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ABSTRACT

The locoregional staging remains an essential part of prognostication in breast
cancer. Tumour size and biology, together with the number of lymph node
metastases, guide the planning of appropriate treatments. Accurate clinical, imaging,
pathologic, and statistical staging is needed as the surgical staging diminishes.

In this study, 743 clinically lymph node negative breast cancer patients treated
in 2009-2017 were evaluated. Clinopathological factors were investigated in
association with the number of lymph node metastases, the use of preoperative
imaging methods and the surgical treatment method. A nomogram was developed
and tested to predict the number of lymph node metastases after sentinel lymph node
positivity. Three previously published models were validated to confirm their
feasibility in the current population to predict nodal stage pN2a or pN3a.

Tumour size, biologic subtype and proliferation associated with higher numbers
of lymph node metastases. To predict stage pN2a or pN3a, the machine learning
algorithms identified tumour size, invasive ductal histology, multifocality,
lymphovascular invasion, oestrogen receptor status and the number of positive
sentinel lymph nodes as risk factors. The nomograms performed well with
favourable discrimination. Clinopathological factors seemed to guide preoperative
magnetic resonance imaging (MRI) prior to more extensive surgery. MRI estimated
the increasing tumour size more accurately than mammography or ultrasound.

According to this study, clinopathological factors, additional preoperative MRI
and modern statistics can be utilized in breast cancer staging without extensive
surgical interference. The importance of non-surgical investigations in staging is
growing in the planning of surgical, systemic and radiation treatments. Thus,
maintaining the impressive survival outcomes of clinically node negative breast
cancer patients can be achieved.

KEYWORDS: breast cancer, stage, axillary lymph node dissection, nomogram,
magnetic resonance imaging
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TIVISTELMA

Kasvaimen paikallinen levinneisyys on tirkea rintasyovan ennustetekiji. Kasvaimen
koko ja biologia sekd imusolmukemetastaasien lukumiird ohjaavat syopdhoitojen
suunnittelua. Levinneisyyden selvittelyssd tarvitaan huolellista kliinistd tutkimusta
sekd tarkkoja kuvantamisen, patologian alan ja tilastotieteen menetelmid, kun
kirurginen levinneisyysluokittelu vdhenee.

Tutkimuksessa arvioitiin vuosina 2009-2017 hoidettujen 743 kliinisesti imu-
solmukenegatiivisen suomalaisen potilaan tietoja. Tyossd selvitettiin kliinis-
patologisten tekijoiden ja kainaloimusolmukemetastaasien lukumaéérén, leikkausta
edeltidvien kuvantamistutkimusten seké leikkausmenetelmien yhteyttd. Ennustemalli
kehitettiin ja koekdytettiin positiivisen vartijaimusolmuketutkimuksen jilkeisen
imusolmukemetastaasien méérian arvioimiseksi. Kolme aiemmin julkaistua mallia
validoitiin, jotta niiden kiyttokelpoisuus imusolmukeluokan pN2a tai pN3a
ennustamisessa varmistuisi tdssd aineistossa.

Kasvainkoko, biologinen alatyyppi ja jakautumisnopeus olivat yhteydessd
suurempaan imusolmukemetastaasien midraan. Koneoppimisalgoritmit méérittivét
levinneisyysluokan pN2a tai pN3a ennustamiseksi tarvittaviksi tekijoiksi kasvain-
koon, invasiivisen duktaalisen histologian, monipesékkeisyyden, suoni-invaasion,
estrogeenireseptoristatuksen sekd positiivisten vartijaimusolmukkeiden maééirén.
Ennustemallit toimivat aineistossa hyvin osoittaen suotuisaa erotuskykya. Kliinis-
patologiset tekijat néyttivit ohjaavan magneettikuvauspéitostd ennen laajaa
kirurgista hoitoa. Magneettikuvaus oli tarkin kuvantamismenetelméd suurenevan
kasvainkoon arvioinnissa.

Tamén tutkimuksen perusteella kliinispatologiset tekijét, leikkausta edeltidva
tdydentdvd magneettikuvaus ja nykyaikaiset tilastotieteen menetelmét voivat
hyodyttdd rintasyovén levinneisyysluokittelua ilman laajoja kirurgisia toimenpiteité.
Kajoamattomien tutkimusten asema levinneisyysluokittelussa on vahvistumassa
kirurgisten, ladkkeellisten ja sddehoitojen suunnittelun yhteydessa. Tarkka levinnei-
syysluokittelu edesauttaa kliinisesti imusolmukenegatiivisten rintasyopapotilaiden
erinomaista ennustetta.

AVAINSANAT: rintasydpd, levinneisyys, kainaloevakuaatio, nomogrammi, mag-
neettikuvaus
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1 Introduction

Being the most common cancer in women and causing over 600 000 deaths globally
in 2019, breast cancer affects the lives of millions. In Finland, breast cancer is the
fifth most common cause of death for women. As nationwide screening programs
have succeeded in detecting breast cancer at early stage, and oncologic treatments
have evolved, breast cancer mortality has been decreasing. A growing number of
breast cancer survivors will return to work and their daily lives. Therefore, breast
cancer research for less and less morbid treatment schemes without compromising
safety have been under great interest, leading to diminishing both breast and axillary
lymph node surgeries.

Surgical removal of the malignant tissue is not only the most important curative
treatment in breast cancer but also provides with valuable information on tumour
extent and metastatic deposits in regional lymph nodes. Staging the local tumour and
the regional lymph nodes has been the foundation for most of the advances in breast
cancer treatment since the introduction of the tumour (T), node (N) and metastasis
(M) classification in the 1950s. Staging has reflected the level of tumour spread and
together with tumour biology guided the need for more radical, heavy or targeted
treatments in order to result in the best possible prognostic outcome.

Accurate knowledge on the preoperative cancer stage and biology is requested
as the extent of the primary surgery and the application of neoadjuvant systemic
treatment is decided before the definite pathologic anatomical diagnosis is
completed. Even after surgery, further staging investigations may be needed, if there
is uncertainty of the residual tumour burden. Non-invasive staging methods such as
predictive models and different imaging methods can help estimating the tumour and
lymph node stage.

Predictive models, nomograms, can estimate the risk for additional lymph node
metastases after positive sentinel lymph node biopsy. Yet, their validity in variable
populations has not been uniform. Many institutions have developed their own
predictive tools or validated previous models on a local patient population. Patient
and tumour related characteristics have been shown to associate with regional lymph
node stage. Mammography, ultrasound-guided needle biopsies and magnetic
resonance imaging (MRI) should determine the tumour stage and location as
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Introduction

accurately as possible. However, the role of routine multimodality imaging that
includes MRI in addition to standard mammography and ultrasound examinations is
not confirmed in preoperative locoregional breast cancer staging. The association
between preoperative clinical stage and postoperative pathologic stage remains
indefinite, even though the clinical stage determines the primary treatment methods.
The clinical TNM stage is dependent on the sensitivity and specificity of various
physical and imaging examinations.

11



2 Review of the Literature

2.1 Detecting breast cancer

211 Background on the diagnostics in breast cancer

Breast cancer is the most common cancer and the leading cause of cancer death for
women (Global Cancer Observatory 2020). In Finland, the cumulative risk for
female breast cancer during lifetime is approximately 14 % (Danckert et al. 2019).
Breast carcinomas are a heterogenous group of malignancies which have infiltrated
through the basement membrane at their site of origin (Jones 2019). Anatomically,
cancerous cells from a primary breast tumour migrate to axillary or other regional
lymph nodes due to the lymphatic drainage, causing regional lymph node metastases
(Tanis et al. 2001). Early breast cancer includes the cancer stages in which the cancer
only involves the breast or the regional lymph nodes (National Cancer Institute [a]).
In locally advanced breast cancer, clinically fixed or matted regional lymph node
metastases are present, lymph node metastases in internal mammary nodes,
supraclavicular or infraclavicular nodes are detected, the primary tumour exceeds 5
cm in size with regional lymph node metastases, the tumour is inflammatory or the
tumour infiltrates the chest wall or the skin. Moreover, locally advanced cancers can
be classified according to their eligibility for surgical treatment. (Garg & Prakash
2015).

Approximately 60 % of patients are free from regional or distant metastases at
the time of primary cancer diagnosis. Up to 30—42 % of all patients are lymph node
positive i.e. present with axillary lymph node (ALN) metastases at the time of
diagnosis (National Cancer Institute [b], Coburn et al. 2004; Sarkeala et al. 2014). It
is rare that ALN metastases occur without a detectable primary tumour, a condition
known as occult breast cancer (Ofri & Moore 2020). Lymphadenopathy in the
axillary or supraclavicular regions can be a sign of locally advanced breast cancer,
but also of infections, injuries, sarcoidosis, other malignancies such as lymphomas,
or non-specific reactivity (Bazemore et al. 2002). The probability of distant
metastases at the time of diagnosis is low: globally, only 5 to 10 % of breast cancer
tumours have observably spread beyond regional lymph nodes or via blood

12
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circulation at the time of diagnosis (National Cancer Institute [b]; Cardoso et al.
2018).

In Europe, most breast cancer patients are first diagnosed in a screening program
or by the clinical discovery of a palpable breast tumour or other breast symptoms
(Biganzoli et al. 2020). The incidence and the mortality of breast cancer increases
with age (Danckert et al. 2019). In Finland, 86.5 % of new breast cancer patients
were aged 50 years old or older in the years 2014 to 2018 (Figure 1, Finnish Cancer
Registry [a]). In addition to age, the risk factors for developing breast cancer include
oestrogen exposure during lifetime, genetics, some benign breast conditions and
dietary or lifestyle matters (Collaborative Group on Hormonal Factors in Breast
Cancer 2012; Dafni et al. 2019; Dyrstad et al. 2015; McTiernan 2003).

& Finnish Cancer Registry (CC-BY 4.0) - cancemegistry. f
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Figure 1. Breast cancer incidence among Finnish women by age in 2014-2018. (Finnish Cancer
Registry [a], accessed 9.11.2020. Reproduced with permission from Finnish Cancer
Registry.)

The current international guidelines state that the primary work-up for breast cancer
diagnosis should consist of the physical examination of breasts and local lymph node
regions, the imaging of breast and axillary regions and the pathologic assessment of
needle biopsies of tumours and suspicious ALNs (Cardoso et al. 2019). The overall
diagnostic and treatment responsibility is often provided by a multidisciplinary
breast cancer group, considered as an important communication between breast
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cancer specialists (Burstein et al. 2019). The multidisciplinary breast cancer groups
may in fact improve cancer-related survival and harmonize differences between
hospitals (Kesson et al. 2012). However, there is uncertain evidence that
multidisciplinary breast cancer groups’ work alone benefits cancer survival, since
the research in multidisciplinary meetings is often retrospective in nature and the
reasons for improved outcomes may be unclear (Houssami et al. 2006; Shao et al,
2019).

At Turku University Hospital, the process of breast cancer diagnosis and primary
treatment starts with tumour detection by screening or clinically, accompanied by
full mammography, and ultrasound-guided core needle biopsy of the tumour. The
diagnosis is often made in the primary health care, after which the patient is referred
to the Department of Surgery. Physical examination may be performed after imaging
if the tumour is detected by screening. Before or after the appointment with the
surgeon, additional staging investigations by imaging and needle biopsies may be
ordered through multidisciplinary discussions. In 2020, the time from referral from
primary health care to primary surgical treatment was 21-25 days. Postoperatively,
the final pathological anatomic results are viewed in relation to other investigations,
forming the comprehensive summary and guiding the further treatment plan in the
multidisciplinary breast cancer meeting. (Tyks Cancer Centre webpage)

21.2 Breast cancer screening

Breast cancer screening programs are available and recommended biannually in
most European Union countries for 50 to 69 years old women, with no previous
cancer diagnosis or history of familial breast cancer. Breast cancer screening is
recommended to be conducted as screening mammography. (Basu et al. 2018;
Cardoso et al. 2019). The benefits and drawbacks of breast cancer screening have
been thoroughly discussed (Myers et al. 2015). Due to cancer detection in earlier
stage, screening mammography programs have been shown to improve cancer
mortality (Zielonke et al. 2020), although criticism of overall benefits has been
presented (Getzsche et al. 2013). Nevertheless, women tend to value the benefits of
breast cancer screening over the possible psychological distress or overtreatment
caused by the screening (Mathioudakis et al. 2019).

For breast cancer susceptibility 1 and 2 (BRCAI and 2) gene mutation carriers,
clinical examination every 6—12 months is recommended at minimum from the age
25 together with annual MRI screening, and annual mammography from the age 30
years (Paluch-Shimon et al. 2016).

The current Finnish screening program for breast cancer covers approximately
80 % of the 50-69 years old women that have been invited to the free bilateral
mammography screening (Heindvaara et al. 2016). At screening age, screening

14
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detects 55-62 % of new cancer cases. Of these cases, 29 % have regional lymph
node metastases according to a Finnish population. (Davidson et al. 2013; Sarkeala
et al. 2014) It has been estimated that screening reduces breast cancer mortality for
33 % among the Finnish participants (Heindvaara et al. 2016). However,
international research has suggested a lower reduction of 15 % in mortality, and
emphasized to better acknowledge the harmful effects of screening (Gotzsche et al.
2013). All Finnish women in screening age are invited to the mammography
appointment. These results are viewed by two breast radiologists, and in suspicious
cases the woman is invited to further investigations: additional mammography
images, ultrasound examination and needle biopsies are often performed (Finnish
Cancer Registry [b]).

Screening younger than 50 years old women is not recommended due to no
benefit in cancer mortality, and high rates of over-diagnosis (van den Ende et al.
2017). However, 44 % of breast cancers detected in Finland before screening age are
staged with regional lymph node metastases, and 6 % with distant metastases. Most
breast cancer deaths occur on patients diagnosed after the screening age, as distant
metastases in this age group are more common than in younger patients at the time
of diagnosis. Including the age group of 70—74 years old women in the screening
program have been discussed. (Sarkeala et al. 2014) Since the 1990s, tumours
detected especially at screening age are becoming smaller in size, and tumours in
any age group are becoming oestrogen receptor (ER) positive more frequently
(Aromaa-Hayha et al. 2018).

