohort study.217 Between 1991 and 1996, the MDCS enrolled 28,098 inhabitants in
Malmo, Sweden, aged 44—74 years, of whom 17,035 were women and 11,063 were
men.”'® During the first recruitment round in 1991, all inhabitants of Malmé born in
1926-1945 were eligible for inclusion. In 1995, the study was expanded to include
men born in 1923-1945 and women born in 1923-1950.*" Younger women (born
in 1946-1950) were included to enable the study of premenopausal breast cancer.*"

The primary aim of the MDCS was to study the impact of diet on cancer incidence
and mortality and to serve as a resource for testing hypotheses in future studies.?”
At the study baseline, all participants went through a physical examination for
collection of anthropometric variables (including height and weight). They also
filled out a detailed questionnaire with information relating to topics such as
heredity for various diseases, current health status, sociodemographic factors,
tobacco consumption, reproductive factors, and medication, including hormone
replacement therapy.?'”-?!® In addition, blood samples were collected and stored in
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a biobank.?'” The MDCS database is updated regularly via linkage to Swedish
national registries for the identification of incident cancer cases and causes of death
within the cohort. The participants of the MDCS had lower mortality compared to
non-participants both during and after the study inclusion.*’

Papers I and II included women in the MDCS who were diagnosed with invasive
breast cancer between 1991 and 2014. Women with prevalent breast cancer at
baseline (n = 572), bilateral breast cancer (n = 21), or carcinoma in situ (n = 105)
were excluded, resulting in 1,116 women who were eligible for inclusion (Figure
5).2% Paper III included women with invasive breast cancer with spiculated tumor
appearance on digital mammography in the MDCS who were diagnosed in 2004—
2014 (n = 161; Figure 5).2' For women in the MDCS, the average attendance of
breast-cancer screening was 92%.%%

Women in the MDCS with breast cancer 1991-2014 (n = 1,814)
Exclusion due to: prevalent breast cancer at baseline (n=572)
bilateral breast cancer (n=21)
ductal carcinoma in situ (n=105)
. . . . Paper
Incident unilateral invasive breast cancer 1991-2014 (n = 1,116) |
4v| Exclusion due to:  diagnosis 1991-2003 (n=436) ‘
Women with breast cancer diagnosis 2004-2014 (n = 674)
Exclusion due to: other appearance than spiculation (n = 421)
digital mammograms unavailable (n = 76)
non-spiculated at re-assessment (n = 16)
. Paper
Spiculated breast cancer 2004-2014 (n = 161) -~ I?I

Figure 5. Derivation of study population in papers I-lll

The first three papers in this thesis are based on information regarding women with breast cancer in
the Malmo Diet and Cancer Study. The first two papers included 1116 women while paper Il included a
subset of the population (n = 161) with mammographically spiculated breast cancer.
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Paper IV: A selection of women scheduled for a DCE-MRI

For paper 1V, the participants comprised women scheduled for a clinical breast
DCE-MRI at Skéne University Hospital in Malmo, Sweden. The cohort consisted
of mostly women in the high-risk surveillance program and women diagnosed with
breast cancer for whom DCE-MRI was performed pre-operatively.

A total of 73 women consented and were examined with the MRI sequence of the
study between October 2022 and November 2023. There were 5 examinations that
were excluded because of technical issues, leaving 68 women with complete and
technically adequate MRI datasets for analysis. The enrollment process is
summarized in Figure 6.

Women accepting participation (n=73)
h Exclusion due to
technical failures* (n=5)

Women with technically successful examinations (n=68)
Included in overall analyses on FAC

A

Women without breast cancer Women with breast cancer
(n=56) (n=12)

| Occult breast cancer (n=1) |
| Bilateral breast cancer (n=1) |

Unilateral breast cancer with
findings on clinical MRI (n=10)
Included in ROI analyses on FAC

Figure 6. Derivation of study population in paper IV

Paper IV included women scheduled for a DCE-MRI at Skane University Hospital.

*Technical failures involved either unsuccessful image transferring (n=4) or a malfunctioning algorithm
(n=1). Of the 10 women with breast cancer identifiable with MRI, 7 women had invasive cancer, and 3
had DCIS. ROI = region of interest, FAC = fatty acid composition.
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Study variables and techniques

Mammographic variables

Mammographic data collection

Mammography-derived variables were used in all four papers and include tumor
appearance, breast density, and mode of cancer detection. Mode of detection was
categorized as screening-detected or clinically detected. Interval cancers were
included in the group of clinically detected cancers. The detection mode was
missing for 7 women with breast cancer in the MDCS.** Screening-detected
cancers were routinely imaged with bilateral mediolateral oblique and craniocaudal
views,”* and the mammograms were read by two breast radiologists.””’ These
images were complemented with appropriate additional views if the woman was
recalled, typically a lateromedial view of the breast containing the finding that led
to recall.”**

Occasionally, other views were obtained, such as magnification views for
calcifications and axillary views for findings located in the axillary tail. The
diagnostic work-up of screening-detected cancer was performed by one breast
radiologist and included complementary ultrasound, and image-guided biopsies in
most cases.”? For clinically detected cases, all imaging was routinely assessed by
one breast radiologist,220 and included bilateral mediolateral oblique, craniocaudal,
and lateromedial views, as well as additional views occasionally as described
above.**

Mammographic breast density and tumor appearance were extracted from the
original written radiology report from the diagnostic mammogram.”> When the
original report lacked data, the mammograms were re-read. This was the case in
approximately one-third of cases for breast density, and in approximately one-fifth
of cases for tumor appearance.’*® If the mammogram was unavailable and could not
be re-read, the case was recorded as missing.*** Density and tumor appearance were
each missing in less than 10% of the population, which was mainly due to old
analogous mammograms that could not be retrieved.'**

Mammographic tumor appearance

When defining tumor appearance, only the most dominant mammographic tumor
appearance was considered, even if multiple features could be present.”** Using the
scheme by Luck et al.,”** tumors were initially classified as well-defined, partly
ill-defined, ill-defined/diffuse, spiculated, comedo-type microcalcifications,
non-specific calcifications, architectural distortion, or asymmetrical density.””* The
tumor appearances were consolidated into five groups to increase statistical power,
these were distinct masses (well defined and partly ill-defined), ill-defined masses,
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spiculated masses, calcifications (comedo-type and non-specific), and tissue
abnormalities (architectural distortion and asymmetrical density).”* This
categorization was completed by H. Sartor and S. Zackrisson prior to the start of
this thesis.

Mammographic breast density

In the Department of Breast Radiology in Malmo, a simplified system for breast
density has long been used with three tiers: fat-involuted, moderately dense, and
dense parenchyma. These can be translated to reflect the 4™ edition of BI-RADS
density scores as follows: fat involuted corresponds to a density score of 1,
moderately dense corresponds to scores of 2—3, and dense corresponds to a score of
4. For a sub-analysis in paper Il additional density assessment was performed
according to the 5™ edition of BI-RADS** (a = almost entirely fatty, b = scattered
areas of fibroglandular density, ¢ = heterogeneously dense, d = extremely dense) in
a subset of women (n=376) diagnosed in 2008-2014. In paper IV, breast density
was assessed according to BI-RADS 5™ edition for the full study population using
the most recent mammogram prior to the MRI examination performed for the study.

In statistical analyses, the density variables were dichotomized. For the clinically
used three-tier variable, women with the least dense breasts (fat-involuted) and
moderately dense breasts were combined and compared to women with the densest
breasts. For the BI-RADS density variable, categories were dichotomized into a+b
and ct+d.

