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CHAPTER 1

General introduction




Introduction

Breast cancer: incidence and mortality

Breast cancer is the most common cancer and leading cause of cancer-related death
among women worldwide, with an estimated 2.1 million new cases and 627,000 deaths
in 2018%. During the last decades, the age-corrected population incidence of invasive
breast cancer has been rising in most developed countries, mainly because of changes
in reproductive factors and lifestyle’*. Meanwhile, mortality rates have been steadily
decreasing in most countries, which may partially be explained by earlier detection by
mammographic screening, the increasing use of (neo)adjuvant therapies, and better
health care in general>*®. These trends in breast cancer incidence and mortality were
also observed in the Netherlands (Figure 1)°. In the Netherlands, the 10-year relative
survival of women diagnosed with breast cancer stage I-IV improved from 56% in 1989-
1999 to 83% in 2010-2016 (Appendix 1)°.
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Figure 1. All ages combined and age-specific first primary invasive breast cancer incidence (A) and
mortality (B) trends in the Netherlands in the period 1989 to 2017 (Data source: adapted from
reference®, Appendix 1)

Contralateral breast cancer: risk and prevention
Due to the improved breast cancer survival, a larger number of women are at risk of
developing a new primary tumor in the opposite breast, which is known as contralateral
breast cancer (CBC). CBC is the most common second cancer reported after first breast
cancer, comprising between 30 and 50% of all second cancers®®. In the general breast
cancer population, around 4 out of 100 women will develop a CBC within 10 years after
the first breast cancer diagnosis®*°. Patients with CBC have potentially a worse prognosis
compared to patients with unilateral breast cancer 3,

Even though the incidence of CBC is relatively low in the general breast cancer
population, an increasing number of patients with unilateral breast cancer opt for
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preventive removal of the contralateral breast'®!*, defined as contralateral prophylactic
mastectomy. A large population-based cohort study in the United States observed a
3-fold increase in the rate of contralateral prophylactic mastectomy between 2002
(3.9%) and 2012 (12.7%) among breast cancer patients®. Patients opt for contralateral
prophylactic mastectomy because, for example, they are worried about developing
cancer in the other breast or they overestimate their risk'>. Removal of the other breast
significantly reduces the risk of CBC, but the procedure is invasive, irreversible, and can
negatively affect women’s quality of life?e.

To improve decision making for breast cancer patients, individualized risk estimations
of CBC are needed to distinguish between patients who are at high or low risk. To date,
accurate risk estimation is lacking, and the prediction of CBC as used in clinical practice
is mostly only based on BRCA1/2 mutation status, family history of breast cancer, and
age at first breast cancer diagnosis*’?°. From various studies we know that additional
factors may play a role in the development of CBC, but for some of these factors reliable
associations are either lacking or results have been conflicting®.

In this thesis, we will investigate selected, potentially important breast cancer-
related risk and treatment factors to better determine their association with CBC risk.
In the next paragraph, we will elaborate on the currently known risk factors and we will
address the factors for which there is still less evidence in literature.

Risk factors of (contralateral) breast cancer

Family history and genetic factors

A positive family history is an established risk factor for both primary breast cancer and
CBC®2!, |n a systematic review investigating risk factors associated with CBC results
showed that women with a first-degree relative (e.g. mother or sister) with breast
cancer had a 1.65- fold increased risk of developing CBC*.

During the 90s, the breast cancer susceptibility genes BRCA1 and BRCA2 were
discovered?*. A woman with a BRCA1/2 germline mutation has 45-72% lifetime risk of
developing breast cancer, which is substantially higher than the 12.5% lifetime risk of the
general population?*%, It is well known that BRCA1/2 mutation carriers also have higher
risks of developing CBC, with approximately two- to fourfold higher risks compared with
breast cancer patients without these mutations®. A lesser penetrant mutation in the
CHEK2 gene has also been found to be associated with increased risk of both first and
CBC26'27.

Recently, genome-wide association studies have identified multiple common
germline variants associated with breast cancer risk?®?°., Most of these common
variants are single nucleotide polymorphisms, which represent a change in a single DNA
nucleotide. Although these variants individually have a small impact on breast cancer
risk, their effects can be summarized in a polygenic risk score which has been shown
to be highly predictive for the development of first primary breast cancer®®®!, Recently,
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Mavaddat et al.3! developed and validated a polygenic risk score of 313 common variants
associated with breast cancer. Whether the polygenic risk score is also predictive for CBC
is still unclear and needs to be further investigated.

Primary tumor and treatment factors

A woman’s risk of CBC also depends on the tumor and treatment characteristics of the
first primary tumor. Breast cancer is a highly heterogeneous disease with a variety of
subtypes, with possibly a different etiology.

There are two main most prevalent histological types of breast cancer; ductal
carcinoma (most common type) and lobular carcinoma. The majority of the breast
cancers are invasive, meaning that the abnormal cells have spread from their place of
origin (terminal duct lobular unit) into the surrounding breast tissue, and possibly to the
nearby lymph nodes and other parts of the body. When the cells are still contained in
the milk duct or lobules, and have not spread into any normal surrounding breast tissue,
the breast cancer is called non-invasive. The most common type of non-invasive breast
cancer is ductal carcinoma in situ (DCIS). The risk of invasive CBC for women with DCIS
has not been widely investigated, but the annual risk is estimated between 0.4% and
0.6%2%. It is still unclear if the risk of CBC is comparable between women diagnosed
with invasive breast cancer and women with DCIS.

Breast cancers can also be subdivided by receptor subtypes. Classification of
receptor subtypes can be done by evaluating various immunohistochemistry markers
such as estrogen receptor (ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2). There are four main receptor subtypes: Luminal A (ER+
and/or PR+ and HER2-), Luminal B (ER+ and/or PR+ and HER2+), HER2-enriched (ER-/
PR-/HER2+), and triple negative (ER-/PR-/HER2-) (Figure 2). Subtyping of breast tumors
by ER, PR, and HER2 status has become routine in clinical care and is used to guide
treatment decisions. Besides surgery and possibly radiotherapy, treatment for breast
cancer is commonly supplemented with adjuvant systemic therapy, i.e., chemotherapy,
endocrine therapy, and/or trastuzumab. Endocrine therapy and trastuzumab are widely
used to treat breast cancers that are ER-positive or HER2-positive, respectively (Figure
2).

Although adjuvant systemic therapy is intended to lower the risk of breast cancer
recurrence, studies have shown that adjuvant chemotherapy and endocrine therapy
are also associated with strong reductions in CBC risk®*°, Whether specific regimens of
chemotherapy (e.g. taxane-containing vs anthracycline-containing chemotherapy) and
endocrine therapy (e.g. tamoxifen vs aromatase inhibitors) have different effects on CBC
risk, and if trastuzumab use is also associated with a decreased CBC risk, is still unclear.
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Figure 2. Distribution of breast cancer receptor subtypes and possible strategies for adjuvant
systemic therapy

Abbreviations: ER = estrogen receptor; PR = progesterone receptor; HER2 = human epidermal growth
factor receptor 2

Lifestyle, reproductive and other patient-related factors

A younger age at first breast cancer diagnosis has been shown to be a risk factor in a
number of population-based studies, both in the sporadic setting as in patients with
genetic predisposition?.

A factor with less evidence for an association with CBC is mammographic density.
High mammographic density represents a large amount of fibroglandular tissue (dense
tissue), as compared to fat (non-dense tissue)*L. It is well known that dense breast tissue
on a mammogram is a strong risk factor for the development of a first breast cancer*.
For CBC risk, results of the effects of mammographic breast density are limited and
contradicting®.

There is interest in the impact of lifestyle and reproductive factors on CBC risk
among clinicians and breast cancer survivors, since these factors are partly modifiable.
A systemic review and meta-analysis* reported a moderately increased risk of CBC
in women being overweight and a slightly elevated risk for alcohol use. In addition,
older age at primiparity, being nulliparous, and an older age at menopause were also
suggestive of increased risk of CBC*®.

An overview of all known and potential risk factors of CBC can be found in Table 1.
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Table 1. Overview of known and potential risk factors associated with contralateral breast cancer risk?°

Family history and genetic factors Primary tumor and treatment factors Lifestyle, reproductive and other
patient-related factors

Known risk factors

= Family history for breast cancer = Tumor size » Chemotherapy » Young age at 1°* breast cancer
(protective effect) diagnosis
= BRCA1/2 mutation = Lobular histology + Endocrine therapy * BMI at 1 breast cancer diagnosis
(protective effect)
» CHEK2 ¢.1100delC mutation + Radiotherapy <40 years
Potential risk factors
- Common genetic variants + ER/PR/HER2 - Taxane-containing vs » Breast density
expression anthracycline-containing
chemotherapy + Alcohol use
- DCIS vs invasive
breast cancer  Tamoxifen vs aromatase = Nulliparous
inhibitors

= Age at primiparity
+ Trastuzumab
= Age at menopause

Abbreviations: ER = estrogen receptor; PR = progesterone receptor; HER2 = human epidermal growth factor receptor 2; DCIS =
ductal carcinoma in situ; BMI = body mass index
In bold are those factors that will be further investigated in this thesis

CBC risk prediction model

To make the information on all risk factors useful in clinical practice, the risk factors should
not be considered individually in risk prediction, but in combination in a comprehensive
risk prediction model*. A risk prediction model is a statistical model that uses patients
risk factor data to estimate the probability of a healthcare outcome, and often aims to
accurately stratify individuals into clinically relevant risk categories (e.g. high or low risk
of developing a disease)*. Based on the same Dutch Cancer Society funded project, and
in another PhD trajectory parallel to the work presented in this thesis, a risk prediction
model was developed and validated to predict the risk of CBC based on all known and
available risk factors, including patient, primary tumor and treatment characteristics,
and BRCA1/2 mutation status®.

For a valid risk prediction model to be useful in clinical practice, it needs to be
incorporated in a decision support tool. This tool can then support shared decision-
making between clinicians and patients for decisions on treatment for the first breast
cancer, including potential risk reducing strategies for the contralateral breast or
additional follow up for women at high risk, or, to reassure women who are at low risk
of CBC.

A key feature of effective shared-decision making is clear risk communication
between clinicians and patients. Risk communication is defined as the interactive
exchange of information, advice and opinions between experts and people facing threats
to their health, with the aim to improve understanding of risk and to promote better
decisions about clinical management*. One of the challenges to risk communication
with patients using decision support tools is to convey quantitative information in a
comprehensive form that patients can easily understand. Good quality information and
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graphics are needed to explain probabilities and options for treatment during clinician-
patient consultations. Therefore, it is important to iteratively modify or adjust the tool
with potential end users based on their preferences, before its final implementation
in clinical practice. A design process that explores the users’ needs could potentially
increase usage in the future.

Goal of this thesis

The main goal of this thesis was to explore risk factors associated with CBC for which
there is insufficient evidence in literature. The results can be useful to improve our
understanding of the etiology of CBC and can be used to optimize risk prediction models
that predict CBC. Furthermore, as a first step towards implementation of a risk prediction
tool, we aimed to explore preferences of breast cancer survivors regarding graphical
presentation of probabilities in a CBC risk prediction model.

Outline
We investigated associations between several risk factors and CBC risk using several
large population- or hospital-based cohorts (Table 2). In Chapter 2, we investigated
the association between a polygenic risk score of 313 common germline variants and
CBC risk using data from the large breast cancer series of the Breast Cancer Association
Consortium. In Chapter 3, we performed a population-based cohort study using national
data from the Netherlands Cancer Registry (NCR) to investigate the influence of different
regimens of adjuvant endocrine therapy, chemotherapy, and trastuzumab on CBC risk.
In addition, we investigated if these regimens had different effects on the (hormone)
receptor subtype of the CBC. In Chapter 4, we estimated the CBC risk in patients with
DCIS versus patients with invasive breast cancer in a population-based cohort study with
NCR data.

To make a first step towards implementation of a CBC risk prediction model, Chapter
5 shows the results of an exploratory study, in which we interviewed 19 breast cancer
survivors, to investigate preferences for graphical presentation of probabilities in a CBC
risk prediction model.

We conclude with a general discussion in Chapter 6, where we put our main findings
into perspective and discuss clinical implications.
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Table 2. Datasets used in this thesis

Chapter Source Description Country N Years of Median
primary follow-up
breast cancer
diagnosis

2 Breast Cancer Population- and USA, US, Europe,  Cohort: 56,068 1947-2017 8.4 years

Association Consortium  hospital-based Asia, Australia
(BCAC) studies Case-case series:
147,437
3 The Netherlands Cancer Population-based ~ The Netherlands 83,144 2003-2010 7.7 years
Registry (NCR) study
4 The Netherlands Cancer Population-based  The Netherlands 303,839 1989-2017 11.4 years
Registry (NCR) study
5 Interviews with breast ~ Qualitative study;  The Netherlands 19 1983-2019 N.A.
cancer survivors interview by
telephone
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Abstract

Previous research has shown that polygenic risk scores (PRS) can be used to stratify
women according to their risk of developing primary invasive breast cancer. This study
aimed to evaluate the association between a recently validated PRS of 313 germline
variants (PRS, ) and contralateral breast cancer (CBC) risk. We included 56,068 women
of European ancestry diagnosed with first invasive breast cancer from 1990 onwards
with follow-up from the Breast Cancer Association Consortium. Metachronous CBC risk
(N=1,027) according to the distribution of the PRS, . was quantified using Cox regression

analyses. We assessed PRS. . interaction with age at first diagnosis, family history,

313
morphology, ER-, PR-, and HER2-status, and (neo)adjuvant therapy. In Asian studies,
with limited follow-up, CBC risk associated with PRS,  was assessed using logistic
regression for 340 women with CBC compared with 12,133 women with unilateral
breast cancer. Higher PRS, . was associated with increased CBC risk: hazard ratio per
standard deviation (SD)=1.25 (95%Cl=1.18-1.33) for Europeans, and an OR per SD=1.15
(95%Cl=1.02-1.29) for Asians. The absolute lifetime risks of CBC, accounting for death
as competing risk, were 12.4% for European women at the 10" percentile and 20.5% at
the 90" percentile of the PRS_ ..
with patient characteristics, characteristics of the primary tumor, or treatment. The
C-index for the PRS, . alone was 0.563 (95%Cl=0.547-0.586). In conclusion, the PRS, .

is an independent factor associated with CBC risk, and may be incorporated in CBC risk

We found no evidence of confounding by, or interaction

prediction models to help improve stratification of patients and optimize surveillance
and treatment strategies.
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Introduction

Due to the high incidence of breast cancer and improving survival, an increasing number
of breast cancer survivors are at risk of developing contralateral breast cancer (CBC). The
10-year cumulative incidence of CBC is ~4%'?, however estimates vary widely depending
on factors such as germline genetics, family history, and (neo)adjuvant systemic therapy
for the first breast cancer?®. The risk of developing CBC is particularly high in women with
rare mutations in certain genes including BRCA1, BRCA2, and CHEK2, with approximately
two- to fourfold higher risks reported compared with women without these mutations?.