2.2 Predictive and prognostic factors in breast
cancer

2.2.1 Predictive factors in breast cancer

When cancer occurs, predictive and prognostic factors are assessed to evaluate the
expected effects of treatments and the prognosis for cancer recurrence after
treatment. Only few predictive factors are suitable clinical indicators of specific
treatments in breast cancer: ER, progesterone receptor (PR), human epidermal
growth factor receptor 2 (HER2) status, and in metastatic triple-negative tumours,
programmed death-ligand 1 (PD-L1). (Perry et al. 2006; WHO Classification of
Tumours Editorial Board 2019) However, many predictive factors have been noted
for other uses in breast cancer management, such as predicting the number of ALN
metastases (van la Parra et al. 2011).
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222 Prognostic factors in breast cancer

Prognostic factors are patient or tumour-related characteristics which have
individual and multivariable associations with patient prognosis i.e., cancer
recurrence or survival. Moons et al. (2009) summarized that “prognosis is estimating
the risk of future outcomes in individuals based on their clinical and non-clinical
characteristics”. In breast cancer, young age, tumour size, tumour multifocality,
histological type, histological grade, the number and size of ALN metastases,
lymphovascular invasion, tumour-infiltrating lymphocytes, excision margins, ER
and PR status, HER2 overexpression and the proliferation activity of tumour cells
have been established as the most important prognosticators (Anders et al. 2008;
Burstein et al. 2019; Merkel & Osborne 1989; Perry et al. 2006; Pinto et al. 2001).
Many prognostic models have been developed to calculate multivariable effects of
individual prognostic factors (Phung et al. 2019).

Reflecting the cancer aetiology, genetic variance, and the above-mentioned
tumour biology by hormone receptors, HER2 and proliferation, four biological
cancer subtypes have been introduced and also employed as prognostic factors:
luminal A-like, luminal B-like, HER2-enriched and triple-negative subtypes (Table
1) (Cardoso et al. 2019; WHO Classification of Tumours Editorial Board 2019;
Nguyen et al. 2008). Overlapping with triple-negative tumours, basal type cancers
are distinguished by cytokeratin CK5/6 or epidermal growth factor receptor (EGFR)
positivity (Pal et al. 2011). Other subgroups of triple-negative cancer include
immunomodulatory, mesenchymal, mesenchymal stem-like and luminal androgen
receptor cancer types (Yin et al. 2020)

Table 1.  Biologic breast tumour subtypes. Modified from WHO Classification of Tumours Editorial

Board 2019.
Biological subtype Hormone receptor status HER2 status Proliferation
Luminal A-like ER and PR positive Negative Low Ki-67
Luminal B-like ER positive Negative High Ki-67
(HER2 negative) PR negative or low
Luminal B-like ER positive Positive Any Ki-67
(HER2 positive) Any PR
HER2-enriched Negative Positive Any Ki-67
Triple-negative Negative Negative Any Ki-67
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The hormone receptor positive luminal subtypes are associated with less recurrences
and increased overall survival compared to the hormone receptor negative subtypes.
However, luminal B-like cancers are more aggressive than luminal A-like cancers,
with higher recurrence rates. (Prat et al. 2015) Even though targeted therapies have
improved the prognosis for patients with HER2 positive cancers, their outcome is
still poorer than for those with HER2 negative cancers. Triple-negative tumours are
very aggressive and associate with the worst prognosis among different breast cancer
subtypes. (Waks et al. 2019)

Also, genotyping tumour samples have brought out differences between breast
malignancies. The genetic variance conveys prognostic information (Guo et al.
2015). As the germline mutations in BRCAI or BRCA2 genes remain important
subjects for genetic testing, 16 other genes will also be tested in the current practice
if hereditary breast cancer is suspected (Paluch-Shimon et al. 2016; Turku University
Hospital instructions 2020). Women with strong familial cancer predisposition,
young age at time of breast cancer diagnosis or previous ovarian cancer diagnosis
should be offered genetic testing for BRCAI and 2 mutations (Cardoso et al. 2019).

2.2.3 TNM classification of breast tumours

Cancer staging aims to predicting patient prognosis and planning cancer treatments
(Sawaki et al. 2019). The anatomical stage classification by The American Joint
Committee on Cancer (AJCC) and The Union for International Cancer Control
(UICC) for tumours (T), nodes (N) and metastases (M) has guided clinical decision-
making for decades and is agreed with by the World Health Organization (WHO)
(Table 2). In these publications, stage has been described as a summary of the
locoregional and distant extent of the disease. Stage is traditionally reported from 0
to IV (Table 3), and is utilized in planning treatments, conducting research,
estimating prognosis, and transmitting comparable information. Staging takes
advantage of both clinically detected (referred to with prefix “c’) and pathological
(referred to with prefix “p”) information. The clinical cTNM stage is determined by
physical and imaging examinations, whereas the pathological pTNM stage
concludes the findings microscopically and by histopathological methods. The final
pathological stage is attained after surgically removing all cancerous breast tissue
and examining the regional lymph nodes by sentinel lymph node biopsy (SLNB) or
axillary lymph node dissection (ALND). (Giuliano et al. 2017 [a]; WHO
Classification of Tumours Editorial Board 2019)

17



Vilma Madekivi

Table 2. TNM classification of breast tumours by World Health Organization. Modified from WHO
Classification of Tumours Editorial Board 2019.

T: Primary tumour size N: Regional lymph nodes

X Primary tumour cannot be assessed pNX Regional lymph nodes cannot be

assessed
TO No evidence of primary tumour pNO No regional lymph node metastasis or
ITC only
Tis Ductal carcinoma in situ or Paget pN1 Metastasis in 1-3 ipsilateral axillary
disease of the nipple lymph nodes; and/or internal mammary

nodes detected by sentinel lymph node
biopsy but not clinically detected

™ 2 cm or less in greatest dimension pN1mi  Micrometastasis only

T1mi  Microinvasion 0.1 cm or less pN1a Metastasis in 1-3 ipsilateral axillary
lymph nodes, including at least 1 larger
than micrometastasis

T1a >0.1cmbut<0.5cm pN1b Internal mammary lymph node
metastasis

Tib >0.5cmbut<1cm pN1ic Metastasis in 1-3 ipsilateral axillary
lymph nodes and internal mammary
lymph nodes

T1c  >1cmbut<2cm pN2a Metastasis in 4-9 ipsilateral axillary
lymph nodes

T2 More than 2 cm but not more than 5 pN2b Clinically detected internal mammary
cm in greatest dimension lymph node metastasis without axillary
lymph node metastases

T3 More than 5 cm in greatest pN3a Metastasis in more than 10 ipsilateral
dimension axillary lymph nodes or metastasis in
infraclavicular level Il lymph nodes
T4 Any size with direct extension to pN3b Clinically detected internal mammary
chest wall (ribs, intercostal muscles, lymph node metastasis with axillary
or serratus anterior, but not pectoral lymph node metastasis; or internal
muscle) and/or to skin. Invasion of mammary lymph node metastasis
the dermis alone does not qualify as detected in sentinel lymph node biopsy
T4. with more than 3 axillary lymph node
metastases
T4a  Extension to chest wall pN3c Metastasis in ipsilateral supraclavicular

lymph node(s)

T4b  Ulceration, ipsilateral satellite skin
nodules, or skin oedema

T4c  Both T4a and T4b

T4d  Inflammatory carcinoma

M: Distant metastasis

MO No distant metastasis
M1 Distant metastasis
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Table 3. Breast cancer stages 0 to IV World Health Organization. Modified from WHO
Classification of Tumours Editorial Board 2019.

Stage 0 Tis NO MO
Stage IA T1 NO MO
Stage IB TO, T1 N1mi MO
Stage IIA TO, T1 N1 MO

T2 NO MO
Stage IIB T2 N1 MO

T3 NO MO
Stage IIIA TO, T1, T2 N2 MO

T3 N1, N2 MO
Stage IIIB T4 NO, N1, N2 MO
Stage IlIC Any T N3 MO
Stage IV Any T Any N M1

Some confusion in the classification and terminology has, however, been aroused
between the AJCC and UICC manuals (Cserni et al. 2018). The latest 2017 edition
of AJCC cancer staging manual has enhanced differences between these publications
by introducing a new prognostic approach. Anatomical stage is now extended with
biological prognosticators: ER and PR status, HER2 status and grade, together with
commercial multigene assays, resulting in a “clinical prognostic stage group” prior
to operation, and a “pathologic prognostic stage group” after tumour resection and
distinct pathologic analyses (Cserni et al. 2018; Giuliano et al. 2017 [a]; 2018).

After the introduction of the biomarkers into the new classification, its
superiority over the former anatomical classification has been confirmed (Weiss et
al. 2018). It has been estimated that the new classification will upstage 19.3 % and
downstage 23.8 % of patients with locoregional cancer compared to the former
classifications (Plichta et al. 2018). For example, patients with the former stage 1A
have generally favourable prognosis, yet in some cases result in unexpected
recurrence or mortality. The unfavourable outcomes in this stage group may be
predicted with high Ki-67 proliferation index (Ki-67) values, low percentage of ER
positive cells or HER2 positivity (Kronqgvist et al. 2004), and in the new TNM
classification these patients are upstaged into stage IB if the tumour presents with
grade [I-1I1 and triple-negativity (NCCN Clinical Practice Guidelines 2020).
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2.3 Clinical locoregional stage assessment

2.3.1 Physical examination

The preoperative investigations are necessary for determining the treatment since the
treatment decisions depend on the estimated locoregional cancer stage. The extent
of the surgery and neoadjuvant systemic treatments rely on preoperative physical
examination, imaging, and pathological needle biopsies, i.e., the triple assessment.
(Biganzoli et al. 2020).

During breast cancer diagnostics a crude locoregional stage estimation is done
by a breast specialist including visual investigation and bimanual palpation of breasts
and regional superficial lymph nodes: the axillary region and supraclavicular areas
(Cardoso et al. 2019; Willet et al. 2010). At the time of cancer detection, it is
approximated that 25 to 35 % of breast malignancies are non-palpable and the
median tumour diameter is smaller than 2 cm (Cady et al. 1996; Lovrics et al. 2011).
Tumour palpation can both overestimate and underestimate tumour size (Bosch et
al. 2003; Katz et al. 2017). Concerning healthy women, physical examination can
increase false positive findings if it is used in breast cancer screening (Myers et al.
2015). In fact, the regular self-examination of breasts does not increase survival but
results in more diagnostic procedures (Kdsters & Geatzsche 2003). The palpation of
regional lymph nodes has a high false negative rate of 45 % (Sacre 1986). The
physical examination of locoregional mamillary and lymph node areas is
complemented with an assessment of possible distant metastases (Cardoso et al.
2019).

2.3.2 Imaging in early and locally advanced breast cancer

Imaging in early and locally advanced breast cancer includes bilateral
mammography and ultrasound examination for all eligible patients (Cardoso et al.
2019). Imaging should define the size and localization of the primary tumour and its
every focus, and the involvement of regional lymph nodes. An accurate clinical
c¢TNM stage depends on the imaging examinations. In mammography, ultrasound
and MRI, breast cancer tumours reflect the biological cancerous processes and
visualize as irregularly shaped masses and indistinct or spiculated margins
(Monticciolo 2011).

2.3.2.1 Mammography

In mammography, space-occupying breast cancer masses, asymmetry and
calcifications can be visualized by ionizing radiation (X-rays). The radiation doses
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used in mammograms are low, and for example the regular screening mammography
is estimated to result in 10 breast cancers per 100 000 women during lifetime (Hauge
et al. 2014). The lesions are reported according to the breast imaging reporting and
database system (BI-RADS). (Rao et al. 2016; Shah et al. 2014) Although bilateral
mammography is the routine imaging method for most patients, its accuracy in
estimating tumour size is inferior to ultrasound and MRI (Berg et al. 2004; Bosch et
al. 2003; Hata et al. 2004; Hieken et al. 2001). Mammography is more sensitive for
older than younger women, due to its better performance on fatty rather than dense
breast tissue (von Euler-Chelpin et al. 2019). Among women younger than the
current screening age, false negative mammography findings occur in 35 % of cases
(Joensuu et al. 1994). Mammography can reveal lymphadenopathy but is often
unable to distinguish between cancerous and benign causes. For example, if the size
of homogeneously dense nonfatty nodes is used to distinguish abnormal lymph
nodes, the sensitivity of mammography to detect ALN metastases is only 30 %.
(Walsh et al. 1997).

2.3.2.2 Ultrasound examination

Ultrasound examination of the primary breast lesion is the first imaging choice for
women under 30-35 years of age, pregnant or breast-feeding (Finnish Breast Cancer
Group 2019; Shah et al. 2014). The regional lymph nodes are most often examined
with ultrasound, leading to needle biopsies in suspicious cases. The current practice
suggests that in tumour stage T1-2, preoperative needle biopsies from ALNs are
performed only if several ALNs present with abnormal features (Finnish Breast
Cancer Group 2019). Imaging the axilla should in minimum include lymph node
levels I and II (Figure 2) (Chang et al. 2020). Suspicious lymph nodes in ultrasound
examination visualize with round or irregular shape, asymmetrically thick cortex, or
loss of fatty hilum (Chang et al. 2020; Cho et al. 2009). A systematic review and a
meta-analysis have presented that the sensitivity of ultrasound in assessing ALN
involvement is 50 %, and the false negative rate is 25 % (Diepstraten et al. 2014).
Currently, suspicious lymph nodes in imaging are examined with either ultrasound-
guided fine needle aspiration or core needle biopsy. Yet, ultrasound-guided core
needle biopsy has been proven to be more accurate in axillary staging than fine
needle aspiration (Balasubramanian et al. 2018). In fact, contrast-enhanced
ultrasound and a guided core needle biopsy could be an alternative for a surgical
sentinel lymph node biopsy in the preoperative staging of regional lymph nodes
(Nielsen et al. 2017).
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Figure 2. Regional lymph nodes. Modified from Chang et al. (2020). Axillary nodal chains at levels
I, I'and Ill, in relation to musculus pectoralis minor (one arrow). Sentinel lymph nodes
are often located at the lower part of level | lymph nodes (two arrows).