Spic Mass Ratio

In cancers with spiculated appearance, we defined the Spic Mass Ratio (SMR) as
the ratio of the tumor area including spiculations to the tumor’s core area without
spicules. Thus, higher values indicate more extensive spiculation. Spiculated
cancers on diagnostic digital mammograms were first reviewed for true spiculation,
and if they were assessed as truly spiculated, the SMR was annotated on the view
with the greatest spiculation conspicuity. By using the area tool in Sectra PACS, the
tumor core was first outlined, and then the core plus the spicules were outlined in
the same session.

The boundary of the core and spicules was not set with hard criteria beforehand.
Instead, the tumor core and spiculations were outlined subjectively by the readers.
Margins were mostly clear with radiating spicules perpendicular to the core.
Annotations were made by L. Sturesdotter, and for complex cases, they were
performed together with an experienced breast radiologist, K. Lang. Figure 7 shows
examples of three mammograms with and without SMR annotations. In statistical
analyses the women were divided into three equally sized groups based on degree
of SMR (low, moderate, and high).
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Figure 7. Three examples of SMR annotations on mammographically spiculated breast cancer
Original mammograms on the top row, and with their corresponding SMR annotations on the bottom
row (the dotted lines are irrrelevant). Images previously published in paper 111.22" License: CC BY 4.0.
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MRI variables

MRI technique for estimating fatty acid composition

For paper IV, a CSE-MRI technique was used to estimate the number of double
bonds and methylene-interrupted double bonds in fatty acids to enable
quantification of PUFA, SFA, and MUFA. A CSE-MRI sequence (GE HealthCare)
had been updated in-house to increase the number of echoes, and the fatty acid
composition and proton density fat fraction (PDFF) could be derived through a
custom post-processing algorithm. PDFF is a map depicting the relative amount of
fat in the examined tissue.

The CSE-MRI scan (3D multi-echo gradient echo with bipolar readout) was
performed immediately after the clinical DCE-MRI on a 3-T scanner (GE Architect)
at the Skéne University Hospital in Malmd, Sweden. The following sequence
parameters were used: 256 x 256 matrix, 40 slices, TR of 26 ms, 10 echo times with
inter-echo spacing of 1.54 ms, bandwidth of 781 Hz/pixel, flip angle of 10°, and
acquisition time of ~4.5 min. Magnitude and phase data were acquired.

The signal intensities from the 10 echoes were fitted to a constrained signal model
with phase-error correction, and voxels with non-feasible double-bond estimates
were discarded. The output of the model was quantitative maps of PDFF, PUFA,
and SFA. The model resulted in an effectively constant value for MUFA, which is
why this parameter was excluded from further analyses. Automated segmentation
was performed to remove tissue outside of the breasts, and only the central 24 slices
were analyzed to limit fold-over artefacts in the slice-encoding direction.

MRI variables used in paper IV
In paper IV we defined and studied the following adipose-tissue-related variables:

e The relative adipose tissue content defined as the percentage of voxels with
PDFF > 85%

e The proportions of PUFA in voxels with > 85% PDFF
e The proportions of SFA in voxels with > 85% PDFF

Values were computed for whole breasts and in regions of interest (ROIs). ROIs
were drawn manually in magnitude images using ImageJ software to enable
comparison of PUFA and SFA adjacent to cancer and at sites distant from cancer in
both the ipsilateral and contralateral breast. ROIs were placed only for the 10 women
with MRI-visible breast-cancer lesions on clinical sequences. For each participant,
four ROIs were positioned in visually adipose-rich regions. ROI 1 was 1-2 cm from
the cancer, and ROI 2 was distant from the cancer in the ipsilateral breast. ROIs
were also placed in the mirrored locations of ROI 1 and ROI 2 in the contralateral
breast (ROI 1™ and ROI 2°°™™),
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MRI variables of BI-RADS 5" edition

In paper IV, images and information from both the study-specific and clinical MRI-
sequences were used. For women with breast cancer (n=12), fibroglandular tissue
and background parenchymal enhancement according to BI-RADS 5™ edition was
assessed based on the clinical MRI sequences.

Figure 8 shows examples of the fatty acid composition maps for SFA, PUFA, and
PDFF from the study-specific CSE-MRI technique, clinical MRI-sequences, and
digital mammography.

Fatty acid composition maps from the study MRI technique

50 %

MIP

Figure 8. Fatty acid maps, clinical MRI, and mammography from four women in paper IV

From top to bottom: representative examples of SFA, PUFA, and PDFF maps; clinical T2-weighted
images (T2); maximum intensity projection images (MIP); and digital mammograms (DM) from four
women without breast cancer, but with varying amounts of adipose tissue in the breasts. From left to
right: fat involved parenchyma (density a) to very dense parenchyma (density d) according to BI-RADS
5™ edition. Note that the sharp segmentation line along the thoracic wall excludes tissue outside of the
breasts on the SFA, PUFA, and PDFF images. Images from paper IV (unpublished manuscript),
copyright the authors.

49



Gas chromatography

We compared the fatty acid composition data from MRI to gas chromatography in
six surgical specimens from four women in the study who had undergone breast
surgery. In January 2024, breast-tissue samples were collected at the Department of
Pathology at Skane University Hospital in Malmo. To avoid interfering with
standard clinical procedures, sampling was performed after completion of routine
pathological examination. This meant that the breast tissue had been sectioned and
stored in formalin until sampling. As a result, the exact anatomical origin of each
tissue sample within the breast could not be determined (see image for clarification;
Figure 9). One piece of visually pure adipose tissue (approximately 5-10 g) was
taken from each specimen. The samples were put in sterile, labeled containers and
transported to a lab for gas chromatography analysis (Eurofins, Linkdping,
Sweden).

.

Figure 9. Surgical specimens from three of the women who had undergone a partial mastectomy
Images depicting three examples of how the specimens looked at the time for gas chromatography
sampling. Prior sectioning, formalin storage, and in some cases also small specimen size (bottom right)
made it difficult to appreciate where in the corresponding breast on MRI the samples were taken.
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Clinical variables

Papers I-111

Clinical variables in the first three papers were collected both from the baseline
inclusion in the MDCS and from the time at breast-cancer diagnosis. The use of
hormone receptor therapy and body mass index were considered as confounding
factors in paper II and were retrieved from baseline data. The exposures
(mammographic variables) and outcomes (information from pathology reports and
medical records, including axillary-lymph-node involvement (ALNI), and
additional variables; see below) were based on the time of diagnosis. Follow-up
information on the women in the MDCS with breast cancer diagnosed in 1991—
2014, including causes of death, was available up until December 31, 2018, via
linkage to the Swedish Cause of Death Register.'*® Breast-cancer-specific death was
assigned when breast cancer was either the primary or a contributing cause of
death.'*®

Paper IV

Breast-cancer diagnosis (prevalent or incident after inclusion), age, menopausal
status at the time of MRI examination, attendance to breast-cancer screening, and
risk factors for breast cancer were collected from medical records and radiology
referrals in 2023-2025.

Histopathological variables

The histopathological data used in papers I-11I were obtained from medical records
and tissue microarray assessments. Tissue microarray is a technique in which small
cylindrical cores are taken from multiple paraffin-embedded blocks (typically from
different cancers), and are lined up in a single recipient block, which enables parallel
assessment of many specimens on one single histological slide.*” Separate tissue
microarrays were constructed for breast cancers diagnosed in 1991-2004 and in
2005-2007. Two cores were sampled from representative regions for each tumor.
The detailed tissue-microarray methodology has been reported previously.? 2%

Hormone receptors

ER and PR expression were determined by immunohistochemistry and obtained
from the tissue-microarray assessments for cancers diagnosed in 1991-2004, and
from medical records for cancers diagnosed 2005-2014. In accordance with
prevailing guidelines, staining was considered negative when <10% of tumor cells
were stained and positive with >10% staining of tumor cells.?* This differs slightly
from current guidelines, in which tumors with >10% stained cells are considered
positive for ER and PR.2 However, this is not important for the contents of this thesis
as the material was both analyzed and studied before this change took place.
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Human epidermal growth factor 2

HER?2 status was retrieved from tissue-microarray evaluations for women diagnosed
in 1991-2007 and from medical records in 2008-2014. From in 1991-2004, HER2
assessment relied solely on the immunohistochemistry-based HercepTest,”>' where
scores of 0 and 1+ were classified as HER2— (non-amplified), 3+ indicated HER2+
(amplified), and 2+ was recorded as missing.?*’ In situ hybridization was introduced
in 2005, and from then on, cases with 2+ on the HercepTest were categorized as
amplified or non-amplified if in situ hybridization yielded a definitive result;
otherwise, they were classified as missing.””’