Recently, genome-wide association studies (GWAS) have identified multiple common
germline variants that are associated with first primary breast cancer risk®>. These are
associated with small differences in risk individually, but their combined effects can be
summarized in a polygenic risk score (PRS), which has been shown to stratify women
according to their risk of developing breast cancer®®. Using a large GWAS dataset
from the Breast Cancer Association Consortium (BCAC), we previously developed and
validated a 313-variant PRS (PRS_,.) among women of European descent. In independent
prospective studies, this PRS, . predicted the risk of primary invasive breast cancer
with an odds ratio (OR) per standard deviation (SD) of 1.61 (95% confidence interval
(95%Cl)=1.57-1.65)". The PRS, . has also been externally validated using the UK Biobank
cohort.

The aim of the current study was to evaluate the association between PRS, . and
CBC risk, using data from BCAC. Other studies have shown associations between risk of
CBC and both a 67-variant PRS™ and individual variants?, but not yet with PRS,,., the
most extensively validated PRS. Further, the dataset currently evaluated is larger than
those previously tested. We carried out two types of analyses. We conducted a cohort
study among studies of European ancestry women with follow-up data available, and
performed Cox regression analyses to estimate hazard ratios (HRs) for CBC. Potential
confounding and interaction with patient characteristics, characteristics of the primary
tumor, or treatment were tested. In addition, to directly compare with the OR reported
for PRS, , and first breast cancer, we selected case-case series and performed logistic
regression analyses comparing the PRS_ _ distribution in women with CBC versus those
with unilateral breast cancer. These analyses were conducted separately in European
and Asian women (follow-up was too limited to perform a cohort study for the Asian
population). Use of PRS, . may lead to more accurate CBC risk prediction to support
decision making for women who may or may not benefit from additional surveillance
and risk-reducing treatment strategies.
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Material and Methods

Study subjects

Case-case series

We selected women who were diagnosed with breast cancer and women without any
diagnosis of breast cancer from the BCAC including all women of European ancestry,
based on genotyping data, selecting only those studies which reported on CBC (62
studies) (Figure S1A, Table S1-S2). BCAC database version freeze 12 was used. All women
diagnosed with invasive breast cancer as a first cancer were included in the analysis; the
small number of tumors with unknown invasiveness were considered invasive (Table
S2). In the case-case series, a CBC was defined as a breast cancer (in situ or invasive)
in the contralateral breast irrespective of the time since the first breast cancer. The
case-case series comprised 81,000 women with unilateral breast cancer, 3,607 women
with CBC, and 62,830 women without any diagnosis of breast cancer (Figure S1A). We
also compared women with unilateral breast cancer to women without any diagnosis
of breast cancer to reproduce the estimate that was previously reported for first breast
cancer risk’ in our study selection.

We selected for a separate analysis women of Asian ancestry of the BCAC data
comprising 12,133 women with unilateral breast cancer, 340 women with CBC, and
13,398 women without any diagnosis of breast cancer from eight studies (Figure S1B,
Table S2).

European cohort

In the European cohort we used metachronous CBC as the outcome, defined as a breast
cancer in the contralateral breast (in situ or invasive) diagnosed at least three months
after the first breast cancer. We used a cut-off of three months to reduce the likelihood
that these CBCs represent metastases rather than true second primary tumors. We
selected all women diagnosed with breast cancer from the European case-case series
and excluded four studies that did not provide follow-up information on vital status
(Figure S1A). We did not include Asian women since follow-up was too limited in these
studies. We additionally excluded 6,207 women with no follow-up and 2,208 women
who developed synchronous CBC, distant metastasis, or who died or last known to
be alive within three months after the first breast cancer diagnosis. Since BCAC also
included prevalent cases, we excluded 3,796 women who developed CBC or were
censored before study entry. The case-case series included women diagnosed between
1947 and 2018. In the European cohort, we excluded 2,235 women who were diagnosed
with their first breast cancer before 1990 or who had missing year of first diagnosis.
We restricted to women diagnosed from 1990 onwards so that diagnostic procedures
and treatment would be more representative of current practice. Moreover, clinico-
pathological, treatment and follow-up data were more complete after 1990. In addition,
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we excluded 16 studies (9,783women) without information about metachronous CBC
events (Figure S1A). After these exclusions, the cohort for this analysis comprised data
from 42 studies, including 56,068 women with invasive breast cancer among whom
1,027 metachronous CBC occurred (Table S2).

All individuals provided written informed consent, and all studies were approved
by the relevant institutional review boards. BCAC data were centrally harmonized and
cleaned in communication with the study data managers and principal investigators.
Data collection for individual studies is described in Table S1.

Genotyping and PRS

DNA samples from participants were genotyped using the iCOGS array**® or the
OncoArray***, with genotypes for variants not on the arrays estimated by imputation®*3.
The PRS, . was calculated as a weighted sum of the minor allele dosages; the variant
selection and weights are as given by Mavaddat et al.”. We also calculated estimates
for a previously published PRS__°, and estrogen receptor (ER)-specific PRSs (ER-positive
PRS,,, and ER-negative PRS_ .)". The ER-specific PRSs were constructed by defining
subtype-specific weights for the 313 variants using a hybrid approach’. Variants and
corresponding coefficients used to construct the PRS are shown in Table S3. We
standardized the PRS in our analyses by dividing it by the SD of the PRS of the controls
(PRS,, SD=0.45; PRS, . SD=0.61; ER-positive PRS, . SD=0.65; ER-negative PRS_ . SD=0.59)
exactly as was done in the analyses of the PRS and first breast cancer risk®’. This allows
a direct comparison of the magnitude of the CBC relative risk estimation to that of the
first breast cancer.

For samples genotyped with both OncoArray and iCOGS array (9,071 samples),
OncoArray data were used in preference as the imputation quality was generally higher.
The intraclass correlation coefficient (ICC) between the PRS derived from the two
platforms was 0.99 (95%CI=0.99-0.99) for the PRS_, and 0.96 (95%CI=0.95-0.96) for
PRS, , (Figure S2). Given the high correlation between the two platforms, PRS measures
from both platforms were used in the analyses without adjustment.

Statistical analysis

European cohort

The primary outcome in the European cohort was the development of metachronous
CBC. Cox proportional hazards models were used to estimate HRs for metachronous
CBC risk by PRS, stratified by country. Since previous studies have shown that age at first
breast cancer diagnosis is an important predictor of CBC?, the analyses were performed
with attained age as the time scale. Time at risk started three months after the first
breast cancer diagnosis and ended at the age of CBC diagnosis, distant metastasis
(where available), death, or end of follow-up, whichever came first. For patients that
had a study entry more than three months after first breast cancer diagnosis, follow-
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up started at the age of study entry. We also performed a fixed-effect meta-analysis
of country-specific effects using the STATA command metan. We performed a fixed-
effect meta-analysis over a random-effect meta-analysis since there was no evidence
for heterogeneity in effect sizes between countries (I-squared=0%, Figure S3). For some
analyses, only invasive CBC was used as the outcome; in these analyses we censored
on in situ CBC. Separate analyses were conducted for ER-positive CBC (censored on ER-
negative- and ER-unknown CBC) and ER-negative CBC (censored on ER-positive- and
ER-unknown CBC).

We evaluated the linearity of the association between PRS, . per unit SD and CBC
risk using restricted cubic splines with three knots. There was no evidence for violation
of the linearity assumption. Therefore, in the main analysis, the PRS, . was treated
as a continuous covariate, and estimated the HR per unit SD of the PRS, , Violation
of the proportional hazard assumption was assessed by inspection of the Schoenfeld
residuals™. As a second analysis, we used the per SD log HR of the PRS, . to calculate
the predicted HR at different percentiles of the PRS, ., compared to the 50" percentile.
Third, the PRS,,, was categorized into percentile groups (0" to 10", 10" to 20", 20"
to 40", 40" to 60, 60" to 80, 80™ to 90™, 90™ to 100™) to illustrate the differences
between PRS, . subgroups, with the middle quintile (40" to 60"") as the reference.

We also performed multivariable Cox regression analyses to determine whether
the log HR of CBC risk by PRS changed when adjusting for year of first breast cancer
diagnosis, family history of breast cancer in a first degree relative, and several clinical
characteristics of the first breast cancer such as nodal status, tumor size, morphology,
ER-, progesterone receptor (PR)- and human epidermal growth factor receptor 2 (HER2)-
status, (neo)adjuvant chemotherapy, adjuvant endocrine therapy, and radiotherapy.
These analyses were performed in all patients, a complete case set (excluding patients
with unknown values for the covariates), and in a set excluding studies oversampling

cases with family history. Potential effect modification of the PRS, . effect by the same
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variables was evaluated by fitting interaction terms in different models using complete
case sets, including the standardized PRS, ,, modifier, and interaction.

The discriminative ability of different models; ([model 1] PRS,,, alone, [model
2] other risk factors (the adjustment variables from the multivariable Cox regression
analyses), [model 3] PRS, . + other risk factors) was calculated using Harrell’s C-index?®.
Since no standard performance measures are currently available to account for left-
truncated follow-up time (i.e., to start analyses at age at study entry), we used time since

first breast cancer as the time scale to calculate the C-index.

Absolute risks

Absolute risks of developing CBC at PRS, . percentiles were calculated using the
estimated log HRs per SD from the breast cancer cohort (BCAC) under the log-linear
model, assuming the PRS is normally distributed. The PRS, .- and age-specific incidences
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were constrained to the age-specific CBC incidences from women diagnosed with a first
invasive breast cancer in the period 2003-2010 from the Netherlands Cancer Registry
(NCR)™. The procedure for constraining the incidences has been previously described?’.
The age-specific CBC incidences were calculated overall and for age-specific groups,
censoring on death and distant metastasis. We used data from the NCR since this
registry has complete coverage of all newly diagnosed cancers in the Netherlands. The
NCR cohort included all females aged >18 years and follow-up for second cancers was
complete until February 1, 2016%. We then applied the competing risk of dying on the
absolute CBC risks. The absolute CBC risk (ARQ) by age t in PRS, , category g, taking into
account the competing risk of dying was calculated by:

t—1

ARG(®) = ) 1g(W)Sg(1)Sim (1)
u=0

Where p1, (t)is the CBC incidence associated with PRS, . category g, S, (t) the probability
of being free of CBCto age t, and S (t) the probability of surviving to age t.

Case-case series

For the case-case series (European and Asian), logistic regression models were used
to estimate the ORs for CBC risk (comparing with unilateral breast cancer) and for
unilateral breast cancer risk (comparing with women without any diagnosis of breast

cancer) associated with PRS_ .. All analyses were adjusted for age and country (Table
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S1). For all unilateral- and contralateral breast cancer patients we used age at first breast
cancer diagnosis, and for women without any diagnosis of breast cancer we used age at
baseline questionnaire.

For direct comparison with the estimate reported for PRS, . and first breast cancer,

313
we also performed logistic regression analyses in the same BCAC study participants
included in the validation of the association between PRS, . and first breast cancer
risk’. This validation set comprised a subsample from 24 studies and included 3,781
women with unilateral breast cancer, 94 women with CBC, and 3,753 women without
any diagnosis of breast cancer (Table S2). For this analysis, we adjusted for 10 principal
components, in line with Mavaddat et al.’.

For European women who had follow-up time available more than three months
after the first breast cancer diagnosis, a sensitivity analysis was performed for
metachronous CBC (1,702 CBCs). We also did a separate analysis for invasive CBC
(N=3,246), by excluding CBC in situ.

All P-values are two sided; tests with P<.05 are referred to as statistically significant.
Analyses were performed using STATA, version 13.1 (StataCorp) and R version 3.3.2.
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Results

European (cohort) Cox regression analyses
The European cohort included 56,068 women diagnosed with first invasive breast cancer
with 1,027 metachronous CBC events. Median follow-up was 8.4 years. Patient, tumor,
and treatment characteristics are summarized in Table S4.