23.23 Magnetic resonance imaging

MRI is the most accurate imaging method in tumour size and multifocality
estimations (Sardanelli et al. 2010), and it can benefit in discriminating HER2
overexpression, biological tumour subtypes and ductal carcinoma in situ (DCIS)
(Elias et al. 2014; Holli-Helenius et al. 2017; Tajima et al. 2019). Yet, routine MRI
in preoperative tumour assessment is only recommended for patients with mutated
BRCAI or 2 genes, invasive lobular histology, dense breast tissue, suspicion of
multifocality, conflicting imaging results and physical examination, occult breast
cancer, or neoadjuvant systemic therapies; or in other cases after a multidisciplinary
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breast cancer group’s decision (Bakker et al. 2019; Cardoso et al. 2019; Causer et al.
2017; Mann et al. 2008; Marinovich et al. 2015; Sardanelli et al. 2010). A second-
look ultrasound examination should be used to further characterize the changes seen
in MRI (Mazzei et al. 2019). Adding MRI to presurgical imaging investigations can
delay surgical treatment for 11 to 20 days (Bleicher et al. 2009; Zhang et al. 2017)
and increase mastectomies or prophylactic procedures (Houssami et al. 2017).

In MRI, same features are feasible for suspicious ALNs as in ultrasound
examination, together with heterogenous enhancement, “perifocal oedema” and “rim
enhancement”, as particular MRI findings (Ecanow et al. 2013). Although MRI can
detect positive lymph nodes, discriminating between nodal stages N1 and N2-3
might be limited (van Nijnatten et al. 2016).

2324 Other imaging methods

Other imaging methods used for locoregional breast cancer include digital
tomosynthesis, and infrared breast thermography (Alabousi et al. 2020; Singh &
Singh 2020). Computed tomography of the chest can be suggested for patients with
clinically detected ALN metastases, large tumours, or aggressive tumour biology
(Cardoso et al. 2019). To improve the diagnostic imaging, computer aided detection
of malignancies by different machine-learning methods has been under growing
interest in breast cancer research, showing promising results in both increasing
sensitivity and specificity (Yassin et al. 2018).

2.3.3 Surgical treatment and stage assessment

In earlier years, the most important treatment for breast cancer was wide excisions
of mammary and axillary areas, in order to remove all cancerous tissue with
substantial margins (Sakorafas et al. 2010). By removing the entire primary tumour
and pathologic lymph nodes, an accurate locoregional stage could be specified.
Today, breast conserving surgery can be suggested for up to 80 % of new breast
cancer patients, tumour-free dissection surface is considered a sufficient margin for
invasive carcinomas, and axillary management continues to renew towards minimal
invasiveness (Buchholz et al. 2014; Cardoso et al. 2019, Veronesi et al. 2012).
Breast conserving surgery refers to partial resection of the breast, which includes
the malignant tumour. It should be the first choice of surgical treatment for most
stage [-II breast cancer patients (Association of Breast Surgery at Baso 2009; Ayala
de la Pena et al. 2019). In breast conserving surgery, an essential goal is to dissect
the entire primary tumour with clear margins because margin positivity associates
with more local recurrences (Houssami et al. 2014). To achieve this, breast surgeons
can employ intraoperative tumour palpation, ultrasound guidance, wire localization,
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radioactive seed localization, radioguided occult lesion localization, radiography of
the resected specimen, or intraoperative pathologic assessment of the specimen
(Gray et al. 2018). “No ink on tumour” is the new standard for an adequate tumour
margin for invasive carcinomas (Buchholz et al. 2014). For DCIS, a margin of 2 mm
is recommended (Kuerer at al. 2017). If the tumour excision in one sample fails,
precise tumour staging is impossible even after additional excisions, because the
relation of multiple biopsies cannot be reliably determined (Stamatakos 2011).
Breast conserving surgery is always followed by whole breast radiation therapy to
meet with — and even improve — the survival rates of patients undergoing mastectomy
(Clarke et al. 2005; van Maaren et al. 2016). Nowadays, oncoplastic methods are
often preferred due to good cosmetic outcomes and the possibility to wider excisions,
although research methodology on assessing aesthetic views has been varying
(Papanikolau et al. 2019). Oncoplastic breast conserving surgery is safe, with
comparable survival outcomes to other techniques (de Lorenzi et al. 2016).

By mastectomy, the entire mammary tissue is removed as precisely as possible,
resulting in as accurate tumour staging as possible. For reconstruction purposes, skin
and nipple can be spared (Goethals & Rose 2020). As mastectomy is conducted,
some patients undergo contralateral breast surgery for volume symmetry
(Nahabedian 2008). Mastectomy is recommended if the tumour is very large in
relation to breast size, tumour foci extend to multiple breast quadrants, surgical
margins remain positive after multiple resections, there are contraindications to
radiotherapy, or if the patient wishes for radical surgery (Ayala et al. 2019; Cardoso
et al. 2019). If gene mutations of BRCA1 or 2 are present, contralateral prophylactic
mastectomy can be offered (Paluch-Shimon et al. 2016).

Staging the regional lymph nodes has been done by surgically removing at least
ten of the approximately 40 ALNs from levels I-II (Figure 2) (Ebner at al. 2019; Lee
& Sabel 2011). This can result in postoperative arm-swelling, pain, numbness, and
shoulder dysfunction (Castelo et al. 2020; Wang et al. 2020). Nowadays, to obtain
fewer complications compared to axillary lymph node dissection, clinically node
negative patients are referred to SLNB, which results in better postoperative quality
of life (Mansel et al. 2006; Veronesi et al. 2003; Wang et al. 2011). In fact, staging
the axilla should be done by SLNB instead of ALND on clinically node negative
patients (Bromham et al. 2017). Sentinel lymph nodes (SLN) are defined as the first
lymph nodes which are met by afferent lymph fluid and migrating tumour cells from
the primary tumour, and which act as “filters” for tumour cells (Harrison & Brock
2018; Nieweg et al. 2001). They can be detected by the breast surgeon by blue dye
lymphatic mapping and radio-guidance (Gipponi et al. 2004). If the SLN is free from
cancerous deposits, it is unlikely that other lymph nodes will be involved, and the
axillary recurrence rate is as low as 0.3 % (van der Ploeg 2008).
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Sometimes the lymphatic fluid flows towards non-palpable internal mammary
lymph nodes located parasternally, which then act as SLNs (Heuts et al. 2009).
Internal mammary lymph node metastases are present in 5—17 % of ALN negative
patients, and in 28-52 % of ALN positive patients (Gong et al. 2017). Internal
mammary lymph nodes or supraclavicular lymph nodes are not routinely assessed
during staging investigations or surgery (Heuts et al. 2009). These areas are typically
treated with postoperative radiation therapy instead of surgery, with a curative
intention, if multiple ALN metastases are found (Poortmans et al. 2015).
Supraclavicular lymph node metastases are usually a presentation of late locally
advanced cancer if distant metastases are not yet present, their incidence being up to
4.3 % of locoregional breast cancer. Supraclavicular lymph node metastases may be
treated with supraclavicular lymph node dissection and not only with oncologic
treatments, especially in non-luminal breast cancer. (Ai et al. 2020)

The last decade of clinical trials has changed the look on ALN control in early
breast cancer: NSABP B-32 showed that SLNB alone is as safe as ALND when
SLNB shows no metastases (Krag et al. 2010). IBCSG 23-01 showed that women
with early breast cancer, tumour diameter of 5 cm or less and only isolated tumour
cells (ITC) or micrometastases (0.2-2 mm in size) in SLNB do not benefit from
additional ALND (Galimberti et al. 2018). AMAROS showed that clinically node
negative patients with T1-2 disease and at least one SLN metastasis can be treated
as safely with axillary irradiation as with ALND, according to six years of follow-
ups of axillary recurrence as the primary endpoint. The long-term observations of
the AMAROS trial are yet to be published. In AMAROS trial, the maximum number
of positive SLNs was not limited although only 1 % of the study and control groups
had four or more positive SLNs. (Donker et al. 2014)

ACOSOG Z0011 showed that clinically node negative patients with T1-2
disease treated with breast conserving surgery and whole-breast irradiation do not
benefit from ALND even if SLNB shows 1-2 metastases. Unlike the AMAROS trial,
the primary endpoint in the ACOSOG Z0011 trial was overall survival (Giuliano et
al. 2017 [b]). Even though the results of ACOSOG Z0011 have been widely
acknowledged in clinical practice, the trial has also received notable criticism due to
limited methodology (Latosinsky et al. 2012). Still, the most recent
recommendations have stated that the ACOSOG Z0011 results could be applied to
patients undergoing mastectomy and axillary radiation therapy (Burstein et al. 2019;
Cardoso et al. 2019).

Based on international clinical trials, Finnish Breast Cancer Group has published
national breast cancer diagnostic and treatment recommendations in Finland for over
a decade (Finnish Breast Cancer Group 2019). The updated 2019 recommendation
takes a more precise stand on routine use of ALND on breast cancer patients than
the international guidelines do (Cardoso et al. 2019; Lyman et al. 2016).
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Accordingly, even if SLNs show macrometastases residual disease can for most
cases be managed with axillary irradiation instead of ALND. Derived from the
Finnish recommendation most early breast cancer patients with tumour size up to 5
cm and pNO-1 disease will not undergo ALND. ALND is recommended for those
with a positive SLN and intraoperative suspicion of N2-3 disease, a bigger tumour,
recurrent cancer, neoadjuvant therapies received or inability to receive radiotherapy
(Finnish Breast Cancer Group 2019). The sufficiency of SLNB as the only surgical
method of staging clinically node negative axilla and finding axillary nodal burden
of N2-3 remains debatable for example in a situation with three positive SLNs.

In the future, the SOUND trial will give new information about omitting SLNB
and other surgical staging of the axilla (Gentilini et al. 2012; 2016), and the
POSNOC trial will randomise patients with T1-2 disease and 1-2 macrometastases
in SLNB into no axillary surgery, ALND or axillary irradiation (Goyal et al. 2015).

24 Pathologic locoregional stage assessment

241 Needle biopsies

During breast cancer diagnostics and preoperative stage assessment, needle biopsies
from suspected primary tumours and regional lymph nodes are evaluated by breast
pathologists. Core needle biopsy is more sensitive than fine needle aspiration,
retaining the architectural look of the tissue, but both have good clinical performance
(Wang et al. 2017). If core biopsy is not available, fine needle aspiration may be
performed as an affordable diagnostic procedure, being also less time-consuming
and less risky for complications than core biopsy (Field et al. 2019).

The core needle specimen of the breast lesion is analysed and the histology,
hormone receptor status, HER2 expression, grade, and Ki-67 can be determined
(Cardoso et al. 2019). The agreement of core needle biopsy and larger surgical
samples is good for ER, PR and HER?2 status (Chen et al. 2012; Li et al. 2012) but
only moderate for tumour grade (Knuttel et al. 2016). It is often advisory to repeat
hormone receptor and HER?2 testing on the surgical sample, if core biopsy results are
negative (Ellis et al. 2016). If core needle biopsy shows DCIS, approximately 25 %
of the lesions have invasive histology in the final pathological report (Brennan et al.
2011). If the lesion is very small in size, core needle biopsy may remain the only
detected histological sample of the primary tumour. Biopsies from all suspected
breast foci are recommended (Cardoso et al. 2019).

Suspicious ALNs are investigated with ultrasound-guided fine needle aspiration
cytology or core needle biopsy. The core biopsy is more sensitive than fine needle
aspiration in diagnosing lymph node metastases. The core biopsy can result in more
complications, but fine needle aspiration is associated with more frequent need for
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additional diagnostic procedures. (Wang et al. 2012; Balasubramanian et al. 2018;
Pyo et al. 2020). Fine needle aspiration samples are direct smears, with air-dried
Giemsa staining and alcohol-fixed Papanicolaou staining. They result in classifying
the cytology samples into five categories: insufficient/inadequate, benign, atypical,
suspicious of malignancy, or malignant. (Field et al. 2019)

242 Surgical resection specimens

As the resected breast sample or the entire mastectomy sample is evaluated in the
pathology laboratory, a final and conclusive assessment of tumour stage is
determined. To ensure reliability, the specimen is carefully processed. Excisional
biopsy surfaces are freshly inked to preserve anatomical and three-dimensional
orientation. The breast is high in adipose tissue and therefore proper fixation in
adequate amount of formalin is necessary, and slicing should preferably be done
within hours from surgery. Haematoxylin and eosin (HE) staining, complemented
with immuhistochemical stainings, is the basis of histological analysis. (Ellis et al.
2016; Stamatakos 2011)

Tumour size is determined from the invasive component of the tumour,
measured as the largest dimension both macroscopically and microscopically (Ellis
et al. 2016; Stamatakos 2011). Multifocal tumours are staged according to the size
of the largest lesion (Lakhani et al. 2012). Multifocality refers to multiple invasive
foci within the same breast quadrant, clearly separate (often more than 5 mm apart)
and not connected with DCIS; in comparison to multicentricity, which has been
defined as tumour foci in multiple breast quadrants (Ellis et al. 2016; Middleton et
al. 2002).

The microscopic view together with immunohistochemical and other analyses
reveal growth patterns and tumour biology, which are particular for several different
invasive breast cancer types. The current WHO classification of breast tumours lists
30 different invasive epithelial tumour types with a specific morphology code. The
most common types are the invasive carcinoma of no special type (also known as
invasive ductal carcinoma) and invasive lobular carcinoma. DCIS is a precancerous
finding, with no invasive characteristics, and theoretically no metastatic tendency or
mortality. (WHO Classification of Tumours Editorial Board 2019). Unlike most
invasive carcinomas, DCIS appears rarely as a precise round lump since it affects
the inside of the breast duct system. Therefore, determining the size of DCIS lesions
can often lead to underestimation (Ellis et al. 2016).

Together with tumour histology and local extent, the final pathological anatomic
diagnosis (PAD) concludes all other predictive and prognostic factors: ER and PR
status are counted as the percentage of immunoreactive tumour nuclei cells; < 1 %
negative, > 1 % positive, 1-10 % low positive (Allison et al. 2020). HER?2 status is
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determined by protein overexpression in immunohistochemistry, or by in situ
hybridization (Wolff et al. 2018). Proliferation marker Ki-67 is a protein detected by
immunohistochemistry in proliferating tumour cells. Peritumoural lymphovascular
invasion refers to tumour cells present in lymphatic or venous channels. (Ellis et al.
2016) Grade is determined by tubule formation, pleomorphism of the nuclei and
mitotic count (Lakhani et al. 2012). Tumour-infiltrating lymphocytes show the
immune system’s lymphocytic activity in the tumour stroma, which is counted as the
percentage of affected stromal area (McCart et al. 2019). Also, excision margins are
reported (Ellis et al. 2016). Table 4 shows a summary of the current histopathological
chart used in Turku University Hospital for all routine pathological analyses in breast
cancer.