Histological grade and tumor type

The tumors from women diagnosed in 1991-2004 were included in the first tissue
microarray. They were re-assessed by an experienced breast pathologist who
assigned a histological grade®' and histological type according to the WHO
classification.”* For breast cancers diagnosed in 20052014, histological grade and
type were collected from medical records.**

Ki-67

Ki-67 from immunohistochemistry was collected in three periods: 1991-2004,
2005-2007 (both from tissue microarray), and 2008—2014 (from medical records).
Varying Ki67 distribution was noted at different time points during the follow-up
period. Therefore, Ki67 was stratified into tertiles (low, intermediate, high) with
roughly one-third of cases in each category during the three periods.”*? In other
words, no exact cutoffs were applied for Ki-67 for the entire follow-up period.

Pathological tumor size

Tumor size was extracted from medical records for the whole follow-up period and
was based on histopathological measurements.”** The largest focus was used in
cases of multifocal cancer.”?’

Surrogate molecular subtypes

Tumors were classified as surrogate molecular subtypes using an approach adopted
by the Southern Swedish Breast Cancer Group: luminal A-like, luminal B-like,
HER2-positive, and TNBC.*** All ER-positive (ER+) tumors with grade 1 were
considered luminal A-like, while all ER+ tumors with grade 3 were considered
luminal B-like. ER+ tumors with grade 2 were also considered luminal A-like if
they had low Ki67 or intermediate Ki67 and positive PR status. In contrast, ER+
tumors with grade 2 fell into the luminal-B-like category if they had high Ki67 or
intermediate Ki67 and negative PR status. All tumors that expressed HER2 were
considered HER2-positive, regardless of grade or hormone receptor status. Tumors
that were negative for ER, PR, and HER2 were classified as TNBC.?* %33
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Ethical considerations

Papers I-11I (MDCS-based studies)

Participants in the MDCS provided written informed consent at the time of
inclusion. This consent stated that the information that they provided, along with
baseline data such as anthropometric measurements, could be used for future
research and be published in scientific papers. Papers I-III primarily rely on data
from the MDCS database, which is curated by a data manager who provides
researchers with anonymized datasets. Only variables that are necessary for the
specific research questions were extracted from the database. Importantly, none of
the studies in this thesis required new analyses of stored biological samples (e.g.,
blood), nor did they involve additional tests or examinations. Therefore, the main
ethical concern relates to data integrity and confidentiality. All MDCS data were
handled in a pseudonymized form except in two situations: (1) identifying
illustrative mammographic images for papers I-II and (2) annotating SMR on
clinical mammograms for paper III. These tasks required temporary access to non-
anonymized radiological images, which was performed in a secure setting. The use
of imaging from individual participants is common practice in breast-imaging
research and adds significant scientific value to publications by enabling visual
examples and methodological transparency. Currently, identification from
mammograms alone is virtually impossible, so the potential harm is considered very
low, while the scientific benefit of including such images is substantial.
Nevertheless, if future technologies enable identification from imaging, they will
pose new ethical challenges.

Paper 1V (MRI-based study)

For paper 1V, participants provided written informed consent specific to the study
objectives, unlike the broad consent in the MDCS. Women undergoing breast MRI
may be in a more vulnerable position than the MDCS participants as they often have
elevated risk for breast cancer or have already been diagnosed. This raises concerns
about perceived pressure to participate. To mitigate this, the consent process
emphasized the voluntary nature of participation, clarified that it would not affect
clinical care, and assured participants of their right to withdraw from the study at
any time without explanation. These measures are essential to uphold autonomy and
prevent undue influence.

Ethics approvals

Papers I-1II were approved by the Ethics Review Board in Lund, Sweden (Record
Nos. 652/2005, 166/2007, and for papers II and IIT 2014/830), and by the Swedish
Ethical Review Authority (Record No. 2022-04473-02). Paper IV was approved by
the Swedish Ethical Review Authority (Record Nos. 2020-05055 and 2022-03927-
02).
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Statistics

Descriptive statistics were used to summarize and characterize the study
populations. Mean values are reported for variables that followed an approximately
normal distribution, whereas medians were used for skewed data. A p-value below
0.05 was considered statistically significant.

Statistical methods

Analysis of variance (paper 111)

Analysis of variance compares the means of three or more groups to determine
whether at least one group differs from the others. Analysis of variance is a
parametric test, meaning it assumes that the data follow a specific distribution,
typically a normal distribution. For example, it can be used to compare average
tumor size across different breast-cancer subtypes.

Chi-squared test (paper I11)

The chi-squared test is used to determine whether there is an association between
two categorical variables, such as the tumor subtype and the detection method.

Cox’s proportional hazards regression (papers Il and I11)

Cox regression is used to study how factors affect the time until an event, such as
death or recurrence of disease. The method yields hazard ratios (HRs), which are
the relative risks at each timepoint for one group compared to another during follow
up. Cox regression allows for adjustment of confounding factors. In Cox regression,
proportional hazards must be fulfilled, meaning that the relative risk between the
compared groups is assumed to be constant during follow up. If the proportional
hazards assumption is not fulfilled the results of Cox regression might not be
reliable.

Fisher’s exact test (paper I11)

Fisher’s exact test assesses the association between two categorical variables. This
test is preferred when expected cell counts are low or sample sizes are small, for
which the chi-squared approximation may be unreliable.

Kaplan—Meier estimate (papers Il and 111)

The Kaplan—Meier method is used to estimate survival over time. The method
creates a curve that shows the proportion of patients who have not experienced an
event (e.g., death) at different time points. It is often used to compare survival
between groups. In contrast to Cox regression analysis, it is not possible to adjust
for confounders when using Kaplan—Meier estimates.
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Kruskal-Wallis test (paper 1V)

The Kruskal-Wallis test is a non-parametric alternative to one-way analysis of
variance, used when normality assumptions are not met. It compares the
distributions of three or more independent groups using rank sums and is often
interpreted as a test of median differences.

Logistic regression (paper 1)

Logistic regression is used for binary outcomes when follow-up time is not of
interest. The results are shown as odds ratios (ORs), which is the ratio of odds in the
exposed group and the unexposed group.

Multinomial logistic regression (paper 1)

Multinomial logistic regression is similar to logistic regression but is used when the
outcome has three or more categories without a natural order. Such variables are
called nominal variables. The method estimates the odds for each category
compared to a reference category and yields relative risk ratios (RRRs) for each
category compared to a reference category.

Ordinal regression (paper 1)

Ordinal regression is similar to logistic regression but is used when the outcome has
a natural order. Ordinal regression models the cumulative odds of being in a higher
category versus all lower categories. The model therefore still yields ORs, but these
are cumulative, meaning they express the likelihood of being in higher rather than
lower outcome categories combined.

Wilcoxon rank-sum test (paper IV)

Also called the Mann—Whitney test, the Wilcoxon rank-sum test compares two
different independent groups when data are not normally distributed (which makes
it a non-parametric test).