The associations between the different PRSs and CBC risk are shown in Table 1. The
HR for CBC per SD of PRS, . was 1.25 (95%CI=1.18-1.33). For comparison, the HR per SD
for PRS, was 1.21 (95%CI=1.14-1.29). Women within the 0" to 10" and the 90" to 100"
percentile of the PRS_ . had 0.59-fold (95%ClI=0.45-0.78) and 1.38-fold (95%Cl=1.13-
1.69) risks of CBC, respectively, compared with women within the 40" to 60" percentile
(Figure 1, Table S5). The predicted HRs of CBC for women at the 10™ and 90" percentile
of the PRS, . were 0.75 and 1.33, respectively, compared to the 50" percentile (Figure
1). Since we observed evidence of departure from the proportional hazards assumption
(P=0.02)*, we also calculated HRs stratified for follow-up duration (<five and >five
years). The HR by SD of the PRS,,_ was 1.21 (95%CI=1.10-1.32) for CBC diagnosed <five
years after first breast cancer diagnosis (CBC N=428), and 1.28 (95%Cl=1.18-1.38) for
CBC diagnosed >five years after first diagnosis (CBC N=599).

Table 1. Association between PRSs and contralateral breast cancer risk in the European cohort (N=56,068)

Polygenic risk score (PRS) No. of CBC  HR per unit SD* 95%Cl P-value
PRS,°
All CBC 1,027 1.21 1.14-1.29 <.001
Invasive CBC 923 1.21 1.13-1.29 <.001
PRSilEb
All CBC 1,027 1.25 1.18-1.33 <.001
Invasive CBC 923 1.24 1.16-1.32 <.001
ER-positive invasive CBCY 275 1.38 1.23-1.55 <.001
ER-negative invasive CBCY 97 0.92 0.75-1.12 .39
ER-positive PRS, . *¢
All CBC 1,027 1.23 1.16-1.31 <.001
Invasive CBC 923 1.22 1.15-1.30 <.001
ER-positive invasive CBCY 275 1.37 1.22-1.54 <.001
ER-negative PRS,  °
All CBC 1,027 1.25 1.17-1.33 <.001
Invasive CBC 923 1.24 1.16-1.33 <.001
ER-negative invasive CBCY 97 1.06 0.86-1.30 .58

Abbreviations: PRS = polygenic risk score; No. = number; CBC = contralateral breast cancer; HR = hazard ratio; Cl = confidence
interval; ER = estrogen receptor; SD = standard deviation

2 All analyses were performed with attained age as time scale

b Coefficients to construct the PRSs are shown in Table S3. All PRSs were standardized by the same SD as was used by Mavaddat
et al.’”. The SD was 0.45 for overall breast cancer PRS,,, 0.61 for overall breast cancer PRS, ,, 0.65 for ER-positive PRS_ , and 0.59
for ER-negative PRS,

¢ ER-specific PRSs were constructed using a hybrid method, as described by Mavaddat et al.”

dPatients with ER-unknown CBC (N=551) were censored in these analyses
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Figure 1. Estimates for contralateral breast cancer risk by percentile categories of the 313-variant PRS
(PRS,..)
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The figure shows the hazard ratios per SD and 95% confidence intervals for percentiles of the PRS, . relative to the

middle quintile (underlying table can be found in Table S5). The solid line denotes the estimates for contralateral
breast cancer risk with the PRS,  fitted as a continuous covariate. Coefficients to construct the PRS, . are shown
in Table S3. The PRS, . was standardized by SD=0.61, in line with Mavaddat et al.”. The analyses were performed
with attained age as time scale. Abbreviations: PRS = polygenic risk score; SD = standard deviation

The HR per SD of PRS, . for ER-positive invasive CBC was 1.38 (95%Cl=1.23-1.55),
compared to a HR per SD of the ER-positive PRS, . of 1.37 (95%CI=1.22-1.54) (Table 1).
For ER-negative invasive CBC, the HR per SD was 0.92 (95%CI=0.75-1.12) for PRS,  and
1.06 (95%CI=0.86-1.30) for the ER-negative PRS, ..

Sensitivity analysis using the overall PRS, . showed a HR per SD of 1.24 (95%Cl=1.16-
1.32) for invasive CBC risk. When we used time since first breast cancer as the time scale, we
found similar results (HR per SD=1.25, 95%Cl=1.18-1.33). Meta-analysis of country-specific
effects showed a HR per SD of 1.25 (95%Cl=1.18-1.33) for CBC risk by PRS_, . (Figure S3).

The association between the PRS_ . and CBC risk did not change when adjusting for
patient, tumor, and treatment characteristics, nor when excluding studies oversampling
cases with a family history (Table S6). When considering potential modifiers of the effect
of the PRS, . on CBC risk (Table 2), we found that the HR was the lowest in women
aged <40 years at first breast cancer diagnosis (HR per SD=1.13; 95%Cl=0.98-1.31), and
tended to increase with age, although these effects were not statistically significant
(Phetemgeneitv=.26; P....=-05). We found no indication for effect modification by family
history (Phetemgeneity:.63), morphology (Phetemgeneity:.lél), ER-status (P =.13), PR-
status (P=.26), HER2-status (Phetmgeneiw=.42), chemotherapy (Pheteroge”ew:ﬁo), endocrine
therapy (P =.79), or radiotherapy (P =.40) (Table 2).

heterogeneity

heterogeneity heterogeneity
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.05

trend

cd

.26
.63
14
13
.26
42
.60
.79
.40
progesterone receptor; HER2

hetero-geneity

P

P-value
<.001
.09
<.001
<.001
<.001
<.001
<.001
<.001
.002
.004
11
.08
<.001
.02
<.001
<.001
.004
<.001
<.001
<.001
<.001
<.001
<.001

95%Cl
1.18-1.33
0.98-1.31
1.11-1.41
1.09-1.36
1.21-1.52
1.16-1.36
1.09-1.36
1.12-1.31
1.10-1.59
1.15-2.02
0.96-1.50
0.98-1.30
1.19-1.38
1.03-1.32
1.17-1.38
1.17-1.44
1.13-1.85
1.16-1.42
1.12-1.37
1.13-1.44
1.19-1.43
1.15-1.53
1.15-1.34
0.61, in line with Mavaddat et al.”

“ The interaction between the PRS, . and each subgroup was tested in different models including the standardized PRS, ., modifier, and interaction. Patients with unknown values were excluded from these

analyses. Since attained age was used as time scale in all models, the model with age at first breast cancer only included the PRS,,, and interaction

9P for interaction based on test for heterogeneity across categories

1.25
1.13
1.25
1.22
1.36
1.26
1.22
1.21
1.32
1.52
1.20
1.13
1.28
1.16
1.27
1.29
1.45
1.28
1.24
1.28
1.30
1.33
1.24
hazard ratio; Cl = confidence interval; ER = estrogen receptor; PR

HR per unit SD**

194
670
244
554
188
617

polygenic risk score; No. = number; CBC = contralateral breast cancer; HR

human epidermal growth factor receptor 2

No. of CBC
1,027
171
265
320
271
618
302
621
118
46
70
352
60
361
363
242
460

No. of patients
56,068
5,877
11,928
16,882
21,381
33,623
10,369
37,324
5,878
2,174
3,344
9,527
38,090
13,098
27,044
23,787
4,969
18,110
18,559
10,781
27,322
11,023
29,142

<40
40-49
50-59
60+

no

yes
ductal
lobular
mixed (ductal and lobular)
other
negative
positive
PR-status
negative
positive
negative
positive
no

yes

no

es

no

yes

Table 2. Association between the 313-variant PRS (PRS, ) and contralateral breast cancer risk for subgroups

® Coefficients to construct the PRS, . are shown in Table S3. The PRS, ., was standardized by standard deviation

? HR for CBC risk by unit SD of PRS_ .. All analyses were performed with attained age as time scale

¢ P for interaction based on a trend test with age as continuous variable

Age at first breast cancer diagnosis (years)

Family history (first degree relative)
(Neo)adjuvant chemotherapy
(Neo)adjuvant endocrine therapy

Subgroups

All patients
Morphology
ER-status
HER2-status
Radiotherapy
Abbreviations: PRS
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Figure 2. Predicted contralateral breast cancer risk by percentile of the 313-variant PRS (PRS
as competing risk

Coefficients to construct the PRS, . are shown in Table S3. The PRS, . was standardized by SD=0.61, in line with
Mavaddat et al.” The CBC incidences were calculated based on incidence data from the Netherlands Cancer
Registry® and relative risks estimated as described in the Material and Methods. Abbreviations: PRS = polygenic

risk score; CBC = contralateral breast cancer

) with death
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The C-index was 0.563 (95%CI=0.547-0.586) for the model only including PRS,
0.605 (95%Cl=0.591-0.629) for the model only including other risk factors, and 0.623
(95%CI=0.608-0.645) for the complete model (Table 3).

Absolute risks

Based on the HR estimates for PRS_ _, the predicted CBC risk by age 80 years was 12.4%
at the 10" percentile of the PRS, ., compared with 20.5% at the 90" percentile of the
PRS, . (Figure 2), accounting for death as competing risk. When death was not taken
into account as competing risk, the corresponding predicted risks by age 80 were 17.0%
at the 10% percentile and 27.9% at the 90" percentile of the PRS, , (Figure S4). Table
4 shows the five- and 10-year cumulative CBC risks by PRS, . for different age groups,

accounting for death as competing risk (Table S7 shows results without competing risks).

European and Asian (case-case series) logistic regression analyses

Figure 3 shows the distribution of the PRS, , per SD in the European case-case series.
Median PRS, . was -0.4 (interquartile range [IQR]=1.35) for control women without
any diagnosis of breast cancer (N=81,000), 0.2 (IQR=1.36) for women with unilateral
breast cancer (N=62,830), and 0.5 (IQR=1.40) for women with CBC (N=3,607). The OR
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for unilateral breast cancer per SD of the PRS, ., compared to control women, was 1.82
(95%CI=1.80-1.84) (Table S8). The OR for CBC per SD of PRS
breast cancer, was 1.30 (95%Cl=1.26-1.35) .

In sensitivity analyses, the OR per SD of PRS, . was 1.27 (95%Cl=1.21-1.33) for
metachronous CBC and the OR per SD was 1.29 (95%Cl=1.24-1.33) for invasive CBC,
compared to unilateral breast cancer. When analyses were restricted to the validation
set of Mavaddat et al’, the OR for unilateral breast cancer per SD of the PRS_ . was 1.67
(95%Cl=1.59-1.76) compared to control women, and the OR for CBC per SD of PRS, . was
1.39 (95%Cl=1.13-1.70) compared to unilateral breast cancer (Table S8).

For women of Asian descent, the OR for unilateral breast cancer per SD of the PRS, .
was 1.56 (95%Cl=1.52-1.60) compared to control women, and the OR for CBC per SD of
PRS. .. was 1.15 (95%Cl=1.02-1.29) compared to women with unilateral breast cancer

313

(Table S8).

41 COMpared to unilateral

Table 3. Discriminatory ability (C-index) of the 313-variant PRS (PRS
contralateral breast cancer risk in the European cohort

,1) and other risk factors for

C-index (95%Cl)*®

Model 1
PRS,.calone 0.563 (0.547-0.586)
Model 2
Other risk factors? 0.605 (0.591-0.629)
Model 3

PRS. . + other risk factors® 0.623 (0.608-0.645)

Abbreviations: PRS = polygenic risk score; Cl = confidence interval

2The Harrell’'s C-index was obtained by the STATA stcox postestimation command ‘estat concordance’, using time
since first breast cancer on the time scale without taking delayed entry (prevalent cases) into account. We did
not consider delayed-entry since no standard performance measures are currently available in the statistical
literature to account for left-truncated follow-up time. The median of delayed entry was 0.4 years (standard
deviation=2.7) in our study

>The 95% Cls were obtained by use of the ‘somersd’ package in STATA

¢ Coefficients to construct the PRS, . are shown in Table S3. The PRS, , was standardized by SD=0.61, in line with
Mavaddat et al.”

4Including age at first diagnosis, year of first diagnosis, family history for breast cancer in a first degree relative,
and clinical characteristics of the first breast cancer (nodal status, tumor size, differentiation grade, morphology,
estrogen receptor status, human epidermal growth factor receptor 2 status, chemotherapy, endocrine therapy,
radiotherapy)

32 | CHAPTER2

Table 4. Five- and ten-year cumulative risks of contralateral breast cancer by the 313-variant PRS (PRS,_,) for different age groups with death as competing risk

10-year cumulative CBC risks (%)

range by age

PRS, . PRS, . PRS,,, PRS,,

PRS, .

6.5-8.5

5.9-7.7
3.9-6.6
5.3-8.6
4.7-7.4
5.2-8.4
5.9-9.0
6.2-9.3
6.1-7.7

4.5-5.9

3.4-45
2.3-3.8
3.1-5.0
2.7-4.3
3.0-4.9
3.4-52
3.6-54
3.5-45

3141
2.1-35
2.8-4.6
2.5-3.9
2.8-4.5
3.1-4.8
3.3-5.0
3.2-4.1

4.3-7.2

3.0-5.0
4.1-6.6
3.6-5.6

5.9-9.4
5.2-8.1
5.8-9.3
6.5-9.9
6.8-10.2

4.0-6.4
4.5-6.9

4.7-7.1

6.7-8.5
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range by age
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Age at first breast cancer 5% percentile

diagnosis (years)

30-34
3539
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60-64
65-70

PRS, .

PRS,_ .

PRS, .