Table 4. Routine pathological anatomic analyses of dissected breast cancer samples at Turku
University Hospital. Modified from Ellis et al. (2016).

Histological tumour type

Largest tumour diameter (mm)

Shortest surgical margin (mm)

Direction of the shortest surgical margin (clockwise)
Distance to skin (mm)

Lymphovascular invasion (present / not present)
Histological grade (1-3)

Nuclear grade if DCIS or invasive lobular carcinoma (1-3)
Number of ALN metastases / Number of all examined ALNs
Number of SLN metastases / Number of all examined SLNs
Isolated tumour cells (Present / Not present)

Definition of prognostic markers (From needle biopsy / From surgical dissection sample)
Percentage of ER positive cells

Percentage of PR positive cells

HER2/neu staining (0, 1+, 2+, 3+)

HER2/neu in situ hybridisation (+/-)

Ki-67 proliferation index (%)
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243 Axillary lymph node samples

During the primary breast cancer operation, detected SLNs can be sent to the
pathology laboratory as frozen section samples. These samples are investigated
intraoperatively in order to determine the need for ALND immediately. (Lee & Sabel
2011) One in four clinically node negative patients will have a positive SLN (Mansel
etal. 2006). SLN frozen section has high false negative rates, especially in minimally
involved lymph nodes, with a sensitivity of 40 % for ITC or micrometastases, and
94 % for macrometastases; and specificity of 100 % (Liu et al. 2011). It has been
hypothesized that tissue loss in the cutting process of frozen section samples could
result in under-staging (Layfield et al. 2011). The recent development in axillary
management has led to decreasing use of frozen section, and the SLNs are now
mostly examined postoperatively as paraffin-embedded samples (Jorns & Kidwell.
2016; Lombardi et al. 2018). Therefore, the number of positive SLNs and the size of
the metastases are evaluated postoperatively according to the current
recommendations, and the need for ALND in a second operation is decided
thereafter.

After axillary clearance, collecting all lymph nodes from the dissected material
and slicing them thinly for microscopic evaluation is preferable in order to detect all
metastatic deposits and to result in the most accurate nodal staging. The nodes are
fixed in formalin and stained with haematoxylin and eosin, by standard. The size of
the lymph node metastasis is categorised into ITC (< 0.2 mm in size, or <200 cells),
micrometastasis (> 200 cells, or > (0.2 mm but no more than 2 mm in size) and
macrometastasis (> 2 mm in size). (WHO Classification of Tumours Editorial Board
2019) A meta-analysis has shown that 61.4-83.3 % of patients with a SLN metastasis
do not have other non-SLN metastases (Wang et al. 2011). In the subgroup of
patients with SLN micrometastases or ITC, only 7.5-15 % will have further
metastases (Cserni et al. 2004; Meretoja et al. 2011). Also, extracapsular extension
(ECE) of lymph node metastases is reported (Ellis et al. 2016).

2.5 Statistics in locoregional stage assessment

2.5.1 Nomograms in breast cancer

Nomograms are mathematical models, formulas or scoring systems which aim to
statistically predict the probability of a certain outcome. By strict definition,
nomograms are risk-estimation tools of multiple variables and with continuous
numerical results (Matsen & Van Zee 2014). The most important components of
cancer nomograms are presented in Table 5. In breast cancer, nomograms have been
used to estimate prognosis, treatment outcomes, histologic tumour size, distant
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metastases, and the number of ALN metastases. (Balachandran et al. 2015; Bosch et
al. 2003; Boutros et al. 2015) Concerning primary tumour size and tumour stage,
some research has been conducted on developing predictive models: Bosch et al
(2003) developed a formula based on imaging features to predict the pathological
tumour size. Several other studies have developed nomograms based on
clinopathological factors that statistically associate with decline in tumour size, or
pathological complete response after neoadjuvant systemic therapy (Keam et al.
2011; Kim et al. 2015; Rouzier et al. 2006; Yan et al. 2020). Kondo et al (2015)
presented a model to predict upstaging of preoperative DCIS diagnosis into invasive
carcinoma in postoperative evaluation; factors predicting invasive histology were
sclerosing adenosis, pleomorphic calcifications in mammography, suspicion of
invasiveness in ultrasound or MRI, and tumour size larger than 2 cm in ultrasound
examination.

Table 5. Components of cancer nomogram performance (Balachandran et al. 2015).

Discrimination » The ability to differentiate patients undergoing a certain event
from patients not undergoing the event.
» Reported as the area under the receiver operating characteristic
curve (AUC, ROC).
» The AUC value 0.5 interprets as not better than chance, and
AUC value 1 as perfect discrimination. AUC values > 0.75 are

recommended for clinical prediction tools.

Calibration » How precisely the nomogram can estimate risks in comparison to

the observed, real-life risk.
Varies in different levels of resulted probabilities.

Should include confidence intervals.

Validation »  Testing the nomograms performance in external, unbiased, and
separate populations, or as internal validation within the original

dataset.

Clinical utility » Does the nomogram improve decision-making and patient

outcomes?
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252 Nomograms predicting axillary lymph node status

2.5.2.1 The history and current trends of developing nomograms

During the twentieth century, ALNs were noted as an important prognostic factor
and included in the TNM classification (Lakhani et al. 2012). After SLNB was
established in breast cancer management, a need to identify the patients who were at
low risk of additional lymph node metastases emerged (Matsen & Van Zee 2014).
In the 1990s, associations of clinopathological features such as tumour size and
lymphovascular invasion were investigated in relation to non-SLN metastases after
a positive SLNB (Reynolds et al. 1999; Turner et al. 2000). Later, these studies were
followed by multivariable nomograms to answer to the multifactorial aetiology of
lymph node metastases (Bevilacqua et al. 2007). A meta-analysis has indicated that
tumour size, lymphovascular invasion, metastasis size in the SLN, more than one
metastatic SLN, 0—1 negative SLNs, SLN positivity in more than 50 % of SLNs, and
ECE are the strongest predictors of non-SLN metastases (van la Parra et al. 2011).

The first multivariable nomogram was the model developed at the Memorial
Sloan-Kettering Cancer Center, which has been widely validated afterwards. The
model included tumour size, tumour type and grade, lymphovascular invasion,
multifocality, ER status, the method of detecting SLN metastasis and the number of
positive and negative SLNs. (Matsen & Van Zee 2014; Van Zee et al. 2003)
Afterwards, it was noticed that nomograms at the time did not perform adequately if
the SLN metastasis was minimal, presenting with ITC or micrometastasis.
Therefore, new nomograms were needed and developed (Meretoja et al. 2012) until
randomized controlled trials discovered it was unnecessary to conduct ALND after
ITC or micrometastasis in the SLNB (Galimberti et al. 2018).

Since the inception of nomograms predicting non-SLN metastases, numerous
models have been developed around the world, by using different population cohorts.
In validation studies, it was evident that the nomograms performed best in the centre
where they were developed, and needed to be validated in other local populations
before clinical use (Cserni et al. 2013; Tvedskov et al. 2014; van den Hoven et al.
2015; Wu et al. 2018). Around 2010s, multicentre studies and huge cohort studies
gained attention in order to improve heterogenicity of the cohorts, and the external
validity of the nomograms (Chen et al. 2017; Meretoja et al. 2012; Werkoff et al.
2009). The ACOSOG Z011 trial (Giuliano et al. 2017 [b]) set a new standard for
axillary management, and nomogram development shifted towards predicting the
high risk of 3—4 or more lymph node metastases, i.e., the patients that still needed
ALND or extensive adjuvant therapies. In these models, preoperatively available
clinopathological factors have often been preferred in the nomogram development
(Chen et al. 2017; Cserni et al. 2013; Kim et al. 2017; Meretoja et al. 2013).
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At least one meta-analysis has tried to determine the best and generally
acceptable nomogram. Yet, it has shown that the accuracy of nomograms is often
not adequate. (Zhu et al. 2013; Chen et al. 2012) The wide interest for nomograms
has resulted in many poor-quality models and studies with insufficient transparency
(Siesling et al. 2019). To improve the quality and understanding of cancer
nomograms, advisory evaluations have been published, addressing the importance
of discrimination, calibration, clinical utility, and sample size (Balachandran et al.
2015; Vergouve et al. 2005). Today, many models exist but none have been
established in the international breast cancer guidelines as a part of the preoperative
diagnostic and staging work-up (Cardoso et al. 2019; Lyman et al. 2016). The early
2000s and 2010s nomograms remain the most commonly validated models, even
though “a nomogram can become less accurate with time for a variety of reasons,
such as improvements in therapy, earlier detection, and changes in natural history”
(Balachandran et al. 2015).

2522 Reasoning behind nomograms

To select appropriate treatments for individual patients, nomograms have been
considered helpful tools in determining the nodal stage without surgical interference.
Whenever ALND is omitted, an accurate nodal stage cannot be known. Therefore,
planning the adjuvant systemic and radiation therapies becomes more difficult. A
reliable nomogram can be of good value when SLNB is positive and the need for
ALND is considered in a second operation. In the future, nomograms could help
determining which patients can avoid all axillary operations, including SLNB.
(Meretoja et al. 2014; Ahn et al. 2017; Houvenaeghel et al. 2019). However,
literature on the nomograms’ clinical utility as randomized controlled trials, or as
reviews of their safety, is scarce.

It could be beneficial to extend the landmark clinical trials’, such as the
ACOSOG Z0011, results safely into other populations, and nomograms could aid in
this extension (Chen et al. 2017). Recently, two widely accepted nomograms have
been used to estimate risks of non-SLN metastases, to compare the similarity and
balance of cohorts in the two treatments arms of the ACOSOG Z0011 trial, and to
evaluate whether radiation oncologists treated nomogram-estimated higher-risk
patients differently. In this study, the authors concluded that the two nomograms
were able to identify patients with higher risk of additional ALN metastases after a
positive SLNB, and that higher risk estimations were associated with the more
frequent use of supraclavicular radiation fields, but not with high tangent radiation.
(Katz et al. 2020). Nomograms can help predict locoregional recurrence (Pepels et
al. 2013), and their employment in clinical work could benefit economically
(Bonsang-Kitzis et al. 2017).
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The limitations of predictive models include the varying set of factors used in
the nomograms, the varying methodology and ranging probability results, the limited
clinical utility, and the varying accuracy (Chen et al. 2011).

2.5.3 Machine-learning in locoregional stage prediction

Machine-learning is a part of artificial intelligence. It means “programming
computers to optimize a performance criterion using example data or past
experience” (Alpaydin 2020). A machine-learning model can use even huge amounts
of past information to predict the future, or to describe the data, by learning to detect
features and patterns in the data (Alpaydin 2020). In contrast to traditional logistic
regression, machine-learning uses “automatic learning from data” (Christodoulou et
al. 2019). In breast cancer, machine-learning algorithms have been used for example
to detect and diagnose cancerous breast lesions in imaging (Fusco et al. 2016; Yassin
et al. 2018) and in microscopic cytology samples (Saha et al. 2016), to estimate the
risk for breast cancer (Nindrea et al. 2018), to estimate breast cancer recurrence (Izci
et al. 2020) and survival (Montazeri et al. 2016), and to detect lymphoedema (Fu et
al. 2018) or depression on breast cancer survivors (Cvetkovi¢ 2017).

The most promising and practical of the above-mentioned applications might be
the image analysing models. In mammography screening, machine-learning may
assist in automated cancer detection. (Le et al. 2019) Machine-learning could
possibly reduce the amount of work and cost needed to interpret MRI images, reduce
observer-related variance, and improve specificity. The average sensitivity and
specificity of different machine-learning algorithms in detecting breast cancer in
MRI were 90 % and 85 % in a previous systematic review. The construction of a
machine learning model is however not entirely straightforward, as the features
which classify for example cancerous and benign lesions in MRI must be carefully
chosen, and the classifier results need to be understandable for the users. Moreover,
internationally standardized imaging protocols and image databases could improve
the research in cancer detection by machine-learning. The introduction of machine-
learning into the clinical work can be challenging as the lack of time and effort from
physicians to adopt these tools in their work, together with costs and false positive
or negative findings, hinder the onset of wide machine-learning use (Fusco et al.
2016; Yassin et al. 2018)

In predicting ALN metastases, most nomograms have been developed with well-
known logistic regression. During the recent years, machine-learning methods have
been employed more frequently: artificial neural networks (Nowikiewicz et al. 2014;
2017), support-vector machines (Ding et al. 2013; Kim et al. 2017) and alternative
decision tree method (Sugimoto et al. 2014) have been used. Some studies have also
applied machine-learning in creating radiomic signatures (digital images converted
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into data) from medical imaging examinations, and then by using the radiomics and
logistic regression developed a nomogram (Han et al. 2019; Qiu et al. 2020).
Nevertheless, a systematic review of clinical prediction models has noted that
machine-learning models do not perform superiorly to logistic regression, and
comparative studies of these two methods should improve in quality by i.a. reporting
the results of calibration (Christodoulou et al. 2019).
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3

Aims

The aim of this study was to evaluate how locoregional stage can be assessed in
clinically node negative breast cancer, emphasising the factors which associate with
non-SLN metastases, and how current clinical, imaging, pathological and statistical
modalities relate to tumour and nodal stage. The hypothesis of this study was that
clinopathological characteristics can be used to predict how widely breast cancer
spreads to local lymph nodes, and to select patients for additional MRI in breast
cancer diagnostics. MRI was hypothesized to affect patients’ primary surgical
treatment chronologically and in extensiveness. The aims of studies I-IV were:

I

II

III

v

To evaluate which predictive factors are related to higher numbers of lymph
node metastases, and whether there are metastatic findings present when
ALND is conducted in a second, delayed operation. The survival and the
treatment-related morbidity of patients treated with a delayed ALND was
evaluated.

To create a mathematical model, a nomogram, that would predict four or more
ALN metastases using patient and tumour related clinopathological variables,
indicating high nodal tumour burden after a positive SLNB. The aim was to
use modern machine-learning methods to create the nomogram.