Wilcoxon signed-rank test (paper IV)

The Wilcoxon signed-rank test compares two dependent measurements, such as
measurements obtained before and after treatment, when data are not normally
distributed (non-parametric).

Software for statistical analyses

Statistical analyses were performed using the following software: paper I: Stata
version SE 14.2; paper II: Stata, version 16.1; paper III: R version 4.3.0; paper 1V:
IBM SPSS Statistics version 31.0.0.0 (IBM Corp., Armonk, New York, United
States) and MATLAB (version R2024a) (MathWorks Inc., Natick, USA).
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Use of artificial intelligence

This thesis was written with assistance of Copilot (Microsoft) using the version
provided by Lund University. Copilot was used to for proofreading, increase
readability, and aid in the creation of the list of abbreviations. Al has not been used
to generate full pieces of text. All text that was altered with the assistance of Al has
been thoroughly reviewed and edited by the author, who assumes full responsibility
for the final content.
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Results

This section summarizes the most important results from the four papers included
in this thesis, along with selected tables. Complete tables and figures are available
in papers [-IV in the appendices.

Paper 1

The mammographic tumor appearances related significantly to many of the
clinicopathological factors when studied one at the time. With the same factors
combined to stratify the cohort into surrogate molecular subtypes, significant results
were also found. In particular, the spiculated tumors were distinguished as
frequently positive for hormone receptors, having lower Ki67 expression and
histological grade, and thus more often having the luminal-A-like subtype.

Clinicopathological factors

Tumors that were mammographically ill-defined, spiculated, and presenting as
tissue abnormalities were significantly more likely to be ER positive than ER
negative compared to distinct masses. The adjusted odds ratio (OR.q) for ER
positivity was 2.0 (95% confidence interval (95% CI) 1.1-3.6) for ill-defined
tumors, 6.0 (95% CI 3.2—11.2) for spiculated tumors, and 4.4 (95% CI 1.0-19.6) for
tissue abnormalities (Table 2). Spiculated tumors were also more likely to be PR
positive with an OR,gj of 1.7 (95% CI 1.2-2.5) (Table 2).

No significant association was found between mammographic tumor appearances
and HER2 status (Table 2). Spiculated tumors were less likely to have histological
grade 3 than grades 2 and 1 (ORq 0.5 (95% CI 0.4-0.7); Table 2), as well as high
Ki67 (OR4q 0.5 (95% CI 0.3-0.6); Table 2).
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Table 2. Mammographic appearances in relation to ER, PR, HER2, grade, and Ki67 (paper I)

Mammographic
appearance
Distinct mass
lll-defined mass
Spiculated
Calcifications
Tissue abnormality
Observations (n)
p-value (overall)

Distinct mass
lll-defined mass
Spiculated
Calcifications
Tissue abnormality
Observations (n)
p-value (overall)

Distinct mass
lll-defined mass
Spiculated
Calcifications
Tissue abnormality
Observations (n)
p-value (overall)

Distinct mass
lll-defined mass
Spiculated
Calcifications
Tissue abnormality
Observations (n)
p-value (overall)

Distinct mass
lll-defined mass
Spiculated
Calcifications
Tissue abnormality
Observations (n)
p-value (overall)

ER-
n (%)

42 (18.4)

25 (13.9)

16 (4.1)

17 (25.8)

2 (6.3)

PR-

96 (43.1)

77 (44.5)

115 (30.9)

33 (51.6)

17 (54.8)

HER2-

199 (90.5)

140 (84.8)

342 (94.5)

49 (84.5)

29 (93.5)
Grade 1 Grade 2
56 (24.0) 91 (39.1)
34 (17.7) 95 (49.5)
127 (31.4) 210(51.9)
22 (29.3) 32 (42.7)
11 (34.4) 14 (43.8)
Low Ki67  Mid Ki67
55 (27.9) 67 (34.0)
49 (32.4) 45 (29.8)
146 (45.3) 110 (34.2)
21 (37.5) 16 (28.6)
15 (50.0) 6 (20.0)

ER+

186 (81.6)
155 (86.1)
372 (95.9)
49 (74.2)
30 (93.8)

PR+
127 (56.9)
96 (55.5)
257 (69.1)
31 (48.4)
14 (45.2)

HER2+
21(9.5)
25 (15.2)
20 (5.5)
9 (15.5)
2 (6.5)

Grade 3
86 (36.9)
63 (32.8)
68 (16.7)
21 (28.0)
7(21.8)

High Ki67
75 (38.1
57 (37.8
66 (20.5
19 (33.9
9 (30.0)

)
)
)
)

Logistic regression
OR(95% ClI) ORa4*(95% Cl)

1.0 1.0
1.4 (0.8-24) 2.0 (1.1-3.6)
52(29-96) 6.0(3.2-11.2)
0.7 (0.3-1.2) 0.6 (0.3-1.3)
34(0.8-14.7) 4.4(1.0-19.6)
894 867
<0.001 <0.001
Logistic regression
1.0 1.0
0.9 (0.6 - 1.4) 1.1(0.7-1.7)
1.7(1.2-24) 1.7 (1.2-2.5)
0.7 (0.4-1.2) 0.8 (0.5-1.5)
0.6 (0.3-1.3) 0.9 (0.4-2.1)
863 839
<0.001 0.007
Logistic regression
1.0 1.0
1.7 (0.9-3.1) 1.5 (0.8 - 3.0)
0.6 (0.3-1.0) 0.6 (0.3-1.1)
1.7 (0.8 - 4.0) 2.0 (0.8 - 5.0)
0.7 (0.1-2.9) 0.7 (0.1-3.1)
836 814
0.005 0.021
Ordinal regression
1.0 1.0
1.0 (0.7 - 1.5) 0.8 (0.6-1.2)
0.5(0.4-0.7) 0.5(0.4-0.7)
0.7 (0.4 -1.1) 0.9 (0.5-1.5)
0.5(0.2-1.0) 0.3 (0.1-0.6)
937 912
<0.001 <0.001
Ordinal regression
1.0 1.0
0.9 (0.6 - 1.3) 0.8 (0.5-1.1)
0.5(0.3-0.6) 0.5 (0.3-0.6)
0.7 (0.4 - 1.3) 0.9 (0.5-1.6)
0.5(0.2-1.0) 0.3(0.2-0.8)
756 737
<0.001 <0.001

*Adjusted for age (categorical), tumor size, mode of detection, and breast density.
OR = odds ratio, ORadqj= adjusted odds ratio, Cl= confidence interval.
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Surrogate molecular subtypes

The distribution of surrogate molecular breast-cancer subtypes varied across
mammographic tumor appearances (Table 3). [ll-defined masses were less likely to
be the TNBC subtype than the luminal A-like subtype, as compared to distinct
masses, with an adjusted relative risk ratio (RRRagj) of 0.5 (95% CI 0.2-0.9) (Table
4). Spiculated tumors were less likely to be luminal B-like, HER2-positive, or
TNBC than luminal A-like, as compared to distinct masses, with RRRag; values of
0.6 (95% CI1 0.4-1.0), 0.4 (95% CI 0.2-0.8), and 0.1 (95% CI 0.1-0.3), respectively
(Table 4). In other words, spiculated tumors were associated with the luminal A-
like subtype.

Table 3. Distribution of molecular subtypes across mammographic tumor appearances (paper I)
Number of tumors within each category of mammographic tumor appearance in each of the molecular
subtype categories, illustrated with descriptive statistics. TNBC = triple-negative breast cancer.