4.0-6.5

3.6-5.9
1.5-3.9

2.9-53
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1.2-3.0

2.1-3.4
2.2-4.1

0.9-2.3
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2.8-6.1
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Abbreviations: PRS

0.61, in line with Mavaddat et al’. The CBC incidences for each age group were calculated based on

incidence data from the Netherlands Cancer Registry* and relative risks estimated as described in the Material and Methods. Death was taken into account as competing risk

Coefficients to construct the PRS, . are shown in Table S3. The PRS, . was standardized by SD
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Figure 3. Distribution of the 313-variant PRS (PRS, ,) in 62,830 control women without any diagnosis of
breast cancer, 81,000 women with unilateral breast cancer, and 3,607 women with contralateral breast
cancer

Coefficients to construct the PRS, , are shown in Table S3. The PRS, , was standardized by SD=0.61, in line with
Mavaddat et al.”. Abbreviations: BC = breast cancer; CBC = contralateral breast cancer; PRS = polygenic risk score;
SD = standard deviation

Discussion

Previous studies have shown that a PRS, summarizing the effects of common germline
variants, can be used to stratify women with respect to their risk to develop a primary
breast cancer®®. In this study, we observed a clear association between the PRS,,, and
CBC risk in women of both European and Asian ancestry. The association was observed
in both the case-case series and the European cohort. The HRs per SD of CBC for women
at the 10" and 90" percentile of the continuous predicted PRS, , were 0.75 and 1.33,
respectively, compared to the 50" percentile. This translates to absolute risks at the 10"
and the 90" percentile of the PRS, . of 12.4% and 20.5%, respectively, by age 80 years.
We estimated a C-index for the PRS
the European cohort.

One previous study has investigated the effect of a PRS, including 67 variants, and
CBC risk®. This study found a risk ratio of 1.75 (95%Cl=1.41-2.18) for women in the
upper quartile of the PRS compared with women in the lowest quartile. To facilitate

L1 SUMmarizing its discriminatory ability, of 0.563 in

comparison, we performed a similar analysis in our case-case series, showing an OR of
1.98 (95%Cl=1.79-2.18), adjusted for country and age at first diagnosis, for women in
the upper quartile of the PRS_ .. This indicates the PRS,  improves stratification relative
to PRSs including fewer variants. Moreover, in our European cohort, the C-index for the
PRS alone improved from 0.547 (95%CI=0.536-0.575) for the previously reported PRS__°

34 | CHAPTER2

to 0.563 (95%CI=0.547-0.586) for the PRS_, ..

We found no evidence that the association between the PRS, . and CBC risk was
confounded by family history, adjuvant therapy, morphology, age, or tumor receptor
status of the first breast cancer, nor that there was effect modification by those factors.
The absence of notable effect modification is in line with the abovementioned study of
a 67-variant PRS and CBC risk; no heterogeneity in association was found by age, family
history, morphology, ER-status, and adjuvant treatment?®,

To provide an external validation of our findings, we examined data from UK
Biobank, which includes many women diagnosed with breast cancer with data available
on the PRS, . (Supplemental Note). Unfortunately, UK Biobank has no information
available on the laterality of the tumor, and it is, therefore, not possible to distinguish
between contralateral and ipsilateral breast cancers. We therefore performed analyses
using any second breast cancer as the endpoint. This secondary analysis did confirm
the association between the PRS_  and second breast cancer risk (HR per SD=1.13,
95%Cl=1.01-1.27), but with a lower estimate than in our European cohort. The lower
estimate may be explained by the inclusion of the ipsilateral breast cancers, which may
be more likely to be recurrences than new primary breast cancers compared to CBCs.
Indeed, when we used ipsilateral breast cancer as the outcome in our European cohort,
we found no association with the PRS, . (HR=1.02, 95%CI=0.90-1.15).

The association between the PRS_ . and CBC risk (OR per SD=1.30; 95%Cl=1.26-1.35)
in the BCAC database was weaker (expressed in terms of an OR) than was found for first
breast cancer among independent prospective studies (OR per SD=1.61; 95%Cl=1.57-
1.65). Under a simple polygenic model, the relative risk would be expected to be similar
for the second breast cancer. The attenuated estimate for CBC might however be
explained by several factors. Some attenuation of the estimate might have been due to
dilution in the end-point definition, i.e., if some of the CBCs were metastases. Previous
studies investigating the clonal relatedness of first breast cancers and CBCs using tumor
sequencing have shown that 6-12% of CBCs represent metastases!®!°. This hypothesis
would be consistent with our finding of a slightly stronger association between the
PRS, , and late CBCs, diagnosed >five years after the first breast cancer, than for early
CBCs, diagnosed <five years after the first cancer, since the latter are more likely to be
metastases. In addition, 3-5% of the breast cancer patients will have a mutation in the
BRCA1 or BRCA2 gene®*, who have high CBC risks. It has been shown that the relative
risk associated with PRSis lower (for the first breast cancer) for women with a BRCA1
and BRCA2 mutation than in the general population?, diluting the overall relative risk
for CBC. More generally, it is possible that the CBC association may be attenuated due
to the effect of other, unmeasured, genetic or other risk factors. If the risks are high,
cases with higher PRS, . will have, on average, lower values of other risk factors, due to
elimination of the highest risk individuals, again attenuating the CBC association. Finally,
given the limited information on family history in our dataset, the estimate could have
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been biased due to a family history effect not detected in our data.
There was some suggestion that the relative risk associated with PRS,_ . decreased

with younger age, (P, =.05), and, specifically, was lower for women aged <40 years
(HR per SD=1.13; 95%CI=0.98-1.31). Interestingly, Mavaddat et al” also found a lower
relative risk below age 40 for first breast cancer. This effect may reflect the different
characteristics of breast cancers at young ages, both in terms of germline susceptibility
and pathology?*?*. For example, the proportion of ER-negative breast cancers is higher
at young ages, and the PRS is less predictive for ER-negative disease®’,

In the logistic regression analyses in Asian women, the association between
the PRS,, . and CBC risk was slightly weaker than in European women. This finding is
consistent with a recent analysis investigating the association between a 287-variant PRS
and first breast cancer risk in the Asian population?®, which showed an attenuated OR
in Asian women (OR=1.52, 95%C|=1.49-1.56) compared to European women (OR=1.61,
95%Cl=1.57-1.66). The lower estimate for Asian women might reflect the fact the PRS, .
was developed in European populations, and the different LD structure in Asians may
attenuate the association since the variants in the PRS are likely to be surrogates for
the causal variants. Other explanations for the attenuated estimate may be the slightly
younger age at first breast cancer diagnosis and the higher proportion ER-negative CBCs
in Asian women compared to European women in our study. Finally, the imputation
quality for variants was somewhat lower, on average, for the Asian than for the European
dataset, with three variants on OncoArray and four variants on ICOGs with an imputation
quality score<0.3 (Table S3). Nevertheless, we included those variants in the PRS for
both European and Asian women, to keep the PRS comparable between ethnicities and
studies. Future studies including larger numbers of Asian women, and women of other
ethnicities, are needed to generate population-specific PRSs and to validate our findings
in these groups.

A major strength of this study is the very large sample size in the BCAC dataset,
including genotype information for ~150,000 women and a large number of CBC
events. A limitation of this study is missing data on the patient, tumor, and treatment
characteristics, which reduces the power of the multivariable Cox regression analyses
and interaction analyses. In addition, registration of CBC was not complete; the 10-
year cumulative CBC incidence was 2.2% in the BCAC dataset, compared to 3.8% using
complete data from the Netherlands Cancer Registry®. For this reason, we estimated
relative risk estimates using the BCAC data and applied these to external registry data
to obtain absolute risk estimates. The underreporting of CBC should not bias our HR
estimates, given that the event rate is low and reporting of CBC is unlikely to be related
to the PRS, .. Moreover, we reran the cohort analysis in the subset of countries with a
10-year cumulative CBC incidence >3.0% in the BCAC dataset, and the estimates were
very similar to the main analyses (HR per SD=1.23, 95%Cl=1.14-1.33) (Figure S3).

In conclusion, the PRS, . is predictive for the development of CBC. We found no

3
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evidence for confounding or effect modification by other previously established CBC
risk factors. The PRS, . is therefore likely to be an independent risk factor for CBC. Since
the predictive ability of the PRS on its own is modest, it should be combined with other
breast cancer risk factors to provide more useful CBC risk prediction models. More
accurate risk prediction will help identify women at high CBC risk who will benefit from
additional surveillance and/or risk reducing mastectomy, and equally important, to
identify those women at low risk in order to avoid unnecessary surgeries.
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Table S3. Variant information and breast cancer risk coefficients for the 77-variant PRS, 313-variant PRS,
and ER-specific PRSs; previously published in Mavaddat et al.'?

See online material
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Table S4. Patient, tumor, and treatment characteristics of all women diagnosed with first invasive breast
cancer since 1990 (European cohort)

Characteristics Number of women (%)°
Total 56,068 (100)
Median age at first diagnosis in years (range) 56 (18-98)
Year of diagnosis
1990-1994 3,029 (5.4)
1995-1999 10,153 (18.1)
2000-2004 18,484 (33.0)
2005-2009 17,575 (31.3)
2010-2015 6,827 (12.2)
Family history (first degree relative)
no 33,623 (76.4)
yes 10,369 (23.6)
unknown 12,076
Nodal status
negative 29,070 (61.9)
positive 17,903 (38.1)
unknown 9,095
Tumor size, cm
<2 28,057 (63.8)
(2,5] 14,138 (32.2)
>5 1,750 (4.0)
unknown 12,123
Differentiation grade
| 8,721 (19.5)

Il 21,621 (48.3)
] 14,454 (32.3)

unknown 11,272
Morphology
ductal 37,324 (76.6)
lobular 5,878 (12.1)
mixed (ductal and lobular) 2,174 (4.5)
other 3,344 (6.9)
unknown 7,348
ER-status
negative 9,527 (20.0)
positive 38,090 (80.0)
unknown 8,451
PR-status
negative 13,098 (32.6)
positive 27,044 (67.4)
unknown 15,926
HER2-status
negative 23,787 (82.7)
positive 4,969 (17.3)
unknown 27,312
Surgery
yes, breast saving 16,468 (42.3)
yes, mastectomy 11,315(29.1)
yes, type unknown 11,163 (28.7)
unknown 17,122
(Neo)adjuvant chemotherapy
no 18,110 (49.4)
yes 18,559 (50.6)
unknown 19,399
(Neo)adjuvant endocrine therapy
no 10,781 (28.3)
yes 27,322 (71.7)
unknown 17,965
Radiotherapy
no 11,023 (27.4)
yes 29,142 (72.6)
unknown 15,903
Abbreviations: ER = estrogen receptor; PR = progesterone receptor; HER2 = human epidermal growth factor
receptor 2

2Total may not be 100% because of rounding
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Table S5. Association between the 313-variant PRS (PRS, .) and contralateral breast cancer risk in the

European cohort

P-value
<.001

HR per unit SD° 95%Cl
0.45-0.78

No. of CBC

No. of women

Percentile categories of the PRS, .
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confidence interval; SD = standard deviation
®The analysis was performed with attained age as time scale. Coefficients to construct the PRS, , are shown in

0.61, in line with Mavaddat et al.?

Table S3. The PRS, . was standardized by SD
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77-variant PRS 313-variant PRS
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Figure S2. Correlation of total variant scores between the iCOGS array and OncoArray for the 77-variant
PRS and the 313-variant PRS*"

Abbreviations: PRS = polygenic risk score; SD = standard deviation.® We evaluated consistency between iCOGS
and OncoArray using the intraclass correlation coefficient (ICC), showing a ICC of 0.99 (95%Cl=0.99-0.99) for
the PRS_, and an ICC of 0.96 (95%CI=0.95-0.96) for the PRS,.., based on N=9,071 observations; ° Coefficients to
construct the PRSs are shown in Table S3. The PRSs were standardized by the same SD as was used by Mavaddat

etal.’. The SD was 0.45 for overall breast cancer PRS,, and 0.61 for overall breast cancer PRS, .
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Country N CBC 10-year cum incidence (95%Cl)° HR (95%Cl)®
Australia 2,154 120 44(34-55) —— 124 (1.03,1.49)
Belgium 2378 92 46(3657) | —— 161 (1.31,1.97)
Canada 1,707 51 37(2651) —0—5— 1.05(0.81,1.36)
Denmark 3,851 17 0.9(06-16) —_— 147 (0.73, 1.87)

'
Finland 2,065 42 22(16-30) —:0—— 1.43(1.05,1.84)
Germany 6,508 151 3.4(294.0) —_— 1.15(0.98, 1.35)
Greece 586 8 d ——:—-.-— 1.39(0.71,274)
reland 397 2 d ' 1,09 (0.24, 4.99)
Raly 577 8 55(21-11.5) ——:—O-— 142(0.73,274)
The Netherlands 2,840 181 8.3(7.0-96) —— 1.18 (1.03, 1.36)
Norway 1374 4 d - 183 (062, 5.41)
Poland 2,044 10 d E—o— 177 (0.99,3.18)
Spain 1,530 24 1.8(1.1-2.8) ——-o-l— 147 (0.77,1.77)
Sweden 9,161 196 23(1928) —_— 130 (1.13,1.49)
UK 14839 80 0.7 (05-0.8) —— 1.29 (1.03,1.60)
USA 3,981 39 1.3(09-18) —-—0--—:— 1.08 (0.79, 1.47)
Overall (-squared = 0.0%, p = 0.555) ® 1.25(1.18,1.33)

'

1

'

I : I

185 1 541

Figure S3. Forest plot of the association between the 313-variant PRS and contralateral breast cancer risk
by country®®

Abbreviations: PRS = polygenic risk score; N = number of women; CBC = contralateral breast cancer; cum =
cumulative; Cl = confidence interval; HR = hazard ratio; SD = standard deviation. Fixed effect meta-analysis was
used to calculate I-squared and P-value for heterogeneity. @ Republic of North Macedonia was left out this plot
because of a too small sample size (N=76 women including N=2 CBC events);  Coefficients to construct the
PRS,,, are shown in Table S3. The PRS,,, was standardized by SD=0.61, in line with Mavaddat et al.}; ¢ The 10-
year cumulative incidence of CBC was estimated with time since first breast cancer as time scale, and distant
metastases (where available) and death as competing risks; ¢ Follow-up too short for calculating 10-year
cumulative incidence; ¢HR per SD. The analyses were performed with attained age as the time scale
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Figure S4. Predicted contralateral breast cancer risk by percentile of the 313-variant PRS (PRS, )
Abbreviations: PRS = polygenic risk score, CBC = contralateral breast cancer

Coefficients to construct the PRS, _ are shown in Table S3. The PRS, . was standardized by SD=0.61, in line with
Mavaddat et al'. The CBC incidences were calculated based on incidence data from the Netherlands Cancer
Registry® and relative risks estimated as described in the Material and Methods. In contrast to Figure 2, death
was not taken into account as competing risk
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Supplemental Note

Our initial aim was to externally validate our results using the UK Biobank, which seemed
the most suitable cohort given the large number of women diagnosed with breast cancer

with information available on the PRS However, when we started the analyses, it

1o
turned out that the UK Biobank had naosinformation available on the laterality of the
second breast tumor. Therefore, we were unable to distinguish between ipsilateral and
contralateral breast cancer, and had to define our endpoint in these analyses as ‘any
second breast cancer’. In addition, in comparison to our analyses in the BCAC, we were
unable to exclude patients diagnosed with stage IV invasive first breast cancer from
the UK Biobank cohort, and had limited information on metastases developed during
follow-up.