To validate predictive nomograms that have been developed in other
institutions globally several years ago, and that cannot be used in external
populations without further validation. The aim was to confirm the
nomograms’ validity in a current patient population to predict the nodal stage
pN2a or pN3a.

To assess how current imaging modalities associate with locoregional stage
evaluation and treatment in breast cancer, by investigating whether additional
MRI of breasts and axillary regions delays the primary surgery or is followed
by more frequent employment of mastectomy rather than breast-conserving
surgery in the primary operation, and whether the primary tumour size and
ALNSs can be reliably estimated by different imaging modalities in relation to
final histopathological findings.
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4 Materials and Methods

4.1 Study population

The patient samples for this study consisted of newly diagnosed primary breast
cancer patients treated in Turku University Hospital in 2009-2017. The study was
conducted under permissions granted by the University of Turku, The Hospital
District of Southwest Finland, and Turku Clinical Research Centre (T119/2017). At
the time, the local ethics committee’s approval was not mandatory for register
studies. The committee was consulted about the study design of studies II-IV
(ETMK:56/1801/2017). The hospital medical records of departments of oncology,
surgery, radiology, and pathology were searched to identify eligible patients:

I Patients treated for primary breast cancer surgery, and including SLNB,
between September 2009 and August 2012 were evaluated. Inclusion criterion
was at least one detected SLN metastasis. Recipients of neoadjuvant systemic
therapies were excluded. Additionally, comparative patients with negative
SLNs were enrolled. Records for eligible N=162 patients with 169 operated
breasts from unilateral and bilateral cases and 168 SLNBs were further
analysed. Patients with a delayed ALND were evaluated again, 47 years after
the primary surgeries in late 2016, for cancer recurrence and possible adverse
effects.

II-III Patients treated for primary breast cancer between September 2012 and
December 2017 were evaluated. Of these 3215 patients, an eligible cohort of
N=581 patients was determined according to the criteria: primary breast
cancer diagnosis, SLNB and a following ALND, with at least one confirmed
metastatic lymph node. ALND was either a part of the primary operation or
conducted as a delayed second operation. After removing 10 or more lymph
nodes, the patient in question was included even if ALND was not technically
performed. Patients with male gender, recipients of neoadjuvant systemic
therapies, bilateral breast cancer, only benign nodes, four positive SLNs, or
relevant clinopathological information missing were excluded. Therefore, the
patient samples in studies II and III were N=530 and N=529, respectively.
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Figure 3 summarizes patient inclusion in studies II-III. In study II, two sub-
cohorts were set; patients treated in 2012-2016 (N=460) formed the training
cohort, and patients treated in 2017 (N=70) formed the validation cohort. In
study III, alternative two sub-cohorts were set; a validation cohort for the
nomograms developed by Chagpar et al. (2007) and Katz et al. (2008), N=529,
and after excluding patients with ITC or micrometastasis in SLNB, a
validation cohort for the nomogram developed by Meretoja et al. (2013),
N=351.

Patients eligible in study II and treated in 2012-2016 were included (as
described above and in Figure 3), and in addition, one more patient with
required information was returned from previous exclusions, resulting in a
cohort of N=461 patients. A sub-cohort of patients, N=96, who underwent
preoperative MRI together with standard imaging, were evaluated to
investigate the performance of preoperative imaging on ALN metastases.
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Primary breast cancer
diagnosis 2012-2017,
N =3215

SLNB and/or ALND
Not conducted,
™ including most

neoadjuvant patients,

N =2634
\ 4
Both SLNB
and ALND
conducted,
N =581
Men, N=7

Neoadjuvant therapies received, N =3
Only benign nodes, N =2
—® Bilateral cancer, N = 36

Information missing, N=3/N=2
Study III: four positive SLNs, N =2

» Y

) Study I1I:
Study I N = 529 for the
_ Chagpar and
N=530 Katz models
L g ITC or micrometastasis
in SLNB, N =178
Y
Study 11: Study 1I: Study 111:
Training cohort Validation N =351 for the
2012-2016, cohort 2017, Meretoja
N =460 N=70 model

Figure 3. Flowchart of the patient populations included in studies Il and Ill. Modified from Original
publications Il and lII.
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4.2 Patient, tumour, and nodal characteristics

Clinopathological variables were collected in order to assess their associations to
lymph node metastases, surgical treatment and imaging examinations. Collected
variables in each study are shown in Table 6. In study III, clinopathological variables
were recorded according to the three nomograms chosen for validation (Chagpar et
al. 2007; Katz et al. 2008; Meretoja et al. 2013).

Table 6. Recorded clinopathological variables in studies I-IV

Study | Study Il Study Il Study IV
Patient age ° ° ° °
Method of detecting tumour . °
Method of surgery ° ° °
Dates of tumour detection, surgery and o
final PAD
Tumour palpability ° °
Tumour size in pathology?® ° ° ° °
Tumour size in mammography °
Tumour size in ultrasound .
Tumour size in MRI °
ALN status in imaging .
Tumour laterality and location within the ° ° °
breast
Tumour histology ° ° ° °
Tumour multifocality ° ° °
DCIS presentation °
Tumour grade ° ° ° °
ER status . . .
PR status ° . .
HER?2 status . ° ° °
Ki-67 ° ° °
Lymphovascular invasion . . ° .
Biologic subtype ° ° .
SLN metastasis size® . . .
Number of positive and negative SLNs ° ° °
Number of positive and negative ALNs ° . . °
Extracapsular extension °

@ Multifocal tumour size was calculated as the combined diameter of the lesions.
b Categorized as ITC, micrometastasis or macrometastasis.
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The surgical method included breast conserving surgery with SLNB and ALND, or
mastectomy with SLNB and ALND. Delayed ALNDs were recorded. SLNB
findings in both frozen section and paraffin embedding were collected. The extend
of malignant deposits in SLNB was categorized into ITC, micrometastases and
macrometastases both in intraoperative and postoperative analyses. Mere ITC
findings were not considered ALN metastases in studies I[[-IV although they were
marked as lymph node positivity in study inclusion.

Tumours were categorized into prognostic biologic subtypes accordingly:
luminal A-like, luminal B-like, HER2-enriched type and triple-negative type. The
distinction between luminal A and HER2 negative luminal B-like tumours was made
according to the St. Gallen International Consensus Guidelines of the time, in which
luminal A-like tumours have low Ki-67 values of under 14 % and HER2 negative
luminal B-like tumours have high Ki-67 values of over 14 % (Goldhirsch et al.
2011). Otherwise, the biologic subtypes were determined as presented in Table 1,
and therefore HER2 positive tumours were categorized either as luminal B-like
tumours or as HER2-enriched type tumours depending on hormone receptor
positivity. In study I, basal type tumours were distinguished from triple-negative
tumours based on CK5/6 and EGFR positivity.

Multifocality referred to two or more invasive tumour lesions at any separating
distance. Contrary to the TNM classification, multifocal tumour size was calculated
as the combined diameter of the lesions, to reflect the entire tumour burden. Tumour
location within the breast was adapted from a previous publication (Desai et al.
2018).

4.3 Imaging methods

According to national and international instructions, all patients underwent
preoperative bilateral mammography and ultrasound examination of breast and
axillary regions. Ultrasound-guided preoperative fine needle aspiration was executed
on suspicious lymph nodes. In study IV, MRI scanners of 1.5 T and 3.0 T (Magnetom
Avanto and Magnetom Aera, Siemens) were used to examine selected patients after
a multidisciplinary breast cancer group’s recommendation. The national
recommendations at the time suggested preoperative MRI if the triple investigation
was inconclusive or mammography together with ultrasound examination was
difficult to interpret prior to breast-conserving surgery. Additionally, preoperative
MRI was suggested for patients with occult breast cancer. (Finnish Breast Cancer
Group 2013).
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4.4 Histopathological methods for axillary lymph
nodes

The original histopathological records of the study population were evaluated to
collect the pathologic information. During the primary breast cancer diagnostics and
treatment, the histopathological analyses had been conducted followingly:
Intraoperative frozen section and postoperative paraffin embedding were used to
investigate the SLNs. SLNB consisted of 1-6 SLNs for every patient. Lymph node
slicing of 2-3 mm intervals was employed, and two HE slides (Haematoxylin
solution according to Delafield, SIGMA ALDRICH 03971; Eosin solution, Reagens
180072) and two rapid immunohistochemistry slides for pan-anticytokeratins
(Cytonel-Plus ULTRARAPID IHC, Jilab, Finland) were examined during the frozen
section analysis. The final histopathological diagnosis determined the ALN status as
lymph nodes were fixed in formalin and embedded in paraffin with HE staining and
cytokeratin immunohistostaining (Anti-Pan Keratin AE1/AE3/PCK26, Primary
Antibody, Ventana, Roche).

4.5 Nomograms for validation

The multi-institutional model from the United States and Canada by Chagpar et al.
(2007), the nomogram by Katz et al. (2008) from two academic centres in the US,
and the European international multicentre model by Meretoja et al. (2013) were
selected to be validated. Two of these authors note that their nomogram should be
validated externally prior to clinical use elsewhere (Katz et al. 2007; Meretoja et al.
2013). The patient inclusions of these studies were conducted from 1998 to 2004 for
the Chagpar model and from 2004 to 2011 for the Meretoja model. The study by
Katz et al. lacked this information.

The Chagpar model (2007) incorporates the number of positive SLNs, the ratio
of positive and negative SLNs (50 % or more as a risk factor) and the T stage. It
scores 1-5 points, and a low < 5 % risk of stage N2-3 is indicated by one point. The
Katz model (2008) includes seven variables: tumour size, number of positive and
negative SLNs, lymphovascular invasion, tumour histology, ECE of the SLN
metastasis and SLN metastasis size categorised as ITC, micrometastasis or
macrometastasis. It performs as a mathematical scoring system with a resulting risk
estimation of 0.005-0.99 for stage N2—3. The Meretoja model (2013) incorporates
the prevalence of N2 stage in the patient series, tumour size, number of positive and
negative SLNs and ECE. It is available as an online calculator and as a mathematical
equation with a resulting continuous risk estimation level.
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4.6 Statistical methods

In study I, the correlation between continuous variables and the number of lymph
node metastases was calculated by using Spearman rank-order correlation
coefficient. To compare differences in the number of lymph node metastases
between the levels of categorical variables, Mann-Whitney U-test or Kruskall-Wallis
test with Dwass-Steel method in pairwise comparisons were employed. To assess
skewed distributions, non-parametric methods were used. The patients with no ALN
metastases were analysed so that the associations of different variables with the
number of ALN metastases would better be presented among the study population.

In studies II-1V, patient and tumour characteristics were presented with means
and standard deviations (SD) for continuous variables which followed normal
distribution, otherwise with medians and interquartile range (IQR). Visual method,
Shaphiro-Wilk’s test and Q-Q plot were used to ensure the normality distribution
assumption of continuous variables. To report categorical variables, counts and
percentages were used.

In study II, the characteristics of the training cohort were analysed in order to
develop a nomogram which estimates the probability of four or more lymph node
metastases (nodal stage pN2a or pN3a). To determine which clinopathological
factors were associated with stage pN2a or pN3a, machine-learning methods and
logistic regression analysis were used. In machine-learning, self-learning abilities
were utilized in nomogram development. The gradient boosted trees model
(XGBoost) was employed to investigate which variables formed the best
combination for the model, and to develop the nomogram. Manual selection of
variables by trial and error was used after XGBoost’s employment to decrease the
number of variables in the final nomogram. Therefore, an accurate model was
obtained with fewer variables. Multivariable logistic regression model was created
from the variables selected by the XGBoost method.

The training cohort was five-time cross-validated, and the cross-validation was
repeated 100 times with different randomization. The discrimination of the XGBoost
was investigated and hyperparameters were tuned by determining the mean area
under the receiver operating characteristic curve (AUC value) and the 95 %
confidence intervals (CI) for the AUC from the 500 cross-validation runs. The
XGBoost model was tested in the validation cohort and bootstrap analysis was used
10,000 times to present a mean AUC value and 95 % CIs for the validation cohort.
For logistic regression model, the training cohort was also five-time cross-validated,
and the AUC values were determined similarly. Calibration curves for the XGBoost
and logistic regression models were calculated to investigate how well the
nomograms were able to predict the real-life observed number of lymph node
metastases. Calibration was reported as risk estimations in quantiles (0-0.25, 0.25—
0.5, 0.5-0.75, 0.75-1).
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In study III, the predicted risk for four or more lymph node metastases (stage
pN2a or pN3a) was calculated for individual patients by using predictive models
developed by Chagpar et al. (2007), Katz et al. (2008) and Meretoja et al. (2013).
The Katz and Meretoja models were employed as mathematical equations, whereas
the Chagpar model is a scoring system. Discrimination was determined and reported
as receiver operating characteristic curves (ROC curves) and AUC values. The
scores of the Chagpar model were mapped to probabilities determined in the original
study, to draw the ROC curves and calculate AUC values. Calibration curves were
presented to demonstrate the actual risk-estimation levels of the models in quantiles
(0-0.25, 0.25-0.50, 0.50-0.75, 0.75-1.0).

In study IV, patient age was reported as a continuous variable as well as
following screening age categories, < 50 years old or > 50 years old. The time
between tumour detection and surgical treatment or final postoperative PAD was
determined from the first tumour detection date in any imaging examination to the
breast surgery date of the primary tumour, and to the date of final PAD report of the
breast cancer dissection specimens. The frequencies of categorial variables were
compared by Chi-square test or Fisher exact test. Two-sample t-test, or 1-way
analysis of variance using Tukey's method in pairwise comparisons, were employed
to compare normally distributed continuous variables. The differences in non-
normally distributed continuous variables were investigated with Mann-Whitney U
test and Kruskal-Wallis tests with Dwass-Steel-Critchlow-Fligner method in
pairwise comparisons. Wilcoxon signed rank was employed to evaluate mean
differences between tumour size imaging modalities and final PAD. Spearman
correlation coefficients were used to estimate correlations between tumour size in
final PAD and the difference in tumour size between final PAD and imaging
modalities. The frequencies of tumour-free and suspicious lymph nodes in imaging
modalities were compared with McNemar’s test. A multivariable logistic regression
analysis was conducted based on statistically significant clinopathological variables
in univariable analyses. Odds ratios (OR) with 95 % CIs were used to report the
independent associations of clinopathological factors with MRI imaging in logistic
regression analysis.