Molecular subtype: Luminal A Luminal B HER2+ TNBC
Mammographic appearance n (%) n (%) n (%) n (%)
Distinct mass 95 (46.8) 52 (25.6) 21 (10.3) 35(17.3)
lll-defined mass 67 (44.1) 43 (28.2) 25 (16.5) 17 (11.2)
Spiculated 215 (67.4) 74 (23.2) 20 (6.3) 10 (3.1)
Calcifications 23 (45.1) 12 (23.5) 9 (17.7) 7 (13.7)
Tissue abnormality 19 (63.3) 7 (23.3) 2(6.7) 2 (6.7)
Observations (n) 419 188 77 71

Table 4. Mammographic tumor appearance in relation to surrogate molecular subtype (paper I)
Luminal A-like subtype is the reference subtype, and distinct mass is the reference mammographic tumor
appearance. TNBC = triple-negative breast cancer. RRR = relative risk ratio.

Molecular subtype—> Luminal A Luminal B HER2+ TNBC
Mammographic
appearance Crude RRR (95% CI) RRR (95% CI) RRR (95% CI)
Distinct mass Reference 1.0 1.0 1.0
lll-defined mass 1.2 (0.7 -2.0) 1.7 (0.9-3.3) 0.7 (0.4 - 1.3)
Spiculated 0.6 (0.4-1.0) 0.4 (0.2-0.8) 0.1(0.1-0.3)
Calcifications 1.0(04-2.1) 1.8(0.7-4.4) 0.8 (0.3-2.1)
Tissue abnormality 0.7 (0.3-1.7) 0.5(0.1-2.2) 0.3(0.1-1.3)
Observations (n) 755
p-value (overall) <0.001

Adjusted RRRa4*(95% Cl) RRRag*(95% Cl)  RRRag*(95% Cl)
Distinct mass Reference 1.0 1.0 1.0
lll-defined mass 0.9 (0.5-1.6) 1.4 (0.7 - 2.8) 0.5(0.2-0.9)
Spiculated 0.6 (0.4-1.0) 0.4 (0.2-0.8) 0.1(0.1-0.3)
Calcifications 1.4 (0.6 -3.1) 2.4 (0.9-6.5) 0.9 (0.3-2.5)
Tissue abnormality 0.4 (0.1-1.1) 0.4 (0.1-1.7) 0.2 (0.0-0.8)
Observations (n) 737
p-value (overall) <0.001

*Adjusted for age (categorical), tumor size, mode of detection, and breast density.
TNBC = triple-negative breast cancer. RRR = relative risk ratio, RRRadj = adjusted relative risk ratio.

59



Paper 11

In paper two, MDCS was used to examine breast-cancer-specific death in women
diagnosed with breast cancer according to mammographic tumor appearance and
breast density. During a median follow-up time of 10.7 years (range 0-27.1 years),
202 women died from breast cancer. The median follow-up time was 5.3 years
among women who died from breast cancer and 11.7 years for the remaining 914
women, of which 214 women passed away due to other causes, and 4 women
emigrated. Women who died from breast cancer were more often diagnosed
clinically, had larger tumors with higher histological grade, and had higher
prevalence of ALNI.

Breast density in relation to survival

Dense breast parenchyma did not significantly impact breast-cancer survival in
comparison to fat-involuted and moderately dense parenchyma combined. The HR
for breast-cancer mortality for women with dense breasts was 1.08 (95% CI 0.80—
1.47), and it was similar after adjustment for confounding factors (HRaqj 1.15, 95%
CI1 0.79-1.68) (Table 5). Stratified analyses for women with screening-detected and
clinically detected tumors did neither detect a statistically significant difference in
survival (Table 5). Neither was breast density in a subset (n = 376) analyzed
according to BI-RADS associated with breast cancer-specific survival (see Table 3
in appended paper II).

Table 5. Breast density in relation to breast-cancer-specific mortality (paper Il)
a. Cox regression analysis based on the entire study population, followed by stratified analyses on b.
women with screening-detected tumors , and ¢. women with clinically detected tumors.

a. Entire population Alive® Deceasedt HR (95% Cl) HRa4;*(95% CI)
Breast density n (%) n (%)

Fat-involuted—mod. dense 581 (66.7) 109 (61.9) 1.0 (Ref.) 1.0 (Ref.)
Dense 290 (33.3) 67 (38.1) 1.08 (0.80-1.47) 1.15(0.79 - 1.68)
Observations (n) 1046 864
p-value 0.609 0.466

b. Screening-detected

Fat-involuted—mod. dense 329 (69.4) 34 (56.7) 1.0 (Ref.) 1.0 (Ref.)
Dense 145 (30.6) 26 (43.3) 1.45(0.87 -2.43) 1.29 (0.65 - 2.53)
Observations (n) 534 439
p-value 0.153 0.465

c. Clinically detected

Fat-involuted—mod. dense 251 (63.4) 75 (64.7) 1.0 (Ref.) 1.0 (Ref.)
Dense 145 (36.6) 41 (35.3) 0.84 (0.57-1.23) 1.04 (0.65 - 1.65)
Observations (n) 512 424
p-value 0.359 0.872

° Alive or deceased from other causes. T Deceased due to breast cancer.
* Adjusted for age at diagnosis, body mass index, hormone replacement therapy, tumor size, ALNI,

histological grade, and ER+.
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Mammographic tumor appearance in relation to survival

Mammographically ill-defined tumors and tissue abnormalities were associated
with a higher risk of death from breast cancer compared to distinct mass in the crude
analysis (HR 1.64 (95% CI 1.07-2.51) and 2.37 (95% CI 1.26-4.46), respectively;
Table 6). However, after adjustment the HRs were attenuated and statistically
nonsignificant. Spiculated tumor appearance did not impact long-term survival in
the whole population (HRag 1.24, CI 0.75-2.03) or after stratification by detection
mode (Table 6). At 5 years after diagnosis, women with clinically detected
spiculated tumors had significantly impaired survival compared to women with a
distinct mass (HRaqj 2.77 (1.03—7.46); see appended A.3 in paper II).

Table 6. Tumor appearance in relation to breast-cancer-specific mortality (paper Il)
a. Cox regression analysis based on the entire study population, followed by stratified analyses on b.
women with screening-detected tumors , and ¢. women with clinically detected tumors.

a. Entire population
Tumor appearance
Distinct mass
lll-defined mass
Spiculated
Calcifications

Tissue abnormality
Observations (n)
p-value (overall)

b. Screening-detected
Distinct mass
lll-defined mass
Spiculated
Calcifications

Tissue abnormality
Observations (n)
p-value (overall)

c. Clinically detected
Distinct mass
lll-defined mass
Spiculated
Calcifications

Tissue abnormality
Observations (n)
p-value (overall)

Alive®
n (%)
228 (27.2)
155 (18.5)
358 (42.7)
70 (8.3)
28 (3.3)
839

101 (21.1)
79 (16.5)
230 (48.1)
56 (11.7)
12 (2.5)

126 (35.0)
76 (21.1)

128 (35.6)
14 (3.9)
16 (4.4)

Deceasedt

n (%)
38 (22.4)
48 (28.2)
58 (34.1)
13 (7.6)
13 (7.6)
170

13 (23.6)
9 (16.4)
23 (41.8)
6 (10.9)
4(7.3)

25 (21.7)

39 (33.9)

35 (30.4)
7(6.1)
9(7.8)

HR (95% Cl)

1.0 (Ref.)
1.64 (1.07 - 2.51
0.90 (0.60 - 1.35
0.91 (0.48 - 1.70
2.37 (1.26 - 4.46
1009
0.001

= O O —

1.0 (Ref.)
0.85 (0.36 - 1.99
0.76 (0.39 - 1.50
0.74 (0.28 - 1.94
1.96 (0.64 - 6.03
533
0.483

)
)
)
)

1.0 (Ref.)
2.06 (1.25 - 3.40
1.24 (0.74 - 2.08
1.75 (0.76 - 4.06
2.45(1.14 - 5.26
475
0.021

=2 =

° Alive or deceased from other causes. T Deceased due to breast cancer.
* Adjusted for age at diagnosis, density, tumor size, ALNI, histological grade and ER+.