The association between the overall breast cancer PRS, . and (any) second breast
cancer was evaluated among women aged >18 years of European ancestry from the
UK Biobank cohort who had had a diagnosis of invasive first breast cancer. UK Biobank
samples were genotyped using Affymetrix UK BiLEVE Axiom array and Affymetrix UK
Biobank Axiom® array and imputed to the combined 1000 Genome Project v3 and
UK10K reference panels using SHAPEIT3 and IMPUTE3“. The lowest imputation info
score for the variants used in these analyses was 0.86. Samples were included for
this analysis of the UK BIOBANK study on the basis of female sex (genetic and self-
reported) and ethnicity filter (Europeans/White British ancestry subset). Duplicates
and individuals with high degree of relatedness (samples which have >10 putative third
degree relatives) were removed, and we randomly excluded one of each related pair
first-degree relatives. Samples were also excluded on standard quality control criteria.
The PRS, , was calculated as a weighted sum of the minor allele dosages; the variant
selection and weights are as given by Mavaddat et al'. The PRS,_ . was standardized by
SD=0.61, in line with our BCAC analyses and Mavaddat et al.

The final cohort included 10,567 women with invasive breast cancer among whom
302 registry-confirmed second breast cancers developed over 59,260 person-years
of follow-up. A Cox proportional hazards model was used to assess the association
between PRS_ . and second breast cancer risk. Time at risk started three months after
the age of first breast cancer diagnosis, where this was diagnosed after the baseline
questionnaire date, or three months after the baseline questionnaire where first breast
cancer was diagnosed before the baseline questionnaire date. Time at risk ended at the
age of second breast cancer diagnosis (ipsilateral or contralateral), distant metastasis
(where available), death or end of follow-up (at latest December 10, 2016). Potential
effect modification of the PRS, , by age was evaluated by adding an interaction term
(PRS,,,x age at first breast cancer diagnosis [continuous]) in the model. We performed
a separate analysis for invasive second breast cancer (241 breast cancers), where we
censored on in situ second breast cancer.
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The HR for a second breast cancer (in situ or invasive) per SD of PRS, _in the UK

Biobank cohort was 1.13 (95%CI=1.01-1.26). We found no indication for interaction

with age at first breast cancer diagnosis (

HR.

interaction

=1.00, 95%Cl=0.99-1.01; P=0.87).

When analyses were restricted to invasive second breast cancer, the HR per SD was 1.13

(95%Cl=1.00-1.29).
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Abstract

Background

An increasing number of breast cancer (BC) survivors are at risk of developing
contralateral breast cancer (CBC). We aimed to investigate the influence of various
adjuvant systemic regimens on, subtype-specific, risk of CBC.

Methods

This population-based cohort study included female patients diagnosed with first invasive
BC between 2003-2010; follow-up was complete until 2016. Clinico-pathological data
were obtained from the Netherlands Cancer Registry and additional data on receptor
status through linkage with PALGA: the Dutch Pathology Registry. Cumulative incidences
(death and distant metastases as competing risk) and hazard ratios (HRs) were estimated
for all invasive metachronous CBC and CBC subtypes.

Results

Of 83,144 BC patients, 2,816 developed a CBC; the 10-year cumulative incidence was
3.8% (95% confidence interval [Cl]=3.7-4.0%). Overall, adjuvant chemotherapy (HR=0.70,
95%ClI=0.62-0.80), endocrine therapy (HR=0.46, 95%C|=0.41-0.52), and trastuzumab
with chemotherapy (HR=0.57, 95%C|=0.45-0.73) were strongly associated with a
reduced CBC risk. Specifically, taxane-containing chemotherapy (HR=0.48, 95%C|=0.36-
0.62) and aromatase inhibitors (HR=0.32, 95% Cl=0.23-0.44) were associated with a large
CBC risk reduction. More detailed analyses showed that endocrine therapy statistically
significantly decreased the risk of estrogen receptor (ER)-positive CBC (HR=0.41,
95%Cl=0.36-0.47), but not ER-negative CBC (HR=1.32, 95%Cl=0.90-1.93), compared
with no endocrine therapy. Patients receiving chemotherapy for ER-negative first BC had
a higher risk of ER-negative CBC from 5 years of follow-up (HR=2.84, 95%Cl=1.62-4.99),
compared with patients not receiving chemotherapy for ER-negative first BC.

Conclusion

Endocrine therapy, chemotherapy, as well as trastuzumab with chemotherapy reduce
CBC risk. However, each adjuvant therapy regimen had a different impact on the CBC
subtype distribution. Taxane-containing chemotherapy and aromatase inhibitors were
associated with the largest CBC risk reduction.
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Introduction

Breast cancer (BC) survival has increased considerably, largely as a result of increasing
use of (neo)adjuvant therapies®. As a consequence, a greater number of women are
at risk of developing a second primary tumor in the contralateral breast. Studies have
shown that the 10-year risk of contralateral breast cancer (CBC) is 4-7%%>.

There is increasing evidence that patients who received adjuvant endocrine therapy
or chemotherapy for their first BC have a lower risk of developing CBC. The Early Breast
Cancer Trialists” Collaborative Group (EBCTCG) showed that 5-year tamoxifen use was
associated with a 38% reduction in CBC risk after 10 years of follow-up®, and adjuvant
chemotherapy with a 20% decrease’.

CBC patients may have a worse prognosis compared with patients with unilateral
BC>*89. An explanation for this worse prognosis, besides having been diagnosed with yet
another cancer, may be found in the impact of adjuvant systemic therapy on CBC tumor
biology®, or misclassification of metastatic disease as a CBC®.

Little is known about the influence of adjuvant systemic therapy on the (hormone)
receptor subtype of CBC. Some studies showed a higher proportion of estrogen receptor
(ER)-negative CBC among patients who received endocrine therapy for their first BC
compared with those who did not'®**. The studies that evaluated the effects of adjuvant
therapy on subtype-specific CBC risk, however, were based on small numbers. Since
adjuvant trastuzumab was introduced for early-stage BC in 2005, the impact on CBC risk
has not yet been described.

We therefore aimed to investigate the influence of different regimens of adjuvant
endocrine therapy, chemotherapy, and trastuzumab on CBC risk overall and by (hormone)
receptor subtype within a large population-based cohort of women diagnosed with
invasive BC.

Methods

Study population

The cohort included 83,144 female patients diagnosed with invasive BC, who underwent
surgery, in 2003-2010 (Figure 1). Patients were selected from the population-based
Netherlands Cancer Registry (NCR), which contains data on all newly diagnosed cancer
patients nationwide. Follow-up for all patients started 3 months after first BC diagnosis;
therefore, patients who had developed distant metastases or CBC or died within 3
months after diagnosis were excluded.

Patient and tumor characteristics
The NCR provided clinico-pathological data; follow-up on second cancers and vital status
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was complete until February 1, 2016, but information of recurrences was complete only
for patients diagnosed in 2003-2006 and for 56% in 2007-2008. Pathological information
on tumor size, lymph node status, and metastasis collected was coded into tumor stage
according to the TNM Classification of Malignant Tumors *°; if pathological information
was missing, clinical stage was used.

Since2003,theNCRregistersreceptorstatus,asdeterminedbyimmunohistochemistry
(IHC). Tumors were defined ER-positive or progesterone receptor (PR)-positive when
at least 10% of tumor cells stained positive. In the Netherlands, recommendations for
HER2/neu-receptor (HER2) testing and use of adjuvant trastuzumab were implemented
from 2005%. A tumor was considered HER2-positive if IHC was 3+ (strong and complete
membranous expression in >10% of tumor cells) or if IHC was 2+ when additional
confirmation with in situ hybridization was available, but considered unknown if in
situ hybridization confirmation was missing. To overcome incompleteness in data on
receptor status, all CBC patients were linked to the nationwide network and registry of
histo- and cytopathology (PALGA)Y to retrieve where possible information on ER, PR,
and HER2 status for both the first BC and CBC.

Data were handled in accordance with privacy regulations for medical research®®. The
review boards of the NCR and PALGA approved the proposal. All data were anonymous
to the researchers involved.

Statistical analysis

The primary outcome was the development of metachronous CBC, defined as an invasive
BC in the contralateral breast at least 3 months after the first BC diagnosis. Time at risk
ended at the date of CBC, distant metastases, death, or end of follow-up, whichever
came first. The cumulative incidence of CBC was estimated with distant metastases and
death as competing risks.

Multivariable Cox Proportional Hazards (CPH) analysis with time since first BC
diagnosis as time-scale was used to examine the effect of adjuvant systemic therapy
(chemotherapy, endocrine therapy, trastuzumab, or combined) on CBC risk (hazard
ratios [HRs]). Subdistribution HRs were calculated accounting for death and distant
metastases as competing risks. We examined the association between specific types
of chemotherapy (taxane-containing/anthracycline-containing) and endocrine therapy
(tamoxifen/aromatase inhibitors) and CBC risk. All models included all systemic therapies
and were adjusted for age and stage (Il vs I-Il) at first BC diagnosis, factors that were
previously shown to be important predictors of CBC in the Dutch population?, though
in our dataset only stage changed the log HR of systemic therapy by greater than 15%.
Radiotherapy, ER-status, HER2-status, and year of diagnosis did not change the log HR
by more than 15%, and were only included for sensitivity analyses. Using the nlcheck
function in STATA, there was no evidence for nonlinearity of age in the multivariable
model'?; therefore, age was continuous in all models, except for Supplementary Tables
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1-3 toillustrate the differences between age categories. Because the NCR did not register
menopausal status, we used age younger than 50 years and at least 50 years as a proxy
for pre- and post-menopausal status?’. Potential effect modification of menopause was
assessed with a specification link test for single-equation models?*?2. The proportional
hazard assumption was assessed using Schoenfeld residuals®. We performed sensitivity
analyses based on selection of years with complete recurrence information, additional
censoring on local/regional recurrence, and a stricter definition of metachronous CBC
(=1 year after first BC).

The effect of adjuvant therapy on subtype-specific CBC was estimated using
cumulative incidence curves, additionally accounting for other CBC subtypes as
competing risks; for example, to determine risk of ER-positive CBC, the following events
were treated as competing risks: ER-negative CBC, ER-unknown CBC, distant metastases,
and death. The HER2-specific analysis included only patients diagnosed since 2005.

Because there was interaction between treatment and subtype (P <.001), we used

interaction
joint multivariable CPH analyses® to determine the association of adjuvant therapies
with CBC ER status in separate models for each of the first BC subtypes. We defined
subtype as hormone receptor (HR)+/HER2- (ie, ER+ and/or PR+ and HER2-), HR+/HER2+
(ie, ER+ and/or PR+ and HER2+), HR-/HER2+ (ie, ER-/PR—/HER2+), and HR-/HER2- (ie,
ER-/PR-/HER2-). Each model included ER-specific CBC (ER-positive/ER-negative/ER-
unknown), distant metastases, and death as possible outcome. These subtype-specific
models were adjusted for trastuzumab, age, and stage.

All P-values are two sided with the statistical significance level set at less than .05.
Tests for heterogeneity between subtypes or follow-up period were performed using the
Wald test. Analyses were performed using STATA, version 13.1 (StataCorp).

Results

The cohort included for analyses comprised 83,144 patients diagnosed with invasive
first BC with a median follow-up of 7.7 years (range 0.3-13.1) (Figure 1). Median time to
develop a CBC (N=2,816) after a first BC was 4.6 years (range 0.3-12.7). Characteristics
of the cohort are presented in Table 1. The distributions of adjuvant systemic therapies
according to patient and tumor characteristics are presented in Supplementary Table 1.

The 5- and 10-year cumulative incidences of CBC were 1.9% (95% confidence
interval [Cl]=1.8-2.0%) and 3.8% (95%Cl=3.7-4.0%), respectively (Supplementary Table
2). CBC cumulative incidence increased at a rate of 0.4% per year.