In studies 1I-1V, JMP Pro 14 for Windows was used for statistical reporting of
patient and tumour characteristics. In studies II and 111, Python 3.6: Anaconda, Inc.
programming language and XGBoost 0.90 were used for the machine-learning
analysis and sklearn 0.21.2 was used for logistic regression analysis. In studies I and
IV, the SAS System for Windows, release 9.4 (SAS Institute Inc., Cary, NC) was
used for statistical analyses. Significance level (p-value) less than 0.05 was
considered statistically significant.
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5 Results

5.1 Factors predictive for axillary lymph node
metastases ()

The characteristics of 162 patients and 169 tumours treated in 2009-2012 are
reported in Table 7. In addition to standard SLN metastasis detection, three patients
had malignant tumour cells found in fatty tissue surrounding the SLNSs, resulting in
ALND. Negative frozen section results remained minimal (negative 47 %,
cytokeratin positive only 1 %, ITC 23 % or micrometastases 29 %) in paraffin
section. ITC in frozen section were upstaged to micrometastases in 3 (17 %) cases.
Micrometastases in frozen section, however, were upstaged to macrometastases in 4
(20 %) cases. The number of cases with non-SLN metastases detected in ALND was
35 (33 % of positive SLN cases).

Table 7. Patient and tumour characteristics in study I, modified from Original publication I. A
selected cohort of clinically node negative patients treated in 2009-2012, N=162
patients and N=169 operated breasts.

Variable

Mean age, years (range; SD) 62 (28-89; 12.2)
Tumour laterality

Left breast 76 (45 %)

Right breast 93 (55 %)
Multifocality present 39 (23 %)

Primary breast operation

Breast-conserving surgery with SLNB 51 (30 %)

Breast-conserving surgery with SLNB and immediate ALND 66 (39 %)

Mastectomy with SLNB 14 (8 %)
38 (

Mastectomy with SLNB and immediate ALND 23 %)
Delayed ALND performed 29 (17 %)
Median tumour size (IQR) 1.8cm (1.5)
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Variable

Tumour histology

Invasive ductal carcinoma

Invasive lobular carcinoma

Invasive ductal and lobular carcinoma
DCIS only

Presence of DCIS
Present
Not present

Tumour grade
|

Il

1l

Lymphovascular invasion present
ER positive tumours

PR positive tumours

HER2 positive tumours

Ki-67 > 14 %

Biologic subtype
Luminal A-like
Luminal B-like
HER2-enriched
Triple-negative
Basal type

SLN metastasis size in frozen section
No metastases

ITC

Micrometastasis

Macrometastasis

Positive cytokeratin staining only

SLN metastasis size in paraffin block
No metastases

ITC

Micrometastasis

Macrometastasis

Positive cytokeratin staining only

Total number of ALN metastases
0

1-3

4 or more

135 (80 %)
17 (10 %)
42 %)
8 (5 %)

98 (58 %)
71 (42 %)

25 (15 %)
92 (54 %)
53 (31 %)
17 (10 %)
148 (92 %)
126 (78 %)
21 (13 %)
111 (67 %)

39 (23 %
61 (36 %
1(1 %)

( )
27 (16 %)
( )
( )

62 (36 %)
90 (53 %)
17 (10 %)
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Tumour size was associated with more ALN metastases (Spearman, r=0.22,
p=0.004). Luminal B-like tumours had more ALN metastases than luminal A-like
tumours (median 1.0 vs. 0.5, p=0.002), and high Ki-67 was a risk factor for more
ALN metastases (r=0.23, p=0.003). However, with Ki-67 values higher than 30 %,
the difference was not statistically significant. Patient age, tumour grade, HER2
positivity, presence of DCIS, or ER and PR status were not statistically significantly
associated with the number of ALN metastases.

5.2 Prediction of four or more non-sentinel lymph
node metastases (ll, IlI)

5.2.1 Developing and testing a predictive nomogram (l)

Of the 460 patients treated in 2012-2016 and used as the training cohort for the
nomogram development, 380 (83 %) were staged pNO-1 and 80 (17 %) were staged
pN2a or pN3a. Of these 460 patients, 261 (57 %) and 199 (43 %) were operated with
breast-conserving surgery and mastectomy, respectively. Of the patients with stage
pNO-1, 128 (34 %) had tumour detection by screening mammography, 300 (79 %)
had palpable tumours, 311 (82 %) had pure invasive ductal histology and 53 (14 %)
had pure invasive lobular histology, 114 (30 %) had multifocal tumours, 358 (94.2
%) had ER positivity, 354 (93.2 %) had PR positivity, median Ki-67 value was 20
(IQR 18), 108 (28 %) had luminal A-like tumours, 248 (65 %) had luminal B-like
tumours, 6 (1.6 %) had HER2 type tumours, 18 (4.7 % ) had triple-negative tumours,
38 (10 %) had lymphovascular invasion, 252 (66 %) had one metastatic SLN, 154
(41 %) had ITC or micrometastases in SLNB, the median tumour size was 2.3 cm
(IQR 1.7), and the mean age was 63.3 (SD 12.7) years.

Of the 80 patients with stage pN2a or pN3a in the training cohort, 23 (29 %) had
tumour detection by screening mammography, 64 (80 %) had palpable tumours, 55
(69 %) had pure invasive ductal histology and 22 (28 %) had pure invasive lobular
histology, 43 (54 %) had multifocal tumours, 70 (88 %) had ER and PR positivity,
median Ki-67 value was 20 (IQR 21.75), 23 (29 %) had luminal A-like tumours, 49
(61 %) had luminal B-like tumours, 1 (1.3 %) had HER2 type tumours, 7 (8.8 % )
had triple-negative tumours, 20 (25 %) had lymphovascular invasion, 30 (38 %) had
one metastatic SLN, 2 (2.5 %) had ITC or micrometastases in SLNB, the median
tumour size was 3.3 cm (IQR 3.2), and the mean age was 62.6 (SD 12.5) years.

In the validation cohort of 70 patients treated in 2017, 61 (87 %) patients were
staged pNO—1 whereas 9 (13 %) patients were staged pN2a or pN3a. The validation
cohort was similar to the training cohort concerning most clinopathological factors,
except the proportion of macrometastases in SLNB which was 79 % in the training
cohort and 65 % in the validation cohort.
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The XGBoost modelling resulted in the best combination of clinopathological
factors which had the highest association with stage pN2a or pN3a. The variables in
the model were tumour size (in mm), tumour histology (pure invasive ductal other),
tumour multifocality (present or not present), percentage of ER positive cells,
number of positive SLNs and number of positive SLNs multiplied by tumour size.
Using these variables, the multivariable logistic regression model for the probability
p of stage pN2a or pN3a was constructed:

logit(p) = -1.732 — 0.732%a + 0.534%b + 0.792*c — 0.017*d + 1.863*e + 0,029*f
—0,004%g

In this equation, variables are placed as follows: a = tumour histology (pure invasive
ductal carcinoma = 1, other = 0), b = multifocality (multifocal = 1, unifocal = 0), c
= lymphovascular invasion (present = 1, not present = 0), d = percentage of ER
positive cells, e = number of positive SLNs, = tumour size in mm, g = number of
positive SLNs multiplied by tumour size in mm. The number of positive SLNs does
not include ITC.

By using the XGBoost model and the logistic regression model, the probability
(0-1.0) for stage pN2a or pN3a was counted for each patient in the training and
validation series. In the training cohort, the AUC values for the XGBoost and logistic
regression models were 0.80 (95 % CI 0.71-0.89) and 0.85 (95 % CI 0.77-0.93),
respectively. This means that the models performed well in discriminating between
patients with low and high nodal stage. To validate this notion, the AUC values in
the separate validation cohort were 0.80 (95 % CI 0.65-0.92) for the XGBoost model
and 0.75 (95 % CI 0.58-0.89) for the logistic regression model.

The nomograms’ ability to predict the real-life observed number of lymph node
metastases was evaluated by drawing calibration curves. According to the calibration
process, the models are not ideally calibrated in the validation cohort. This can be
explained by the small number of cases in each quantile. The risk for nodal stage
pN2a or pN3a predicted by these models cannot therefore be interpreted as the true
risk, according to the small validation sample of this study. The model calibration
varies on different predicted risk levels. However, calibration alone is not a measure
of accuracy. When the model aims to result in “yes or no” categories, unfavourable
calibration can be accepted.

5.2.2 Validation of previous predictive models (l11)

In study III, the patient cohort form 2012-2017 was used in the validation of the
Chagpar, Katz and Meretoja models to detect the stage pN2a or pN3a. In final
histopathology, the number of metastatic ALNs was 0 to 3 on most clinically node
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negative patients (N =442, 83.6 %), while four or more metastatic SLNs was present
in 87 (16.4 %) patients. If the final nodal stage was pN2a or pN3a, all these patients
had micro- or macrometastases in the SLNB, most of them (N = 85, 97.7 %) being
macrometastases. Hence, ITC in SLNB did not result in stage pN2a or pN3a in any
cases. Micrometastases in SLNB resulted in stage pN2a or pN3a in 2 (1.9 %) cases,
both of which being of pure invasive ductal histology. The mean age of patients with
stage pNO—1 was 63.2 (SD 12.7) and 64.2 (SD12.9) with stage pN2a or pN3a.

Of the 442 patients with stage pNO—1 treated in 2012-2017, 72 (16.3 %) had ITC
only in SLNB, 297 (67.2 %) had one positive SLN, 68 (15.4 %) had two positive
SLNs and 5 (1.1 %) had three positive SLNs. Most of these patients (N = 164, 37.1
%), had metastases in all removed SLNs, or one negative SLN among the removed
SLNs (N = 146, 33.0 %). Of these 442 patients, 266 (60.2 %) had macrometastases
in SLNs. Furthermore, 358 (81.0 %) patients had pure invasive ductal histology, 65
(14.7 %) had pure invasive lobular histology, 400 (90.5 %) had stage T1 or T2, 134
(30.3 %) had multifocal tumours, 47 (10.6 %) had lymphovascular invasion, 18 (4.1
%) had ECE, 47 (10.7 %) had HER2 positive tumours, 319 (72.2 %) had tumour
grade I or I, and 184 (41.6 %) had tumour location in the outer quadrants. The
median tumour size was 2.3 cm (IQR 1.7).

Of the 87 patients with stage pN2a or pN3a treated in 2012-2017, 0 (0 %) had
ITC only in SLNB, 34 (39.1 %) had one positive SLN, 16 (18.4 %) had two positive
SLNs and 13 (14.9 %) had three positive SLNs. The majority of these patients (N =
66, 75.9 %) had metastases in all removed SLNs, and 85 (97.7 %) patients had
macrometastases in SLNs. Additionally, 58 (66.7 %) patients had pure invasive
ductal histology, 25 (28.7 %) had pure invasive lobular histology, 64 (73.6 %) had
stage T1 or T2, 44 (50.6 %) had multifocal tumours, 22 (25.3 %) had lymphovascular
invasion, 14 (16.1 %) had ECE, 7 (8.0 %) had HER2 positive tumours, 57 (65.5 %)
had tumour grade I or I, and 37 (42.5 %) had tumour location in the outer quadrants.
The median tumour size was 3.3 cm (IQR 3.1).

In this cohort, the models performed well and the discrimination between
patients with and without nodal stage pN2a or pN3a was satisfactory. Table 8 reports
the AUC values of the original studies and the current study. The discrimination was
presented as ROC curves of these models. According to the curves and AUC values,
the Katz model was slightly more reliable than the other two. Calibration curves were
drawn, showing moderate calibration in the validation cohort. The risk estimations
in the Chagpar model were placed between 0 to 0.5, and therefore the calibration
might be considered poor or affected by the small sample size. On the other hand,
the calibration curve for the Meretoja model was acceptable.
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Table 8. Discrimination of the three validated nomograms in the current patient cohort (Original
publication Ill) and in the original studies, with reported 95 % confidence intervals.

AUC in the training AUC in the

AUC in the current  cohort of the validation cohort of
patient series original study the original study
(95 % CI) (95 % ClI) (95 % CI)

Chagpar et al. 2007 0.79(0.74t00.83)  0.88 (0.86100.91)  0.90 (0.87 to 0.92)
Katz et al. 2008 0.87(0.83t00.91)  0.83 0.81
Meretoja et al. 2013 0.82(0.76100.86)  0.77 (0.72100.82)  0.77 (0.74 to 0.81)

5.3 Lymph node findings and outcomes after
delayed axillary lymph node dissections (1)

Of the 162 patients treated in 2009-2012, 28 (17 %) had an ALND performed in a
delayed second operation, one patient on both axillas. However, this sample was rich
in delayed ALNDs because of the study question of interest. All delayed ALNDs in
study I were performed due to ITC or micrometastasis in SLNB according to the
clinical practice of the time. After ALND, a total of 10-31 ALNs were removed on
these patients. Only three (10 %) of these patients had further non-sentinel lymph
node metastases in the dissected axillary specimen. Two (7 %) of these 28 patients,
both with triple-negative grade III invasive ductal tumours, had deceased of breast
cancer by the follow-up in 2016. Four (14 %) had significant adverse effects after
the ALND, including lymphoedema, pain and tightness. In 2012-2016, 27 (5.9 %)
ALNDs were performed in a delayed second operation in study II. During these
years, 291 (63.3 %) cases of ALNDs resulted in no further ALN metastases.

5.4 Preoperative imaging investigations on
clinically node negative patients (V)

In the group of clinically node negative patients treated for breast cancer in 2012—
2016, MRI was conducted on 198 (42.9 %) patients with the mean age of 58.7 (SD
11.2) years, in comparison to the 263 patients without MRI and with the mean age
of 66.5 (SD 12.6) years (p < 0.0001).

Patients with MRI were more often younger than screening age, than those
without MRI (20.7 % vs. 11.4 %, p = 0.0062). Similarly, patients with MRI had
bigger tumours (2.8 cm vs. 2.3 cm, p = 0.0016), more often invasive lobular
histology (27.8 % vs. 7.6 %, p < 0.0001), higher grade tumours (p = 0.0459), HER2
positivity (14.7 % vs. 6.8 %, p = 0.0058), and multifocal tumours (40.9 % vs. 28.9
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%, p = 0.0071). Lymphovascular invasion, ER or PR status, Ki-67 value, biologic
tumour subtype or tumour palpability did not differ between patients with or without
preoperative MRI.