HR.q*(95% Cl)

1.0 (Ref.)
1.48 (0.88 - 2.49)
1.24 (0.75 - 2.03)
1.36 (0.61 - 3.03)
2.02 (0.89 - 4.60)
818
0.438

1.0 (Ref.)
0.89 (0.31 - 2.53)
0.89 (0.40 - 1.97)
0.87 (0.25 - 3.01)
1.84 (0.38 - 8.89)
430
0.915

1.0 (Ref.)
1.77 (0.94 - 3.33)
1.57 (0.83 - 2.99)
1.77 (0.58 - 5.40)
2.18 (0.79 - 6.02)
387
0.420
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Paper 111

Paper I1I is based on a sub-cohort of women in the MDCS with radiology reports
indicating a mammographically spiculated tumor appearance and diagnosis in
2004-2014. The study included a total of 161 women with a median age of 68 years
(range 55-91 years) (Table 7). SMR on the diagnostic mammogram was inversely
associated with breast density (p=0.030) (Table 7). SMR was associated with age at
diagnosis (p=0.002) (Table 7). The mode of cancer detection was not significantly
associated with the level of SMR (p=0.518) (Table 7).

In the 10% of women that exhibited the highest SMR values (>1.7), all tumors were
ER-positive, most tumors showed low or intermediate Ki67 expression, and ALNI

was rare compared to the rest of the population (see appended paper III).

Table 7. Baseline population characteristics according to degree of SMR (paper lll)

Variable, n (%) if nothing else
stated

Breast density
Fat involuted
Moderately dense
Dense
Mode of cancer detection
Screening-detected
Clinically detected
Age in years, median (range)
Tumor size in mm, median
(range)
Missing
Estrogen receptor positivity
Missing
Progesterone receptor positivity
Missing
HER2 receptor positivity
Missing
Ki67 expression
Low
Intermediate
High
Missing
Histological grade
|
1]
Il
Missing
Axillary-lymph-node involvement
Missing
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All women
(n=161)

36 (22)
86 (53)
39 (24)

118 (73)
43 (27)
68 (55-91)
15 (5-50)

3
151 (96)
4
122 (79)
6
8 (5)
6

54 (45)

38 (32)

27 (23)
42

49 (31)

86 (54)

24 (15)
2

45 (28)
3

Low SMR
(n=56)

10 (18)
26 (46)
20 (36)

41 (73)
15 (27)
66 (56-87)
17 (5-50)

0
53 (95)
0
43 (77)
0
2 (4)
2

21 (52)

8 (20)

11 (28)
16

11 (20)

35 (62)

10 (18)
0

17 (30)
0

Moderate
SMR
(n=51)

9 (18)
29 (57)
13 (25)

40 (78)
11 (22)
67 (55-85)
14 (7-50)

0
47 (96)
2
39 (80)
2
3 (6)
1

18 (46)

12 (31)

9 (23)
12

22 (43)

20 (39)

9 (18)
0

16 (31)
0

High SMR

(n=54)

17 (31)
31 (57)
6 (11)

37 (69)
17 (31)

71 (55-91)
14 (5-33)

3
51 (98)
2
40 (80)
4
3(6)
3

15 (38)

18 (45)

7 (18)
14

16 (31)

31 (60)

5 (10)
2

12 (24)
3

p-value

0.030

0.518

0.002
0.165

0.777

0.907

0.818

0.213

0.051

0.631



SMR in relation to survival

The median follow-up time in paper Il was 8.45 years, during which 18 women
died from breast cancer, and 33 died from other causes. Women with moderate and
high SMR had non-significantly increased HRs for breast-cancer-specific death
compared to women with low SMR (HR 2.01 (95% CI 0.59-6.89) and 1.88 (95%
CI 0.55-6.42), respectively; Table 8). After adjustment for age and breast density,
the HRs for breast-cancer death for moderate and high SMR remained
nonsignificant with large CIs (HR 2.04 (95% CI 0.59-6.99) and 1.92 (95% CI 0.55—
6.65), respectively; Table 8). This was also the case when the analysis was adjusted
for tumor size (data not shown, see appended paper III).

Table 8. SMR status in relation to breast-cancer-specific mortality (paper Ill)
Cox regression analysis studying the impact of degree of SMR on breast-cancer-specific survival.

SMR Alive t 1tBC HR (95% CI) HRaq* (95% Cl) HRaq** (95% CI)
Low 46 10 4 1 1 1

Moderate 43 8 7 2.01 (0.59-6.89) 1.89 (0.55-6.47) 2.04 (0.59-6.99)
High 39 15 7 1.88 (0.55-6.42) 1.00 (0.28-3.54) 1.92 (0.55-6.65)
Overall p-value 0.459 0.462 0.448
Observations 128 33 18

1 Deceased. 1BC Deceased due to breast cancer.
* Adjusted for age only.
** Adjusted for breast density only.

Paper IV

The fourth paper included 68 women who were examined with a study-specific
CSE-MRI sequence to estimate fatty acid composition, in addition to their clinical
DCE-MRI protocol. In this group, 12 women had breast cancer. With a median age
of 53 years, women who had breast cancer were older compared to those without
breast cancer, who had a median age of 42 years. A larger proportion of the 12
women with breast cancer were postmenopausal than the women without breast
cancer (58.3% vs. 30.4%). Women with breast cancer had a slightly higher median
content of adipose tissue in their breasts (67.1%) than those without breast cancer
(63.7%), likely explained by the age difference between the groups. PUFA levels
were similar for women with and without breast cancer, averaging 9.5%, which was
also the case for SFA, which averaged 35% both for women with and without breast
cancer. For detailed baseline characteristics, see paper IV in the appendix.

Relative adipose tissue content decreased significantly with increasing breast
density (p <3x107°), and relative adipose tissue content was lower in premenopausal
women than in postmenopausal women (p=0.0046) (Figure 10). No significant
associations were found between PUFA and breast density or menopausal status nor
between SFA, breast density, and menopausal status (Figure 10).
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Figure 10. Fatty acid components in relation to breast density and menopausal status (paper IV)
Relative adipose tissue content, polyunsaturated fatty acids (PUFAs) and saturated fatty acids (SFAs)
in the full population (n=68) stratified by A) breast density (a—d), according to BI-RADS 5" edition
(Kruskal-Wallis test), and B) postmenopausal status (Wilcoxon rank-sum test). Numbers in
percentages on the y axis.

Among the 12 women with breast cancer, seven had invasive carcinoma of no
special type, two had invasive lobular carcinoma, and three had DCIS. Most
invasive cancers occurred in postmenopausal women, whereas all women with
DCIS were premenopausal.

Among women with unilateral breast cancer, the cancer-affected breast had
significantly lower adipose tissue content than the contralateral breast according to
paired analysis (p=0.0065). In paired analyses, the median PUFA value in the
cancer-affected breast was lower than in the contralateral breast, while median SFA
was higher in the cancer-affected breast compared to the contralateral breast.
However, these results did not meet statistical significance (PUFA p=0.705, SFA
p=0.607) (Table 9).

No significant differences in median PUFA or median SFA were observed between
regions at different distance from the tumor in the cancer-affected breast as
compared to the corresponding areas in the contralateral breast. Numerically, the
median SFA value was highest in the ROI closest to the tumor in the cancer-affected
breast, albeit non-significantly (p=0.447) (Table 10).
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Table 9. Comparison of the cancer-affected breast to the contralateral breast (paper 1V)

Overall relative adipose tissue content, PUFA, and SFA° in % based on the entire breast volume in the
cancer-affected breast, and the contralateral breast. The right side shows results from paired tests
comparing the cancer-affected breast vs. the contralateral breast.