In a multivariable CPH model (Table 2), treatment with adjuvant chemotherapy
(HR=0.70, 95%Cl=0.62-0.80), endocrine therapy (HR=0.46, 95%CI=0.41-0.52), endocrine
and chemotherapy (HR=0.35, 95%Cl=0.31-0.39), and chemotherapy combined with
trastuzumab (HR=0.57, 95%CI=0.45-0.73) were strongly associated with a reduced CBC
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risk compared with patients who did not receive systemic therapy. Patients receiving
trastuzumab combined with endocrine therapy and chemotherapy were the least prone
to develop CBC (HR=0.24, 95%Cl=0.17-0.33; P<.05 compared with any other treatment
group; Table 2). Adjustment for radiotherapy, year of diagnosis, ER and HER2 status, or
taking distant metastases and death as competing risks into account did not substantially
alter these results (Supplementary Table 3), neither did additional censoring on local and
regional recurrence or a stricter definition of CBC (Supplementary Table 4). Radiotherapy
was not associated with CBC risk (HR=0.94, 95%C|=0.86-1.02; Supplementary Table 3).
Therapy-specific analysis showed that taxane-containing chemotherapy was strongly
associated with a CBC risk reduction (HR=0.48, 95%CI=0.36-0.62; Table 2) compared
with patients who did not receive chemotherapy, but not anthracycline-containing
chemotherapy (HR=0.91, 95%CI=0.77-1.06). Treatment with aromatase inhibitors
(HR=0.32,95%CI=0.23-0.44) was associated with a stronger CBC risk reduction compared
to tamoxifen (HR=0.48, 95%C|=0.44-0.53) (Phetemgeneity:.OI). There was no evidence for
effect modification between menopausal status and any adjuvant therapy on CBC risk.

Table 1. Patient, tumor, and treatment characteristics of all patients diagnosed with first BC between 2003-
2010 and subsequent CBC

Characteristics First BC CBC
No. (%)* No. (%)*
Total 83,144 (100.0) 2,816 (100.0)
Age at diagnosis, y
<35 1,826 (2.2) 22(0.8)
35-44 9,693 (11.7) 153 (5.4)
45-54 22,154 (26.7) 523 (18.6)
55-64 21,778 (26.2) 801 (28.4)
65-74 17,222 (20.7) 771 (27.4)
75-84 8,242 (9.9) 444 (15.8)
>85 2,229 (2.7) 102 (3.6)
Median age at diagnosis, y (range) 58.5(19.4-101.3) 63.9 (24.8-97.0)
Tumor stage
| 39,676 (47.7) 1,736 (63.3)
I 32,158 (38.7) 703 (25.6)
1l 11,310 (13.6) 237 (8.6)
Y% t 68 (2.5)
Unknown t 72
Histological grade
Grade 1 17,393 (22.8) 706 (28.9)
Grade 2 34,153 (44.8) 1,091 (44.6)
Grade 3% 24,632 (32.3) 647 (26.5)
Unknown 6,966 372
Morphology
Ductal 64,044 (77.0) 2,051 (72.8)
Lobular 9,233 (11.1) 380 (13.5)
Mixed ductal/lobular 3,013 (3.6) 112 (4.0)
Other 6,854 (8.2) 273(9.7)
ER status
Positive 64,886 (81.7) 2,200 (81.7)
Negative 14,579 (18.3) 492 (18.3)
Unknown 3,679 124
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Table 1. Continued

Characteristics First BC CBC
No. (%)* No. (%)*

PR status

Positive 50,674 (66.1) 1,618 (61.6)

Negative 26,004 (33.9) 1,010 (38.4)

Unknown 6,466 188
HER2 status§

Positive 11,061 (17.3) 335(12.6)

Negative 52,956 (82.7) 2,314 (87.4)

Unknown 19,127 167
Subtype ||

HR+/HER2- 45,441 (71.8) 1,935 (74.9)

HR+/HER2+ 6,957 (11.0) 189 (7.3)

HR-/HER2+ 3,618 (5.7) 117 (4.5)

HR-/HER2- 7,304 (11.5) 344 (13.3)

Unknown 19,824 231
(Neo)adjuvant therapy for first BC

No (neo)adjuvant therapyql 31,290 (37.6) -

CcT 8,889 (10.7) -

ET 17,359 (20.9) -

CT+ET 19,923 (24.0) -

CT+TRA 2,728 (3.3) -

CT +ET + TRA 2,955 (3.6) -
(Neo)adjuvant CT

No CT 48,717 (58.6) -

Taxane-containing CT# 4,427 (5.3) -

Anthracycline-containing CT** 6,802 (8.2) -

Taxane- + anthracycline-containing CT 3,590 (4.3) -

CT, other or type unknownt+ 19.608 (23.6) -
(Neo)adjuvant ET

No ET 42,861 (51.6) -

Tamoxifen$+ 33,862 (40.7) -

Aromatase inhibitors 2,393 (2.9) -

Tamoxifen$F + aromatase inhibitors 4,028 (4.8) -

Abbreviations: BC = breast cancer; CBC = contralateral breast cancer; CT = chemotherapy; ER = estrogen
receptor; ET = endocrine therapy; HER2 = human epidermal growth factor receptor2; HR+ = hormone receptor
positive; HR- = hormone receptor negative; NCR = Netherlands Cancer Registry; PR = progesterone receptor;
TRA = trastuzumab

* Percentages may not total 100 because of rounding

T Excluded

¥ Including 12 first BCs and 1 CBC that were defined as ‘undifferentiated” in the NCR

§ HER2 status distribution of first BCs from 2005-2010: positive N=10.388 (17.0%), negative N=50.652 (83.0%),
unknown N=2.313

|| HR+ = ER+ and/or PR+; HR- = ER- and PR-

9 No chemotherapy, endocrine therapy or trastuzumab (with or without radiotherapy)

# The chemotherapeutic combination contains taxanes, but no anthracyclines

** The chemotherapeutic combination contains anthracyclines, but no taxanes

t1 All other chemotherapeutic drugs and combinations (e.g. CMF) or type unknown

+F The NCR specifically codes aromatase inhibitors; Tamoxifen is coded as endocrine therapy
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The Netherlands Cancer Registry that
includes all primary tumors diagnosed
since 1989*

Inclusion criteria:
Females aged > 18 years
Invasive breast cancer
Diagnosed between January 15t 2003
and December 31 2010
Surgically treated in Dutch hospital
No prior invasive cancer (other than
non-melanoma skin cancer or non-
breast in situ tumors)

N = 85,948

Patients excluded N = 2,804

N = 3 First breast cancer diagnosis
without cytological or histological
confirmation

N = 1,346 Diagnosed with stage IV or
unknown

N =19 Squamous cell carcinoma

N =1,436 Patients died, developed
distant metastases or (synchronous)
contralateral breast cancer within 3
months after first breast cancer

diagnosis
Patients included in
analyses
N =83,144
Patients diagnosed with No invasive contralateral
invasive contralateral breast cancer
breast cancer N =80,328
N =2,816 (including contralateral
breast cancer in situ N = 870)

Figure 1. Overview of the selection of breast cancer patients
*After notification by the nationwide network and registry of histo- and cytopathology in the Netherlands (PALGA)
and the national hospital discharge database, trained NCR personnel collected data directly from patients’ files

Because the proportional hazard assumption was violated for chemotherapy,
endocrine therapy, and trastuzumab, the multivariable CPH analyses were also performed
stratified for follow-up duration up to and including 5 years and longer than 5 years
(Table 2), following higher recurrence risk reductions for the period up to and including
5 years shown by the EBCTCG®?®. In our study, CBC risk was statistically significantly
stronger reduced in the first 5 years of follow-up among patients who had received
chemotherapy and endocrine therapy combined (P <.001) or chemotherapy and

heterogeneity

trastuzumab combined (P =.04) than in the period longer than 5 years of follow-

heterogeneity

up. However, overall, systemic therapy remained statistically significantly associated
with a reduced CBC risk after 5 years of follow-up.
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Patients diagnosed with stage Ill first BC showed a statistically significantly higher risk
of CBC (HR=1.48, 95%ClI=1.30-1.69) compared with patients with stage I-Il BC, but not if
distant metastases and death were considered as competing risks (Supplementary Table
1). CBC risk did not differ by age at first BC, apart from a lower CBC risk for patients aged
45-54 years (HR=0.88, 95%CI=0.80-0.98) and 85 years and older (HR=0.55; 95%CI=0.37-
0.81) compared with patients aged 55-64 years.

A greater proportion of CBCs among patients treated with endocrine therapy was
ER-negative (23.2%) compared with that among patients without endocrine therapy
for ER-positive first BC (6.9%; Supplementary Table 5). The proportion of ER-negativity
between the first BC and CBC of all patients did not differ (both 18.3%; Table 1). Among
patients with ER-positive first BC (Figure 2A), the difference for ER-positive CBC was
3.4% after 10-years of follow-up between patients who received endocrine therapy
(1.8%, 95%Cl=1.6-2.0) and those who did not (5.2%, 95%Cl=4.9-5.5). Multivariable joint
CPH analyses (Table 3) classifying the first BCs in four BC subtypes showed that among
patients diagnosed with HR+/HER2- first BC, endocrine therapy statistically significantly
decreased the risk of ER-positive CBC (HR=0.41, 95%C|=0.36-0.47), but not ER-negative
CBC (HR=1.32, 95%CI=0.90-1.93) (Phetemgeneityx.OOl).

We observed a 10-year cumulative incidence of ER-negative CBC of 1.9%
(95%Cl=1.6-2.2) for patients who received chemotherapy for ER-negative first BC and
1.2% (95%ClI=0.9-1.6) for patients who did not (Figure 2B). Multivariable joint CPH
analyses showed that patients diagnosed with HR-/HER2- (triple negative) first BC had a
higher risk of triple-negative CBC when they received adjuvant chemotherapy (HR=1.56,
95%Cl=1.00-2.42), compared to patients who did not (Supplementary Figure 1). In
subsequent analyses within ER-negative tumors (insufficient data for triple negatives),
we found no association between chemotherapy received for ER-negative first BC and
risk of an ER-negative CBC in the first 5 years of follow-up (HR=1.28, 95%Cl|=0.84-1.95).
However, risk of ER-negative CBC was increased for patients treated with chemotherapy
after more than 5 years of follow-up (HR=2.84, 95%Cl=1.62-4.99) compared with patients
who did not receive chemotherapy for ER-negative first BC. Therapy-specific analyses
(Supplementary Table 6) showed a statistically non-significant increased risk of ER-
negative CBC for anthracycline-containing chemotherapy (HR=1.32, 95%CI|=0.86-2.04),
which was the strongest after 5 years of follow-up (HR=1.88, 95%Cl=0.91-3.86), but a
statistically significant decreased risk for taxane-containing chemotherapy (HR=0.36,
0.17-0.75). The combination of taxane- and anthracycline-containing chemotherapy was
associated with a statistically nonsignificant decreased risk of ER-negative CBC (HR=0.59,
95%Cl=0.28-1.22; Supplementary Table 6). The proportion of HER2-positive CBC was
33.7% for patients treated with trastuzumab for HER2-positive first BC (Supplementary
Table 7) with a 5-year cumulative incidence of 0.4% (95%Cl=0.3-0.7; Figure 2C), and
this was 12.0% for patients who did not receive trastuzumab, with a 5-year cumulative
incidence of 0.2% (95%C|=0.1-0.4; Figure 2C).
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* Adjusted for trastuzumab therapy, age and stage at first breast cancer diagnosis

T Two-sided Wald test P-value
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Figure 2. Cumulative incidence of contralateral breast cancer (CBC) by estrogen receptor (ER) and human
epidermal growth factor receptor 2 (HER2) status

Panel A) Cumulative incidence curves showing the risk of ER-positive or ER-negative CBC after ER-positive first
breast cancer (BC), stratified for adjuvant endocrine therapy; Panel B) Cumulative incidence curves showing the
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risk of ER-positive or ER-negative CBC after ER-negative first BC, stratified for adjuvant chemotherapy; Panel C)
Cumulative incidence curves showing the risk of HER2-positive or HER2-negative CBC after HER2-positive first
BC, stratified for adjuvant trastuzumab therapy. For these analyses, patients diagnosed with invasive BC between
2003-2004 were excluded because trastuzumab was not yet widely prescribed in those years. Each panel in the
figure consist of two cumulative incidence curves combined (duplicated risk table). In all panels, analyses were
performed accounting for death, distant metastases, and CBC-subtype as competing risks (e.g. for the analysis
of ER-positive CBC, the following events were treated as competing risks: ER-negative CBC, ER-unknown CBC,
distant metastases, and death). Abbreviations: CT = chemotherapy; ET = endocrine therapy

Discussion

In this population-based cohort study comprising 83,144 BC patients, we observed a
10-year cumulative incidence of metachronous CBC of 3.8%. Overall, receipt of adjuvant
chemotherapy, endocrine therapy, and/or trastuzumab with chemotherapy was strongly
associated with a reduced CBC risk. More detailed analyses showed that endocrine
therapy was only associated with a reduced risk of ER-positive CBC and did not protect
against the development of ER-negative CBC. Patients receiving chemotherapy for ER-
negative first BC had a higher risk of ER-negative CBC after 5 years of follow-up compared
with patients who did not receive chemotherapy for ER-negative first BC.