5.4.1 From tumour detection to operation and postoperative
pathological anatomic diagnosis

Most tumours were detected by palpation (60.7 %) or by screening mammography
(32.8 %), the rest (6.5 %) being for example incidental findings on other imaging
investigations. Patients diagnosed with screening were younger (mean age 60.3
years, SD 5.8) than patients diagnosed with palpation (mean age 64.0 years, SD 14.8)
(p = 0.001) or other ways (mean age 69.5 years, SD 11.7) (p=0.0001). Screening
detected tumours were smaller than those detected by palpation (p < 0.0001) or other
ways (p = 0.359). Patients who had tumours detected by screening, had additional
non-SLN metastases in 53 (35.1 %) cases, and patients who had tumours detected
by palpation had non-SLN metastases in 108 (38.7 %) cases. The median number of
ALN metastases for patients with tumours detected by screening was 1 (IQR 1, range
0 to 30), as well as with tumours detected by palpation (IQR 2, range 0 to 23). There
was no statistically significant difference between different detection methods and
number of ALN metastases (p = 0.076), multifocality (p = 0.875) or tumour histology
(p=0.230).

Patients who underwent preoperative MRI had a longer time period from tumour
detection to the primary breast cancer operation and the final postoperative PAD.
For patients with MRI, the median times from tumour detection to operation and
final PAD were 43 and 64 days for patients with MRI, and 36 and 57 days for patients
without MRI (p < 0.0001 and p = 0.0004, respectively). If a delayed ALND was
performed, the median time from tumour detection to final PAD was 81 days, when
it otherwise was only 60 days (p = 0.0044).

If MRI was used, mastectomy as the primary surgery was more likely than on
patients without MRI (p < 0.0001). Axillary reoperation rates were not different
between patients with or without MRI (p = 0.574). Breast reoperation rates were not
investigated.

54.2 Tumour size in preoperative imaging and
postoperative histopathology

In comparison to final PAD, median tumour size was 0.6 cm (IQR 2.3) larger in MRI
(p <0.0001), 0.4 cm (IQR 1.4) smaller in ultrasound examination (p < 0.0001) and 0.2
cm (IQR 1.2) smaller in mammography (p < 0.0001). As tumour size increased, the
disagreement increased between tumour size in imaging and histopathology. Yet, this
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disagreement was the smallest between tumour size in MRI and tumour size in
histopathology. The difference between tumour size in histopathology and tumour size
in imaging was most favourable when tumour size was measured in MRI: the
Spearman correlation between tumour size in final PAD, and the difference in tumour
size between final PAD and MRI was 0.36 (p < 0.0001). The comparative Spearman
correlations for mammography and ultrasound examination were 0.52 and 0.66,
respectively (p < 0.0001 for both). Multifocal tumours were present in 157 (34.1 %)
cases, their median size being 4.3 cm (IQR 3.8) in MRI, 2.0 cm (IQR 1.6) in ultrasound
examination, 2.0 cm (IQR 1.7) in mammography and 3.3 cm (IQR 2.4) in final PAD.
Multifocal tumours were larger than unifocal tumours in MRI (p = 0.0029), ultrasound
examination (p = 0.0129) and final PAD (p < 0.0001), but not in mammography (p =
0.2022). If the tumour consisted of different histological types, it was very likely (75—
100 %) to be multifocal. Pure invasive lobular carcinomas had multifocality in 50.7 %
of cases, whereas pure invasive ductal carcinomas were multifocal in 29.7 % of cases.

543 Axillary lymph nodes in preoperative imaging

All clinically node negative patients in the cohort, treated in 2012-2016, were
diagnosed with ALN positivity in final PAD. This was due to patient selection, as
patients were included in the study only if SLNB was positive and resulted in ALND.
Positive ALN findings included ITC, micrometastases and macrometastases. The
median number of positive ALNs in histopathology was one (IQR 2, range 0-30),
when only micrometastases and macrometastases in ALNs were considered
metastases. Even though preoperative conclusions on the nodal stage was cNO on all
patients, some patients had suspicion of positive ALNs in preoperative imaging
modalities. Among selected 96 patients with preoperative use of MRI, 10 (10.5 %)
patients had suspicion of ALN metastasis in MRI, and 9 (9.5 %) in ultrasound
examination; there was no statistically significant difference between these two
modalities (p = 0.782). Additionally, needle biopsies of the suspicious ALNs did not
result in confirming malignancy either, and the patients proceeded to surgical staging
by SLNB. Preoperative imaging was unable to detect ALN metastases in most cases
of this patient population, as approximately 90 % of the patients with pathologically
confirmed ALN metastases were clinically considered node negative.

544 Predictive factors for the more frequent use of
preoperative magnetic resonance imaging and
mastectomy in the primary operation

The factors with a p value < 0.05 (patient age, primary operation method, tumour
size, tumour histology, multifocality, tumour grade and HER?2 status) were included
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in a multivariable logistic regression analysis in order to evaluate their independent
associations with the use of MRI. According to the analysis, patient age (OR 0.93,
95% C10.91 to 0.95, p < 0.0001), operation method (OR 2.57, 95% CI 1.60 to 4.13,
p < 0.0001), tumour histology (invasive lobular vs invasive ductal carcinoma, OR
5.74, 95% CI 2.94 to 11.20, p < 0.0001 and other histology vs invasive ductal
carcinoma, OR 13.04, 95% CI2.09 to 81.31, p=0.0060) and HER?2 status (OR 2.82,
95% CI 1.34 to 5.93, p = 0.0064) had independent associations with the more
frequent use of MRI, when age was used as a continuous variable. The result was
comparable when age was categorized as < 50 years old or > 50 years old.

All chosen preoperative variables (age, tumour size, tumour histology,
multifocality and the use of triple imaging) were statistically significantly associated
with the primary operation method in the univariate analysis (p < 0.05) (Table 9).
The mean age of patients operated with breast-conserving surgery was 62.5 years
(SD 10.5), and 63.9 years (SD 14.9) with mastectomy. In the multivariable logistic
regression analysis, age (OR 1.03, 95% CI 1.01 to 1.04, p = 0.0053), the use of triple
imaging (OR 2.39, 95% CI 1.52 to 3.76, p = 0.0002) and tumour size (OR 1.05, 95%
CI 1.03 to 1.06, p < 0.0001) were independently associated with mastectomy rate in
the primary operation when age was determined as continuous. When age was
categorized as < 50 years old or > 50 years old, the result was similar except age did
not remain significant.

Table 9. Characteristics of patients with breast-conserving surgery and mastectomy as the
primary operation.

Breast-conserving surgery, Mastectomy, p
N=262 N=199

Age: 0.0296

< 50 years old
50 years or older

32 (12.2 %)
230 (87.8 %)

39 (19.6 %)
160 (80.4 %)

Median tumour size, cm 21 (1.5) 3.0 (3.0) < 0.0001
(IQR)

Tumour histology: 0.0133
Pure invasive ductal 220 (84.0 %) 147 (73.9 %)

Pure invasive lobular 30 (11.4 %) 45 (22.6 %)

Mixed invasive ductal and 7 (2.7 %) 5 (2.5 %)

lobular

Other 5 (1.9 %) 2 (1.0 %)

Multifocality: 0.0013
Present 73 (27.9 %) 84 (42.2 %)

Not present 189 (72.1 %) 115 (57.8 %)

Triple imaging: < 0.0001
Applied 91 (34.7 %) 107 (53.8 %)

Not applied 171 (65.3 %) 92 (46.2 %)
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6.1 Predicting the presence of axillary lymph node
metastases (1)

The number of ALN metastases is an important prognostic factor and a crucial part
of cancer staging, often leading to decisions in the extent of surgery, systemic
therapies, reconstructive methods, and postoperative radiation treatment (Caudle et
al. 2014). This study showed that minimal SLN metastases are rarely indicators of
multiple ALN metastases, that delayed ALND results in complications on some
patients, and that commonly known tumour features play a significant role in
metastasising into regional lymph nodes. In this study, one third of positive SLN
findings preceded non-SLN metastases in ALND; these patients may have benefitted
from complete ALND.

In this study, the decision to complete the surgical treatment with a delayed
ALND was made due to ITC or micrometastases in the SLNB, according to the
practice of the time. Nowadays, it is known that the minimal SLN metastases do not
necessitate ALND and ALND can often be replaced with radiation therapy (Donker
et al. 2014; Galimberti et al. 2018). Accordingly, the delayed ALNDs in this study
resulted in non-SLN metastases in only 10 % of the cases. This is in line with
previous reports: non-SLN metastases are prevalent in 7.2—15 % cases of ITC or
micrometastases in SLNB (Cserni et al. 2004; Meretoja et al. 2011). Consequently,
most patients with minimal SLN metastases do not need ALND for removing
cancerous tissue, and even the possible residual tumour burden can be managed with
adjuvant therapies. The failure of locating the SLN is rather rare, only 2 % (Mansel
et al. 2006) and may occur if internal mammary lymph nodes are not examined. A
meta-analysis has reported the internal mammary SLNB to result in positivity in 15
% of cases, and with six times higher positivity rates when ALN metastases are
present (Gong et al. 2019). Therefore, considering the possibility of internal
mammary lymph node metastases might need more attention in staging than in the
current study and in the current clinical practice in general.

Since the inclusion of the current study population, the relevance of either
immediate or delayed ALND in nodal management has declined even for patients
with SLN macrometastases (Donker et al. 2019; Giuliano et al. 2017 [b]).
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Intraoperative SLN frozen sectioning has been limited in the recent years, and
ALNDs are rarely performed in a second separate operation after a positive
postoperative SLNB result. Yet, additional lymph node metastases after a positive
SLNB should be considered in all patients to distinguish between those with low and
high risks for poorer prognosis. If a patient is in high risk for reduced survival,
indicated by the prognostic factors, more morbid treatments must be accepted as for
patients with delayed ALNDs in this study. ALND does not only serve as removing
cancerous tissue or cells but also as the basis of staging and planning further
treatments and follow-ups. An alternative for surgical staging of patients without
ALND after a positive SLNB is needed when minimizing the invasive care.

Clinopathological features could be used to select patients for radiation treatment
after positive SLNB (Morrow 2018). Currently, if a positive SLN is detected but
ALND is omitted, radiation treatment for the regional lymph node areas can be
suggested followingly: no radiation treatment in low-risk cases, level I-II lymph
nodes irradiated in average risk cases, and level I-III lymph nodes together with
supraclavicular and internal mammary lymph nodes irradiated in high risk cases.
However, the need for radiation treatment and its extent is inconclusive if the SLN
presents with ITC or micrometastasis (Cardoso et al. 2019; Finnish Breast Cancer
Group 2019). As the therapeutic radiation of the regional lymph nodes has evolved
simultaneously with surgical treatment diminishing, the adequate regional treatment
in different stages of cancer spread may have been compromised.

A previous meta-analysis has reported that tumour size, lymphovascular
invasion, SLN metastasis size, extra-capsular extension, more than one positive
SLN, one or no negative SLNs and ratio of positive SLNs > 50 % are the strongest
predictive factors for additional ALN metastases after a positive SLNB. In this meta-
analysis, tumour biology was noted as ER, PR, HER2 positivity, and grade but
biologic tumour subtypes were not specified. (van la Parra et al. 2011). The current
study resulted in only one of these factors, as tumour size, biologic tumour subtype,
and proliferation index associated with higher numbers of ALN metastases.
Nevertheless, it is evident that regional lymph node metastases in breast cancer have
a multifactorial origin, and the metastasising can be predicted with established
measurable clinopathological factors. Introducing these associations into clinical
work require knowledge of statistical thinking, and development of practical
multivariable prediction tools.

One clinopathological factor of interest in studies I, II and IV was tumour
subtype. Luminal A and B -like tumours were distinguished with a cut-off value of
14 % for Ki-67. Hence most luminal tumours were classified into the luminal B -like
subgroup. However, the low and high Ki-67 values in this context should be
determined according to laboratory variance, and the Ki-67 cut-off value of 20-30
% might be more appropriate at our institution.
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The harms after delayed ALND included some of the commonly described
effects: lymphoedema, pain and tightness. Other studies have also reported lowered
quality of life and performance skills, slow returning to normal activity, impaired
shoulder function and neurologic problems after ALND (Lyman et al. 2016; Mansel
et al. 2006; Mejdahl et al. 2013; Rao et al. 2013). ALND also results in more adverse
effects than axillary radiation treatment (Donker et al. 2014). Therefore, in the light
of long-term patient satisfaction, omitting unnecessary delayed ALNDs is an
advantageous goal as most delayed ALNDs in this study did not result in finding
additional ALN metastases. However, it has become challenging to recommend
treatments for individual patients or patients even with the same cancer stage: new
treatments can offer a less morbid alternative for previous practices, but the overall
benefits and risks should be carefully weighed (Burstein et al. 2019).

6.2 Predicting stage pN2-3 in clinically node
negative patients (Il)

In this study, nodal stage pN2a or pN3a was estimated in clinically node negative
patients by using a new designated nomogram, developed at the University of Turku
and Turku University Hospital. The machine-learning model was compared with
logistic regression analysis, and both performed well in discriminating patients with
high and low nodal stage. The AUC values of the machine-learning model were well
above the recommended 0.75 for clinical prediction tools (Balachandran et al. 2015).
The machine-learning model outperformed the logistic regression model in
maintaining good performance in a separate validation cohort.

Prediction of stage pN2-3 is clinically relevant in the current practice where
ALND is only recommended for those with a suspicion of stage N2-3 after a positive
SLNB, and some other subgroups of patients (Finnish Breast Cancer Group 2019).
According to this recommendation, 78 patients in this study with confirmed nodal
stage pN2a or pN3a may not have undergone ALND in the current clinical practice.
Detecting the high nodal stage is important in order to select all patients with four or
more ALN metastases for extensive postoperative regional nodal irradiation
(Burstein et al. 2019). To be exact, the irradiated lymph node levels are determined
according to the overall risk, including the number of ALN metastases (Cardoso et
al. 2019). In the current study, 17 % of clinically node negative patients with SLN
positivity had four or more ALN metastases. According to the current knowledge,
these patients should be selected for complete ALND, and for more extensive
regional irradiation than what is offered in nodal stage pNO—1. The selection of these
patients may be compromised if the omission of ALND or its replacement with
radiation treatment is liberally applied in other patient groups than those meeting the
criteria of recent trials behind clinical guidelines (Donker et al. 2019; Giuliano et al.
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2017 [b]). The St. Gallen's international consensus guidelines are in favour of
expanding the eligible patient groups in order to benefit from these trial results more
widely (Burstein at al. 2019).