All women with unilateral breast cancer identifiable on MR (n = 10)

Cancer-affected Contralateral Paired test: cancer-affected breast vs.
breast breast contralateral*
Parameter median IQR median IQR median IQR p-value
rATC 53.6 30.9 68.3 29.3 -5.2 5.3 0.006
PUFA 8.8 2 9.1 15 0 0.8 0.705
SFA 36 2.4 35.5 1.8 0.1 0.9 0.607

°PUFA = polyunsaturated fatty acids, SFA = saturated fatty acids.
IQR = interquartile range, rATC = relative adipose tissue content.
*Wilcoxon signed-rank test.

Table 10. ROIs in the cancer-affected breast versus ROIs in contralateral breast (paper IV)

ROI values (%) of PUFA and SFA’ in the cancer-affected breast and in the mirrored location in the
contralateral breast. The right side shows results of paired tests comparing values in the cancer-affected
breast vs. the mirrored locations in the contralateral breast.

All women with unilateral breast cancer identifiable on MR (n = 10)

ROI 1 RO 1contra Paired test: ROl 1 vs. ROI {°ontrax
Parameter  median IQR median IQR median IQR p-value
PUFA 5.8 3.7 8.2 4.6 = 4.1 0.334
SFA 39.8 4.4 36.7 5.6 1.2 5 0.447

ROI 2 RO 2¢ontra Paired test: ROI 2 vs. ROl 2°°ntra*
Parameter  median IQR median IQR median IQR p-value
PUFA 8.5 4.5 9.7 5 -0.7 2.7 0.445
SFA 36.4 5.5 35 6.2 0.8 3.3 0.445

°PUFA = polyunsaturated fatty acids, SFA = saturated fatty acids.
ROI = region of interest, IQR = interquartile range.
*Wilcoxon signed-rank test.
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Discussion

Most important findings

Mammographically spiculated tumors were more often the favorable luminal A
subtype of breast cancer compared to other molecular subtypes. Variations in
mammographic tumor appearance and breast density at diagnosis were, however,
not significantly associated with breast-cancer mortality in long-term follow-up.
Neither was the novel image-based metric SMR for mammographically spiculated
tumors associated with breast-cancer mortality. SMR was associated with age and
breast density.

Relative adipose tissue content from CSE-MRI correlated well with mammographic
breast density, indicating that it correctly identifies adipose tissue. The CSE-MRI
estimates of fatty acid composition showed similar levels of SFA and PUFA as
adipose tissue analyzed with gas chromatography. The sample was however small,
and further studies are needed to evaluate its accuracy.

Thesis in context

Paper 1

For the first paper, we adopted a classification system with five subgroups of tumor
appearance, including spiculated appearance. In comparison  with
mammographically distinct masses, the spiculated tumors stood out as significantly
more often being ER and PR positive, more commonly having lower histological
grade and lower Ki67, and more often having the luminal-A-like subtype. This
pattern signals favorable tumor biology and has been consistent across multiple
studies, despite methodological differences.'***

The evidence for mammographically ill-defined tumors is less uniform than for
spiculated tumors. Studies have reported associations between lesions with
indistinct margins and TNBC, and the HER2-positive subtype.?® 22> #** 235 In our
cohort, a larger proportion of the ill-defined tumors were of HER2-positive subtype
and TNBC, compared to the spiculated tumors. But compared to distinct masses,
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the ill-defined tumors in our study were less likely to be TNBC than Luminal A-like
in adjusted analysis.

Subcategories of microcalcifications have long been linked to HER2 positivity,”**

3% while spiculation is linked to HER2 negativity.'** "¢ Reviews and observational
studies continue to show that HER2-positive tumors often present with
calcifications.® %’ Our frequencies pointed in the same direction, with a relatively
large proportion of the tumors presenting as calcifications being HER2-positive
subtype, and we found a statistically non-significantly increased relative risk ratio
for being HER2-positive subtype in tumors presenting with calcifications. Specific
morphologies like branching-type microcalcifications have been associated with
poorer outcomes and hormone-receptor negativity.’”” By combining all types of
microcalcifications, as in paper I, associations of specific calcification subtypes
could have been diluted.

A distinct mass is a common finding on breast imaging. Although such masses are
often benign, they can also represent malignant lesions, warranting further
diagnostic investigation.'®* In paper I, we found that 17.3% of the distinct masses
were TNBC, whereas only 3.1% of spiculated tumors were TNBC. This distribution
aligns with previous studies showing that TNBC often presents as a distinct mass.'®*
183. 240 Qverall, the results in paper I are broadly consistent with previous studies,
although direct comparisons are constrained by the use of different classification
systems for tumor appearance. Also, the choice of statistical method for comparing
tumor appearances vary, which makes it hard to directly compare many studies.
Lastly, variation in age of the studied population is also important to consider when
comparing studies.

Paper 11

Neither the level of mammographic breast density nor mammographic tumor
appearance were significantly associated with breast-cancer-specific survival in
paper II. Earlier MDCS work reported lower survival for women with dense breasts,
particularly with symptomatic detection.*' This association was not replicated in
paper II, in which both the cohort size and the follow-up time were extended.'**
Also, the studies differ in how the density categories were compared. In paper II the
women with the densest breasts were compared to women with the two less dense
categories combined, while the earlier MDCS study compared women with dense
breasts to women with fat involuted breasts.”*! A Swedish neoadjuvant cohort linked
BI-RADS d density score to higher risk of recurrence and breast-cancer-specific
death and suggested that extreme density may carry prognostic information in the
context of neoadjuvant chemotherapy.?** On the other hand, a contemporary study
using area-based density measurements in a cohort of 224 women with breast cancer
reported significantly better breast-cancer—specific survival among women with
high mammographic density compared with those with low density.** Even if
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breast density may not influence prognosis once cancer has developed, women with
dense breasts have higher risk of breast-cancer death due to elevated baseline risk
of developing breast cancer.”*

Despite the favorable traits of spiculated tumors at diagnosis, as reported in paper I,
the results did not translate into a survival advantage in paper II. It remains unclear
which aspects of mammographic spiculation reflect favorable biology, why studies
linking components of spiculation (such as spicule length, width, and number) to
the molecular mammary microenvironment can be of interest. The results in paper
IT align with reports that neither breast density nor specific tumor appearances
impact breast-cancer survival once breast cancer is established.'™ *** Our findings
support a nuanced clinical message: high density is a strong risk phenotype, and
spiculation indicates favorable characteristics at diagnosis, but neither grants a
survival advantage or disadvantage at the population level once the breast cancer is
diagnosed.

Paper 111

The degree of spiculation in mammographically spiculated tumors, assessed using
the novel metric SMR, did not predict breast-cancer mortality. SMR was higher in
older women and those with fat-involuted breasts, which may be due to improved
conspicuity of radiating spicules in these women. Several previous studies have
reported that the spiculated appearance is more common in older women.'®* 1% 1%
Plausibly, this may be due to increasing fat involution and improved conspicuity of
radiating spicules in older women. SMR was not significantly associated with
breast-cancer-specific survival or ALNI. Although some report better survival for
women with spiculated tumors versus other appearances,'”® 2> 2 we did not
confirm this in our MDCS survival study (paper II).'** The findings in paper III
extend the findings from paper II, that neither the degree of spiculation was
significantly associated with breast-cancer mortality.