The 10-year cumulative incidence of CBC in our study was relatively low compared
with earlier studies®*?’, but consistent with other, more contemporary studies?>22°,
In our study, adjuvant endocrine therapy, chemotherapy, and trastuzumab combined
with chemotherapy were associated with overall 54%, 30%, and 43% risk reductions
of CBC, respectively. The risk reductions associated with endocrine therapy and
chemotherapy in our study are slightly higher than the reductions seen in meta-analyses
of the EBCTCG®”?, Radiotherapy was not associated with an increased CBC risk, which is
consistent with other studies with a mean follow-up time less than 15 years*2°3%,

We observed a strongly reduced CBC risk among patients treated with taxane-
containing chemotherapy. The increase in use of taxane-containing chemotherapy
coincided with a declining trend in CBC incidence over the years (Supplementary Table
2). Unfortunately, we have no biological explanation for the different effect of taxanes
vs anthracyclines. However, our finding is consistent with a randomized adjuvant trial
showing an improvement in disease-free survival for docetaxel and cyclophosphamide
compared with doxorubicin and cyclophosphamide®?. The WECARE case-control study*
found a lesser, statistically nonsignificant CBC risk reduction among patients treated with
taxane-containing or with anthracycline-containing chemotherapy of approximately
0.80, but patients were diagnosed in an earlier period (1986-2008) and the study had
smaller numbers.

Little is known about the influence of chemotherapy on subtype distribution of CBC.
In our study, adjuvant chemotherapy provided for ER-negative first BC was associated with
a decreased risk of ER-positive CBC, which might partly be explained by chemotherapy-
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induced amenorrhea®3>. However, we found an increased risk of ER-negative CBC for
patients receiving chemotherapy after 5 years of follow-up. This might possibly be a
chance finding. Another possibility is that the ER-negative CBCs that developed after
5 years were chemotherapy-induced tumors. Although effects were not statistically
significant because of small numbers, our therapy-specific analyses showed that this
increased risk was only seen in the anthracycline-containing chemotherapy group,
which is consistent with earlier reports discussing that anthracyclines might increase
the risk of development of BC***’. Possibly the risk is only seen for ER-negative CBC
because the ER-positive CBCs were prevented due to endocrine therapy irrespectively.
The protective effect of taxane-containing chemotherapy seemed attenuated when
given in combination with anthracyclines, which might indicate that the increased
effect of anthracyclines may be counteracted by taxanes. Thus, anthracycline-containing
chemotherapy might induce ER-negative CBC, but further research will be needed to
establish the definite role of anthracyclines in second BC development.

We found a larger reduction in CBC risk among patients who received aromatase
inhibitors compared to tamoxifen. This finding is consistent with a meta-analysis of
randomized trials, which observed that the carryover benefit for CBC was larger for
patients randomized to aromatase inhibitors versus tamoxifen®. Although endocrine
therapy was associated with an overall statistically significantly decreased CBC risk,
we and others®294° showed that it was particularly effective in reducing risk of ER-
positive CBC, whereas the risk of ER-negative CBC did not decrease. This is consistent
with endocrine therapy selectively inhibiting growth of ER-expressing tumor cells, thus
reducing the incidence of ER-positive BCs only®**.,

It was not possible to investigate the individual effect of trastuzumab on CBC risk,
since all patients received trastuzumab combined with chemotherapy. Besides, we were
not able to perform multivariable CPH analyses to assess the effect of trastuzumab
on HER2-specific CBC because of small numbers of CBCs within this subgroup. Our
cumulative incidence curve suggests a slightly higher risk of HER2-positive CBC for
patients treated with, compared with patients not treated with trastuzumab. We
expected a reduction of HER2-positive CBC after trastuzumab as a consequence of
elimination of HER2-overexpressing clones*.

We observed an increased CBC risk for patients diagnosed with a stage Ill first BC
in the cause-specific CPH model, and there was no association when taking death and
distant metastases into account as competing risks. This suggests that part of CBCs were
in fact metastases even though these were considered to be by definition a second
primary BC. One study, assessing the relationship between first BC and CBC using exome
sequencing, has shown that 12% of CBCs represents metastatic spread from the first
BC*. We attempted to minimize the contribution of metastases to the contralateral
breast beforehand by starting follow-up 3 months after first BC diagnosis, only including
patients without distant metastasis at initial diagnosis, and censoring for distant
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metastases during follow-up. Sensitivity analyses showed that additional censoring on
local and regional recurrence or a stricter definition of CBC did not alter the results
(Supplementary Table 4).

In our study patients younger than 35 years did not have a higher CBC risk compared
to older patients, which is in contrast to findings in a previous cohort study using NCR
data, including BC patients diagnosed between 1989 and 20022, A potential explanation
for these discrepant observations might be the increasing use of adjuvant systemic
therapy in the last two decades®*. In our study, 96% of all patients younger than 35
years at first BC diagnosis received adjuvant systemic therapy, whereas this was 59% in
the period 1990-2000%.

This study harbors some limitations. Since this study was observational, patients
who received adjuvant systemic therapy differed with respect to some patient and
tumor characteristics to patients who did not receive adjuvant therapy (Supplementary
Table 1). In the years of diagnosis included, patients with favorable tumor characteristics
could avoid systemic therapy following Dutch guidelines®. Importantly, in the analyses
we adjusted for all these characteristics, but the possibility of some unmeasured residual
confounding might still exist. Follow-up on recurrences was not completely recorded by
the NCR. This could influence our results, because censoring on distant metastases was
not possible for patients outside this period. However, sensitivity analyses showed similar
results when including only patients diagnosed between 2003 and 2006 in the analyses
(Supplementary Table 4). We lacked data on contralateral prophylactic mastectomy,
which could have resulted in an underestimation of the CBC risk. However, our previous
cohort study showed that the uptake of contralateral prophylactic mastectomy among
BC patients (younger than 50 years) is only approximately 4% in the Netherlands®.
Therefore, it is unlikely that this missing information affected our main conclusions.
Finally, we had no data available on BRCA1/2 mutation carriership. However, we do not
expect that this significantly affected our results, because the proportion of carriers is
limited in the general population*”. We also lacked data on other germline mutations
in genes such as CHEK2 or PALB2, or on breast cancer associated single nucleotide
polymorphisms. However, because there is no indication that these mutation carriers
are treated differently with adjuvant systemic therapy compared to non-carriers**=° or
that there is interaction with adjuvant systemic therapy*>*!, we do not expect that the
absence of these data significantly influenced our results.

The main strengths of this study were the use of a large population-based cohort
including all BC patients diagnosed between 2003-2010 in the Netherlands, the
comprehensive tumor and therapy information, and active follow-up on CBC occurrence,
allowing reliable estimations of CBC risks.

In conclusion, our large population-based study showed a 10-year cumulative CBC
incidence of 3.8%. Adjuvant systemic therapy strongly reduced CBC risk in a subtype-
dependent manner. According to this study, there is no clear indication to change current
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guidelines on adjuvant systemic therapy. Further research disentangling true primary
CBCs from metastases may be useful in further personalization of CBC prevention and
treatment choices.
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Supplementary Tables

Supplementary Table 1. Distribution of adjuvant chemotherapy, endocrine therapy, and trastuzumab,

according to patient and tumor characteristics

Chemotherapy Endocrine therapy Trastuzumab (with
Characteristics No. (%) No. (%) chemotherapy)*
No. (%)
No Yes No Yes No Yes

Total 48,717 (58.6) 34,427 (41.4)| 42,861 (51.6) 40,283 (48.4)| 57,749 (91.2) 5,604 (8.8)
Age at diagnosis, y

<35 105 (5.8) 1,721 (94.2) 942 (51.6) 884 (48.4) 1,036 (76.8) 313 (23.2)

35-44 2,158 (22.3) 7,535 (77.7)| 4,384 (45.2) 5,309 (54.8) 5,972 (82.4) 1,273 (17.6)

45-54 8,387 (37.9) 13,767 (62.1)| 10,789 (48.7) 11,365 (51.3)| 14,842 (87.7) 2,081 (12.3)

55-64 12,747 (58.5) 9,031 (41.5)| 12,066 (55.4) 9,712 (44.6)| 15,315(91.2) 1,473 (8.8)

65-74 14,984 (87.0) 2,238 (13.0)| 9,986 (58.0) 7,236 (42.0)| 12,894 (96.9) 419 (3.2)

75-84 8,115 (98.5) 127 (1.5)| 3,732(45.3)  4,510(54.7)| 6,044 (99.3) 40 (0.7)

>85 2,221 (99.6) 8(0.4) 962 (43.2) 1,267 (56.8)| 1,646 (99.7) 5(0.3)
Tumor stage

-1l 45,895 (63.9) 25,939 (36.1)| 39,533 (55.0) 32,301 (45.0)| 50,839 (92.4) 4,163 (7.6)

Il 2,822 (25.0) 8,488 (75.0)| 3,328(29.4)  7,982(70.6)| 6,910(82.7) 1,441 (17.3)
Histological grade

Grade 1 14,647 (84.2) 2,746 (15.8)| 12,261 (70.5)  5,132(29.5)| 13,529 (99.1) 118 (0.9)

Grade 2 22,415 (65.6) 11,738 (34.4)| 15,093 (44.2) 19,060 (55.8)| 24,734 (94.6) 1,411 (5.4)

Grade 3t 8,554 (34.7) 16,078 (65.3)| 12,117 (49.2) 12,515 (50.8)| 15,160 (82.6) 3,199 (17.4)

Unknown 3,101 (44.5) 3,865 (55.5)| 3,390 (48.7) 3,576 (51.3)| 4,326(83.2) 876 (16.8)
Morphology

Ductal 36,644 (57.2) 27,400 (42.8)| 33,739 (52.7) 30,305 (47.3)| 44,168 (90.0) 4,932 (10.0)

Lobular 5,902 (63.9) 3,331 (36.1) 3,468 (37.6) 5,765 (62.4) 6,893 (98.0) 143 (2.0)

Mixed ductal/lobular 1,776 (58.9) 1,237 (41.1) 1,186 (39.4) 1,827 (60.4) 2,127 (95.1) 110 (4.9)

Other 4,395 (64.1) 2,459 (35.9)| 4,468 (65.2) 2,386 (34.8) 4,561 (91.6) 419 (8.4)
ER status

Positive 41,463 (63.9) 23,423 (36.1)| 26,597 (41.0) 38,289 (59.0)| 48,110(93.7) 3,221 (6.3)

Negative 4,674 (32.1) 9,905 (67.9)| 13,724 (94.1) 855 (5.9) 8,848 (79.2) 2,323 (20.8)

Unknown 2,580 (70.1) 1,099 (29.9) 2,540 (69.0) 1,139(31.0) 791 (92.9) 60 (7.1)
HER2 status

Positive 4,637 (41.9) 6,424 (58.1)| 6,274 (56.7) 4,787 (43.2)| 4,965 (47.8) 5,423 (52.2)

Negative 31,333(59.2) 21,623 (40.8)| 25,420 (48.0) 27,536 (52.0)| 50,556 (99.8) 96 (0.2)

Unknown 12,747 (66.6) 6,380 (3z3.4)| 11,167 (58.4) 7,960 (41.6)| 2,228 (96.3) 85 (3.7)
Subtypet

HR+/HER2- 28,973 (63.8) 16,468 (36.2)| 18,125(39.9) 27,316 (60.1)| 43,508 (99.8) 66 (0.2)

HR+/HER2+ 3,186 (45.8) 3,771 (54.2)| 2,282(32.8)  4,675(67.2)| 3,353(51.1) 3,214 (48.9)

HR-/HER2+ 1,041 (28.8) 2,577 (71.2)| 3,538(97.8) 80(2.2)| 1,191(35.5) 2,163 (64.5)

HR-/HER2- 2,255 (30.9) 5,049 (69.1)| 7,126 (97.6) 178 (2.4)| 6,869 (99.6) 28 (0.4)

Unknown 13,262 (66.9) 6,562 (33.1)| 11,790 (59.5) 8,034 (40.5)| 2,828 (95.5) 133 (4.5)

Abbreviations: ER = estrogen receptor; PR = progesterone receptor; HER2 = human epidermal growth factor
receptor 2; HR+ = hormone receptor positive; HR- = hormone receptor negative
* patients diagnosed between 2003-2004 were excluded, since recommendation for HER2 testing and the use

of trastuzumab was implemented from 2005 onwards

T Including 12 first breast cancers that were defined as ‘undifferentiated” in the Netherlands Cancer Registry

+ HR+ = ER+ and/or PR+; HR- = ER- and PR-
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Supplementary Table 2. Cumulative incidences of CBC for all patients and for patient subgroups