Nomograms may be helpful in the transitional period before complementary
clinical trials are available for general, heterogenous patient populations (Tapia et al.
2019). To succeed in differentiating between stage pNO—1 and pN2-3, the nomogram
variables chosen by the machine-learning algorithm in this study included some
familiar predictive factors: tumour size, tumour histology, tumour multifocality,
lymphovascular invasion, ER status and the number of positive SLNs. In addition,
the number of SLN metastases multiplied by tumour size was inserted as a tailored
variable. In the future, this nomogram could be refined into a clinical computational
risk calculator, in which the presented tumour factors can easily be placed. The
logistic regression model can be used as a mathematical equation reported in the
results section of this study although the interpretation of its results oblige
familiarization with the subject.

The practicality and comprehensibility of the nodal stage calculator are essential
for its clinical use. The calculator results could benefit in determining which patients
need ALND to be cured, and which could benefit from certain adjuvant treatments.
The nomogram estimations should, however, be used as a complimentary tool
together with treatment recommendations based on international randomized clinical
trials (Balachandran et al. 2015). Future research may determine whether statistically
predicted nodal stage is in fact as prognostically accurate as the traditionally
determined nodal stage. To accomplish this, randomized controlled clinical trials
must be launched to clarify nomograms’ clinical utility. Today, cancer care relies on
follow-up trials, but time will show whether the ever-evolving artificial intelligence
can in fact replace some of the costly and time-consuming research methods.

Nomograms predicting the nodal stage have had challenges in external validity
in heterogenous populations. The modern artificial intelligence and self-learning
features of machine-learning could help in developing more generally applicable
models for global use. However, machine-learning models may produce promising
results in small populations, yet similarly to other nomograms still need validation
in larger datasets (Fusco et al. 2016). In this study, the XGBoost model outperformed
the logistic regression model in balancing the small sample size of the validation
cohort by seemingly learning more over-all characteristics from the data. In fact,
machine-learning performs best in very large datasets, where it can discover even
unexpected interactions between descriptive characteristics.
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6.3 Validation of former nomograms to predict the
nodal stage pN2-3 (lIl)

In addition to developing our own nomogram in study 11, in study III it was legitimate
to evaluate some of the other nomograms developed globally to predict the ALN
status. In this study, three previous prediction models were validated in a current
patient population. The patients included in our study were treated for locoregional
breast cancer for up to 13—19 years later than the patients in the original nomogram
studies. Therefore, it can be interpreted that the nomograms developed many years
ago are still valid among the 2010s patients.

The commonly validated prediction models are rather old having been developed
in the early twenty-first century. Their cohorts are mainly formed from patients
diagnosed in the 1990s (Chen and Wu 2011; Hwang et al. 2003; Van Zee et al. 2003).
Balachandran et al. (2015) noted that “a nomogram can become less accurate with
time for a variety of reasons, such as improvements in therapy, earlier detection, and
changes in natural history” although they presented no studies supporting this notion.
While these possible changes were not investigated in the current study, it was clear
that variables used in the validated nomograms reflected the very established
predictors in breast cancer, thus probably not easily influenced by minor alterations.
In a previous study by Ngo et al. (2012), it was also shown that a nomogram
developed in patients from 2000-2007, performed similarly on patients treated in
20009.

Although a meta-analysis of nomogram validation has indicated that the external
performance of prediction tools for non-SNL metastases is not adequate (Zhu et al.
2013), more recent studies have discussed that nomograms are still relevant in the
era after ACOSOG Z0011 and other notable trials (Chen et al. 2017; Tapia et al.
2019). The current study is not entirely in line with the publications showing weaker
nomogram discrimination in external populations than in original training
populations. The AUC value of the Chagpar model in the current study did not meet
with the high AUC values of the original study. However, the AUC values of Katz
and Meretoja models were in fact higher in our cohort than in the original studies.
This may be due to cohort homogeneity in our single institution study, favouring
good statistical model performance, compared to the original multi-institutional
patient populations. According to recommendations the sample size in the current
validation study came close to adequacy with 87 events and over 100 non-events at
least for the Katz model (Vergouwe et al. 2005). Still, a larger patient cohort may
have improved the reliability of the results.

Validating nomograms from other institutions globally is a way to evaluate the
local population in relation to international populations. Hence validation studies
could support the safe applying of international guidelines and study results to local
populations. They also provide alternative and additional tools to be used by
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multidisciplinary breast cancer groups, promoting safe and individualized breast
cancer care. Compared to the nomogram developed at our own institution, the AUC
values for the three presented nomograms performed surprisingly well. The
machine-learning nomogram developed on our own patient population had the AUC
value of 0.80 (95 % CI 0.65 to 0.92) in a separate validation cohort, while the AUC
values for the Chagpar, Katz and Meretoja models were 0.79 (95% CI 0.74 to 0.83),
0.87 (95 % C1 0.83 to 0.91) and 0.82 (95% CI 0.76 to 0.86), respectively. The AUC
values are not fully comparable due to different sample sizes.

This study confirms the status of the former twenty-first century nomograms in
the prediction of nodal stage pN2a or pN3a, supporting their reliability in today’s
context. On the other hand, the extend of clinical nomogram use remains unclear.

6.4 (F;\r/e)operative imaging in the context of staging

This study focused on evaluating which patients are referred to MRI for additional
preoperative staging, how tumour size is presented in different imaging methods and
which effects preoperative MRI may have on treatment timing and the extent of
primary surgery at our institution.

In comparison to standard imaging, preoperative MRI was more frequently
conducted for patients with younger age, mastectomy rather than breast-conserving
surgery as the primary surgery, invasive lobular tumours rather than invasive ductal
tumours, and HER2 positive tumours. These results are in line with another study
investigating factors that associated with more frequent staging by MRI or
thomosynthesis (Mariscotti et al. 2019). The results indicate that the clinical
guidelines suggesting preoperative MRI for lobular tumours and for patients with
neoadjuvant systemic treatment in HER2 positive cases have become well
accustomed in the clinical practice at our institution (Cardoso et al. 2019). Younger
age of patients with MRI might partly reflect hereditary breast cancer cases or dense
breast tissue. Additionally, large, and multifocal tumours were associated with more
frequent use of MRI in the univariate setting. Hence, the results of this study are an
example of quality control at our institution, showing good concordance between
guidelines and clinical practice.

Tumour size was estimated by mammography, ultrasound, and MRI rather well.
These methods can thus be safely used in preoperative tumour staging. In harmony
with previous studies, MRI estimated the varying tumour size most accurately
among preoperative imaging investigations yet overestimating the tumour size
(Sardanelli et al. 2010; Katz et al. 2017; Haraldsdottir et al. 2017). Smaller tumours
were detected by the screening mammography more frequently than by palpation or
other means. Furthermore, patients diagnosed by screening mammography were
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younger than patients diagnosed after finding a palpable tumour. This is naturally
one of the goals of the screening program: to detect cancer in early stage which does
not yet present with clinical symptoms. Extending the screening into covering older
age groups, some of the palpable tumours could be detected at an earlier stage.
Tumour size in the MRI reports of evaluated medical records were often described
with the entire abnormal area of the breast, resulting in large dimensions. Yet,
tumour size in the final PAD was calculated from the invasive component, and
surrounding DCIS was not included in the current study. This can be the explanation
for MRI overestimates.

Preoperative MRI caused reasonable delays in primary breast cancer operation
and the final pathological anatomic diagnosis, compared to some other studies
investigating the MRI waiting time (Bleicher et al. 2009; Zhang et al. 2017). The
routine preoperative MRI with certain indications before a multidisciplinary meeting
as a part of the diagnostics could shorten this delay. Anyhow, if reoperations are
prevented by MRI, a short delay in surgery will be of a lesser disadvantage for
patients. Previous research has suggested that preoperative MRI may change
treatment plans, but the issue is complex (Karlsson et al. 2019; Lehman et al. 2019).
Some reports have stated that preoperative MRI does not reduce reoperations
(Houssami et al. 2017; Turnbull et al. 2010), but also conflictive conclusions have
been presented (Lai et al. 2016). In another, prospective study at Turku University
Hospital, there was no statistical difference between breast reoperation rates with or
without preoperative MRI (Briick et al. 2018). Unfortunately, the need to perform
mastectomies instead of breast-conserving surgeries after MRI could not be
definitely described in the current study. Patient wishes or surgeon preferences were
unknown concerning more radical surgical methods. The need for breast
reoperations were also not noted in this study.

Plichta et al. (2018) summarized that there is no definite evidence that breast
MRI could result in less positive margins or improved outcomes of breast cancer
patients. The need to surgically remove all cancer foci detected by MRI is
controversial as irradiation after breast-conserving surgery might suffice as a
treatment for minor residual tumour foci (Brennan et al. 2009). If these statements
are true, it is inevitable that patients selected for preoperative MRI must be carefully
described by clinopathological characterization. On the other hand, clinically node
negative patients are those with the highest potential for curative outcome, which
should not be degraded by inadequate tumour staging. It seems that the preoperative
staging by mammography and ultrasound is enough for many clinically node
negative patients, yet a considerable number of patients may need additional MRI
for improved accuracy.

SLNB is a more frequent staging method for the axilla after MRI than after
standard imaging (Lai et al. 2016). The current study showed that after positive
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SLNB, ALN reoperation rate was similar between patients with and without
preoperative MRI. In this study, patients with more apparent nodal metastases
possibly visualized by MRI or ultrasound were excluded as they did not undergo
SLNB. However, this study shows that there are many breast cancer patients with
clinically negative nodes, yet metastases confirmed in SLNB. Due to patient
selection, the study population displays the patients whose nodal metastases were
undetected by physical examination, ultrasound examination, fine-needle aspiration,
or MRI. That said, preoperative staging of the axilla by imaging and other
investigations may have an increasing importance as the surgical treatment
diminishes. It is worrying that at the same time as surgical treatment is in transition,
some international institutions have omitted preoperative axillary ultrasound. Their
reasoning for this is to prevent overtreatment since most patients with palpation
negative ALNs do not need ALND. (Chang et al. 2020; Wallis et al. 2018). Hence
the routine preoperative axillary ultrasound examination has been questioned
(Morrow 2018; Plichta et al. 2018). Concerning neoadjuvant systemic therapies and
the MRI evaluation of treatment response, it has been suggested that controlling the
ALN status with MRI after few treatment cycles may predict cancer survival (Myller
et al. 2020). According to the current study, MRI may however not be a reliable
imaging method for the nodal stage.

Finally, it can be discussed that the evolving knowledge on early and locally
advanced breast cancer has resulted in advancing outcomes with lesser treatment-
related morbidity. On the other hand, the decreasing use of invasive methods has led
to the increasing importance of non-invasive methods such as preoperative imaging
and statistics to stage breast cancer, together with the knowledge of tumour biology
in pathological samples. The core and the historical basis of cancer care, classifying
and staging the cancer, should not be forgotten as modern achievements of breast
cancer research are introduced to clinical work. International treatment guidelines
are based on randomized controlled clinical trials and large amounts of evidence
supporting specific recommendations. To overcome the lack of staging information
from omitted surgical procedures, guidelines rely on outcome results. However, the
missing knowledge on the accurate stage may be more complex than just measuring
survival or recurrence rates. If anatomical locoregional staging has guided the
treatment planning since the 1950s, a few years or a decade of follow-ups for a
certain trial population may not be enough to abandon accurate locoregional staging.
Multidisciplinary breast cancer experts are encountering a demanding task to
navigate through these changing times towards more and more individualized cancer
care.
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Discussion

6.5 Study limitations

This study has some limitations. Some of the sample sizes were small even though
the best obtainable cohorts at the time were used. Concerning machine-learning,
there is no straightforward way for sample size estimation. Sample sizes influenced
for example the calibrations of the nomograms. To support the calibrations in this
study, for example false negative rates could have been calculated as by Tapia et al.
(2019). The delayed ALNDs were infrequent in study I, although they were the
subject of special interest.

The results of this study may not be completely applicable in today’s context due
to change in clinical practice. The long time period of patient inclusions from 2009
to 2017 can benefit in more generally applicable results, but also cause some bias
due to the changes. This is a single institution study which may be difficult to repeat
elsewhere due to some local practices. During the years, the hospital clinics and
individual professionals may have had varying practices in recording information
relevant to this study. Furthermore, multifocality was defined as the combined
diameter of all foci although the TNM classification recommends using the diameter
of the largest foci of multifocal tumours for staging (WHO Classification of Tumours
Editorial Board 2019). The actual T stage which was determined during cancer
diagnostics was not verified during data collection. Follow-up information on breast
reoperations was not collected to evaluate the true effect of MRI on surgical
treatment. In study III, ECE was not a reliable variable in this cohort. Our institution
has not had a routine reporting scheme for ECE.

This study did not include patients with given neoadjuvant systemic treatments,
nor can discuss the results in relations to neoadjuvant therapies. Yet, neoadjuvant
systemic treatment has been an important factor in diminishing ALNDs. In general,
the results of this study are only appropriate for clinically node negative patients.
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Conclusions

Minimal metastases in sentinel lymph nodes are rarely an indication of non-
sentinel lymph node metastases. Delayed axillary lymph node dissections are
unnecessary for most patients with isolated tumour cells or micrometastases
in sentinel lymph node biopsy.

Clinopathological factors can be used to predict increasing numbers of lymph
node metastases and nodal stage. Machine-learning techniques are beneficial
when developing mathematical tools for nodal stage prediction.

Through the validation process, nomograms from other institutions and
decades can be confirmed for prediction of the nodal stage, and for the clinical
use to help the stage-related decision on appropriate surgical and adjuvant
treatments.

For selected patients such as those with young age, large tumour size, invasive
lobular or HER2 positive tumours, preoperative magnetic resonance imaging
is a noteworthy addition to the staging investigations to guarantee a tumour-
free outcome in the first-line breast cancer surgery. However, magnetic
resonance imaging does not seem to decrease axillary reoperations after a
positive sentinel lymph node biopsy.
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