The study sample was relatively small with few events, and it is possible that limited
statistical power contributed to the non-significant correlation between SMR and
breast-cancer mortality. The tumors were segmented manually, and because the
visibility of spiculation is strongly influenced by breast density, this may also have
affected the results. Possibly, future radiomics and Al-assisted quantification can be
less sensitive for dense breast parenchyma and could be used to extract richer
descriptors of spicules (e.g., length distribution, angular differences, and
complexity) that might be used to assess prognosis. Beyond mammography, digital
breast tomosynthesis and MRI could potentially improve spicule detection and
include three-dimensional characterization, which could reduce tissue overlap and
measurement bias.
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Paper IV

In the last paper, the focus shifted from tumor morphology and density towards
breast adipose tissue and estimations of fatty acid composition. We found that the
relative adipose content in breasts using CSE-MRI decreased with higher
mammographic density and was higher in postmenopausal women. These findings
are consistent with a validation of this CSE-MRI technique as an imaging biomarker
for density.*®

We found no differences in PUFA or SFA levels across breast density categories or
by menopausal status. This contrasts with the results reported by Freed et al.,** who
observed significantly higher PUFA and lower SFA in postmenopausal women
compared with premenopausal women. The overall proportions of PUFA and SFA
in adipose tissue from both breasts were nearly identical among women with
non-cancerous and cancerous findings. The reason for this might be that any local
alterations in fatty-acid composition adjacent to cancerous tissue are too subtle to
influence measurements derived from whole-breast volumes.

A previous study reported reasonable agreement regarding fatty acid composition
with gas chromatography and the employed CSE-MRI technique, while
acknowledging overestimation of SFA and underestimation of PUFA by MRI
versus gas chromatography, as was also the case in paper IV.*” Several previous
studies have investigated the same CSE-MRI technique in breast adipose tissue,*"
31, 246, 248250 byt paper IV is to our knowledge the first to compare fatty acid
composition from CSE-MRI with fatty acid composition from gas chromatography.

In unilateral cancers, the cancer-affected breast had lower adipose content overall
than the contralateral breast, while whole-breast PUFA and SFA differences were
not significant. In ROIs adjacent to cancer, SFA content was higher than in the other
locations, although non-significantly. Similar peri-tumoral fatty acid composition
with higher proportions of SFA have been reported in other studies.**™"!
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Methodological considerations and limitations

Confounding

TNM stage and overdiagnosis represent two important potential confounders in
Paper 11, as highlighted by Bell et al. in their accompanying editorial.**' Since
cancers in dense breasts tends to be diagnosed at a later stage due to the masking
effect, the TNM stage might have substantially influenced the results in stratified
analyses on the impact of density on survival in screening-detected cancer. The
editorial pointed out that the reported increase in mortality risk for women with high
density and screen-detected breast cancer could be attributable, at least in part, to
this confounding.?' In our analyses, adjustment for tumor size (a key component of
TNM staging) resulted in a decrease of the mortality risk estimate, supporting the
conclusion that TNM stage acts as a relevant confounder.

Overdiagnosis of indolent cancers might also have affected the results in stratified
analyses on screening-detected cancers. Women with fat-involved parenchyma are
more likely to be diagnosed with small and possibly over-diagnosed cancers as these
cancers are more easily perceivable in fat-involuted breasts. Therefore, better
breast-cancer survival for women with possibly over-diagnosed cancer might have
caused an apparent increase in mortality for women with dense breasts.””’!

Selection bias and generalizability

Participants in the MDCS have higher education levels and better health than the
average female population,’”® introducing selection bias that limits the
generalizability of absolute risk estimates and survival outcomes. Survival
outcomes are expected to be vulnerable to selection and adherence effects: healthier
women are more likely to attend screening and to have independently better overall
survival, which might have influenced survival estimates. Women with high
education level and overall good health also have a higher risk of developing breast
cancer, which complicates the interpretation of the data in the MDCS.

Internal comparisons within the cohort, such as associations between
mammographic tumor appearance and histopathological features, are likely to be
more robust to such selection effects. However, potential influences from selection
bias cannot be completely dismissed in this case either. As a single-center study, the
MDCS also might have problems with external generalizability.

Overall survival vs. breast-cancer-specific survival

Overall survival accounts for all deaths, irrespective of cause. Breast-cancer-
specific survival only accounts for death attributed to breast cancer. Overall survival
is the broadest outcome but is heavily influenced by competing causes of death,
requiring larger sample sizes and longer follow-up to detect effects related to breast
cancer. Breast-cancer-specific survival is generally more sensitive to disease-
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specific factors such as screening-related differences and was therefore selected as
the primary outcome in Papers II and IIl. Given that our main exposures relate
specifically to mammographic features, this choice minimizes dilution of effect
estimates by unrelated causes of death. A known limitation of breast-cancer-specific
survival, however, is the potential for misclassification of cause of death in registry
data.

Harmonization of breast imaging features

Comparability across studies is often complicated by heterogeneous categorizations
of mammographic features, which includes both mammographic tumor
appearance'®* '°*2%? and density.'” To enhance interpretability and alignment with
the international literature, Paper Il employed the four-category BI-RADS density
classification, despite our local clinical practice using a three-category system.
Future studies aiming to integrate or compare imaging features would benefit from
standardized definitions or systematic translation between local and internationally
recognized classification systems.

Considerations regarding paper IV

Paper IV was designed as an exploratory study and was constrained by available
data and study opportunities. The sample size was small and non-representative,
which clearly restricts generalizability. In addition, manual delineation of ROIs may
have introduced measurement error and reduced reproducibility. Despite these
limitations, we observed numerically higher SFA values in tissue adjacent to breast
cancer compared with distant tissue, although the difference did not reach statistical
significance. A true biological difference may exist but could have remained
undetected due to limited statistical power. Larger, prospective studies
incorporating automated segmentation methods and computer-assisted
quantification would help reduce measurement bias, improve reproducibility, and
provide more definitive evidence.
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Conclusion

Conclusions for the separate papers

L

IIL.

I1I.

Iv.

Mammographic tumor appearance was strongly associated with
clinicopathological factors, and spiculation consistently indicated favorable
characteristics. This may be important complementary information during
initial breast cancer assessment.

Neither breast density at diagnosis nor mammographic tumor appearance
did significantly predict breast-cancer-specific survival in a large
population-based cohort with long-term follow-up.

The SMR was higher in older women and those with fat-involuted breasts
but showed no association with survival or axillary metastases, which limits
its prognostic utility.

CSE-MRI-derived adipose-tissue content decreased with increasing breast
density and was lower in cancer-affected breasts compared with the
contralateral breast. The MRI method shows potential for characterizing
fatty acid composition in breast, but further studies are needed to determine
its clinical applicability.
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Future perspectives

This thesis demonstrates that human interpretation of radiological breast images
reflects clinicopathological variables. However, radiological images also contain
information that is not readily visible to the human eye. Manual annotation and
interpretation are labor-intensive and subject to inter- and intra-reader variability.
Therefore, a natural next step is to complement manual reading with objective
software-based quantification, potentially involving artificial intelligence. The
papers in this thesis could be used as a foundation for such studies.

Whether using manual or computed imaging variables, a practical goal is to develop
tools that can be integrated into clinical workflows to support breast-cancer
management. Given an aging population and rising breast-cancer incidence, such
tools may also help allocate limited health care resources more efficiently. As
screening evolves toward more personalized approaches,”** image-based tools that
provide information on breast tumor and tissue characteristics may help to tailor
screening intervals and follow-up strategies. Identifying tumors with aggressive
features may guide appropriate treatment escalation, while recognizing indolent,
slow-growing lesions could support safe treatment de-escalation.

Regarding paper IV on MRI-derived fatty acid composition, additional validation is
required before clinical implementation. Whole-breast averages may dilute
important regional differences in fatty acid composition, making spatially resolved
analyses (e.g., ROI-based approaches) important also in future work. It also remains
to be determined whether potential changes in MRI-derived fatty acid composition
precede cancer development, follow it, or evolve in parallel. The clinical utility of
peri-tumoral fatty acid composition can be evaluated across different settings,
including risk stratification in screening and surveillance, prognostication at
diagnosis, and treatment monitoring.
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