Cumulative Incidence CBC*

Characteristics No. 5-year 10-year
% 95% CI % 95% CI

All patients 83,144 1.9 1.8-2.0 3.8 3.7-4.0
Year of first BC diagnosis

2003 9,853 2.2 1.9-25 4.4 4.0-4.8

2004 9,938 2.0 1.7-23 3.8 34-41

2005 9,945 1.9 16-21 3.8 3.4-42

2006 10,294 2.0 1.8-2.3 T

2007 10,643 1.9 1.6-2.1 T

2008 10,706 1.9 1.6-2.2 T

2009 10,836 1.6 14-1.9 T

2010 10,929 1.5 1.3-1.7 T
Age,y

<35 1,826 1.9 1.4-2.6 3.9 29-5.1

35-44 9,693 1.6 14-1.9 3.6 3.2-4.0

45-54 22,154 1.6 1.5-1.8 3.7 3.4-4.0

55-64 21,778 2.0 1.8-2.2 4.4 4.0-4.7

65-74 17,222 2.2 2.0-2.4 4.1 3.8-45

75-84 8,242 2.0 1.7-2.3 3.1 2.7-35

>85 2,229 0.9 0.6-1.4 1.4 0.9-2.1
Stage

I-11 71,834 1.9 1.8-2.0 4.0 3.8-4.1

1l 11,310 1.6 1.4-1.8 3.0 2.6-33
Histological grade

Grade 1 17,393 2.3 2.1-2.6 4.8 4.4-5.1

Grade 2 34,153 1.9 1.8-2.1 4.0 3.7-4.2

Grade 3% 24,632 1.5 1.3-16 3.0 2.8-33
Morphology

Ductal 64,044 1.8 1.7-1.9 3.7 3.5-3.9

Lobular 9,233 2.0 1.8-2.3 4.1 3.7-4.6

Mixed ductal/lobular 3,013 2.5 2.0-3.1 5.1 4.2-6.1

Other 6,854 2.2 1.8-2.5 3.8 3.4-4.4
ER status

Positive 64,886 1.8 1.7-1.9 3.8 3.6-4.0

Negative 14,579 2.2 2.0-2.4 4.2 3.8-4.6
HER2 status§

Positive 10,388 1.5 1.3-1.7 3.1 2.7-3.6

Negative 50,652 1.9 1.8-2.0 3.9 3.7-4.1
Subtype ||

HR+/HER2- 45,441 2.0 1.8-2.1 4.1 3.9-4.4

HR+/HER2+ 6,957 1.5 1.2-1.8 2.9 2.4-3.4

HR-/HER2+ 3,618 2.0 1.6-2.5 43 3.5-5.2

HR-/HER2- 7,304 2.5 2.2-29 4.8 4.2-55
(Neo)adjuvant therapy9l

No (neo)adjuvant therapy 31,290 2.9 2.7-3.1 5.5 5.3-5.8

CT 8,889 1.9 1.7-2.2 4.0 3.6-45

ET 17,359 1.3 1.1-14 2.4 2.2-2.7

CT+ET 19,923 0.9 0.8-1.0 2.4 2.2-2.7

CT+TRA 2,728 1.6 1.2-21 3.5 2.7-4.4

CT+ET+TRA 2,955 0.7 0.5-1.1 1.8 1.2-2.7
Radiotherapy

No radiotherapy 27,265 19 1.7-2.0 3.6 3.3-38

radiotherapy 55,879 19 1.7-2.0 3.9 3.7-4.1

Abbreviations: BC = breast cancer; Cl = confidence interval; CT = chemotherapy; ER = estrogen receptor; ET =
endocrine therapy; HER2 = human epidermal growth factor receptor 2; HR = hormone receptor; TRA = trastuzumab
* Accounting for death and distant metastases as competing risk

T Not sufficient follow-up time to report the 10-year cumulative incidence

¥ Including 12 first breast cancers that were defined as ‘undifferentiated’ in the Netherlands Cancer Registry
§ Patients diagnosed between 2003-2004 were excluded, since recommendation for HER2 testing and the use

of trastuzumab was implemented from 2005 onwards

|| HR+ = ER+ and/or PR+; HR- = ER- and PR-
9 No chemotherapy, endocrine therapy, and trastuzumab (with or without radiotherapy)
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Supplementary Table 3. Multivariable Cox regression analyses (cause-specific hazard ratios and subdistribution hazard ratios), in all patients and those with complete

co-variate information, of CBC risk related to adjuvant therapy, stage, age, and receptor status at first BC diagnosis*

Subdistribution hazard ratio (SHR)*

Cause-specific hazard ratio (HR)
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TAccounting for death and distant metastases as competing risk

¥ Two-sided Wald test P-value

§ No chemotherapy, endocrine therapy or trastuzumab (with or without radiotherapy)
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Supplementary Table 5. ER status of first BC and CBC, synchronous or metachronous, stratified for

endocrine therapy
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Supplementary Table 7. HER2 status of first BC and CBC, synchronous or metachronous, stratified for

trastuzumab therapy*

HER2 status of first BC and trastuzumab

No. of patients

HER2-positive CBC

HER-negative CBC

No. of patients (%)

No. of patients (%)

Synchronous CBC (<3 months after first BC)

HER2-positive first BC 117 36 (30.8) 81(69.2)
HER2-negative first BC 875 70 (8.0) 805 (92.0)
Metachronous CBC (=3 months after first BC)
HER2-positive first BC
No trastuzumab 150 18 (12.0) 132 (88.0)
Trastuzumab 101 34 (33.7) 67 (66.3)
HER2-negative first BC
No trastuzumab 1,490 149 (10.0) 1,341 (90.0)

Abbreviations: BC = breast cancer; CBC = contralateral breast cancer; HER2 = human epidermal growth factor

receptor 2

* Patients diagnosed between 2003-2004 were excluded, since recommendation for HER2 testing and the use
of trastuzumab was implemented from 2005 onwards
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HR—/HER2—' CBC

Subtype first BCt Adjuvanttherapy HR (95% CI) No. of CBC cases HR [95% Cl]
HR+/HER2-
ET (vs. no ET) —— 65(vs.34) 1.19[0.75-1.91]
CT (vs. no CT) —_— 37(vs.62) 1.60[1.00-2.57]
HR+/HER2+
ET (vs. no ET) —— 8(vs.7) 0.68[0.20-2.31]
CT (vs. no CT) ' 6(vs.9) 3.91[0.81-18.91]
HR—/HER2+
ET (vs. no ET) L = 1(vs. 17) 2.55[0.32-20.24]
CT (vs. no CT) L 12(vs.6)  1.76[0.43-7.13]
HR—/HER2-
ET (vs. no ET) —= J 1(vs.124) 0.32[0.04-2.35]
CT (vs. no CT) —_— 97(vs.28) 1.56[1.00-2.42]

-2.00 -1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00

Supplementary Figure 1. Joint multivariable Cox regression analyses for each of the first tumor subtypes
assessing the association of (neo)adjuvant systemic therapy of the first BC with triple negative (HR—/

HER2-) CBC risk

Adjusted for trastuzumab therapy, age, and stage at first breast cancer diagnosis. Abbreviations: BC = breast
cancer; CBC = contralateral breast cancer; Cl = confidence interval; CT = chemotherapy; ET = endocrine therapy;
HR = hazard ratio; PR = progesterone receptor. t HR+ = ER+ and/or PR+; HR- = ER- and PR-
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Abstract

We aimed to assess contralateral breast cancer (CBC) risk in patients with ductal
carcinoma in situ (DCIS) compared with invasive breast cancer (BC). Women diagnosed
with DCIS (N=28,003) or stage I-Ill BC (N=275,836) between 1989-2017 were identified
from the nationwide Netherlands Cancer Registry. Cumulative incidences were
estimated, accounting for competing risks, and hazard ratios (HRs) for metachronous
invasive CBC. To evaluate effects of adjuvant systemic therapy and screening, separate
analyses were performed for stage | BC without adjuvant systemic therapy and by mode
of first BC detection. Multivariable models including clinico-pathological and treatment
data were created to assess CBC risk prediction performance in DCIS patients. The 10-
year cumulative incidence of invasive CBC was 4.8% for DCIS patients (CBC=1,334).
Invasive CBC risk was higher in DCIS patients compared with invasive BC overall
(HR=1.10, 95% confidence interval (Cl)=1.04-1.17), and lower compared with stage | BC
without adjuvant systemic therapy (HR=0.87; 95%C|=0.82—-0.92). In patients diagnosed
>2011, the HR for invasive CBC was 1.38 (95%Cl=1.35-1.68) after screen-detected DCIS
compared with screen-detected invasive BC, and was 2.14 (95%Cl=1.46-3.13) when not
screen-detected. The C-index was 0.52 (95% Cl=0.50-0.54) for invasive CBC prediction
in DCIS patients. In conclusion, CBC risks are low overall. DCIS patients had a slightly
higher risk of invasive CBC compared with invasive BC, likely explained by the risk-
reducing effect of (neo)adjuvant systemic therapy among BC patients. For support of
clinical decision making more information is needed to differentiate CBC risks among
DCIS patients.
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Introduction

Contralateral breast cancer (CBC) is the most frequent second cancer reported after
first invasive breast cancer (BC)*3. The cumulative incidence of invasive CBC for women
following invasive BC is ~0.4% per year*®. Several studies have shown a decrease in CBC
incidence as a result of (neo)adjuvant systemic therapies®®.

Ductal carcinoma in situ (DCIS) is a potential precursor of invasive BC. The incidence
of DCIS has increased substantially with widespread introduction of population-based
mammography screening including digital mammography and represents 10-25% of all
BC patients®*%. Since DCIS has an excellent prognosis with a disease-specific survival of
more than 98% at 10 years'*!, a large group of women is at risk of developing CBC.

The risk of invasive CBC for DCIS patients has not been widely investigated, but the
annual risk is estimated between 0.4-0.6%*% Moreover, it is unclear if the risk of
CBCis comparable between patients diagnosed with invasive BC and patients with DCIS.
One study in the United States (US), using data from the Surveillance, Epidemiology, and
End Results (SEER) database, found a similar relative CBC risk for DCIS patients compared
to patients with invasive BCY. On the other hand, an indirect assessment between DCIS
patients and invasive BC patients has been provided by a CBC risk prediction model
developed and validated in the US, showing a higher relative CBC risk for DCIS compared
with invasive BC (relative risk: 1.60, 95% confidence interval (Cl)=1.42—-1.93)*®, The
reason for a potential higher CBC risk for DCIS patients is still unclear, but might relate to
the risk-reducing effect of adjuvant systemic therapy among invasive BC patients®?%2?, |n
general, relatively few DCIS patients receive adjuvant systemic therapy. In addition, CBC
risks may also differ based on the mode of detection of the first BC. Previous research
showed that screen-detected invasive breast tumours have a better BC-specific survival
than non-screened tumours and hence receive less adjuvant systemic treatment?2.

The aim of this study was to assess the risk of developing invasive CBC in DCIS
patients in direct comparison with patients diagnosed with invasive BC using a large
population-based cohort of Dutch BC patients, taking age, mode of first BC detection,
and (neo)adjuvant systemic therapy into account. In addition, we evaluated the CBC risk
prediction performance in patients diagnosed with DCIS.

Methods

Study population

We evaluated 323,285 patients diagnosed with in situ or invasive first BC in 1989-2017,
who underwent surgery, from the Netherlands Cancer Registry (NCR) (Supplementary
Figure 4). The NCR is an on-going nationwide population-based data registry of all
newly diagnosed cancer patients in the Netherlands, with full coverage since 1989%.
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We excluded nine patients with first diagnosis without cytological or histological
confirmation, 5,785 with stage IV BC or with incomplete staging information, 66 with
squamous cell carcinoma, and 4,145 with in situ BC that was not pure DCIS (i.e. lobular,
other subtype, or mixed with ductal). Follow-up for all patients started three months
after the first diagnosis; therefore, 9,441 patients who had developed synchronous CBC
(invasive or in situ), invasive ipsilateral BC, or died within three months after the first
diagnosis were excluded.

Patient and tumour characteristics

Clinico-pathological data were provided by the NCR. After notification by the nationwide
network and registry of histo- and cytopathology in the Netherlands (PALGA) and the
national hospital discharge database, registration clerks of the NCR collect data directly
from patients’ records. Follow-up information on vital status and second cancers was
complete up to January 31, 2018.

Staging was coded according to the TNM Classification of Malignant Tumours using
the edition valid at the date of diagnosis, ranging from the 4™ to the 8™ edition®. If
pathological stage was missing, clinical stage was used?.

Receptor status was determined by immunohistochemistry (IHC), and was included
in the NCR since 2005. Tumours were defined as estrogen receptor (ER) positive or
progesterone receptor (PR) positive when >10% of the tumour cells stained positive
(from 2011 the threshold was 210%). A tumour was defined human epidermal growth
factor receptor 2/neu-receptor (HER2) positive if IHC was 3+ (strong and complete
membranous expression in >10% of tumour cells) or if IHC score 2+ when additional
confirmation with in situ hybridization was available, but considered unknown if in situ
hybridization confirmation was missing.

The NCR did not record information on BRCA1 and BRCA2 germline mutation status
and family history.

From 2011, the NCR recorded the mode of first BC detection, i.e. if the DCIS or
invasive BC was screen-detected or not detected by screening. We did not have detailed
information available on the tumours not detected by screening, but these may include
interval tumours, non-screen attendant, or screened outside the national program (e.g.
due to family history). According to the Dutch guidelines, mammographic follow-up is
similar for DCIS and invasive BC?.

Data used in this study were included in the NCR under an opt-out regime according
to Dutch legislation and codes of conduct?. The NCR Privacy Review Board approved this
study under reference number K18.245. Data were handled in accordance with privacy
regulations for medical research®.

Statistical analyses
The primary outcome was the development of metachronous CBC, defined as an invasive

90 | CHAPTER4

BCin the contralateral breast diagnosed at least three months after the first BC diagnosis
(DCIS or invasive BC). Follow-up started three months after the first BC diagnosis, and
ended at date of in situ- or invasive CBC, invasive ipsilateral BC, or last date of follow-up
(due to death, lost to follow-up, or end of study), whichever occurred first.

Cox proportional hazard models were performed to investigate the association of
having DCIS compared with invasive BC as primary diagnosis with the cause-specific
hazard of invasive CBC. We also performed analyses with in situ CBC, invasive ipsilateral
BC, and death as the outcome. According to the Dutch guideline, DCIS patients do not
receive adjuvant systemic therapy. We evaluated the impact of adjuvant systemic therapy
by comparing the invasive CBC risk between DCIS patients and patients diagnosed with
stage | BC not receiving adjuvant systemic therapy (no chemotherapy, endocrine therapy,
nor trastuzumab), i.e., a subgroup of patients that resembles as much as possible the
DCIS patient group in terms of treatment conditions. Since hazard ratios (HRs) based
on Cox regressions do not have a direct relationship with the cumulative incidence of
the event of interest, we also performed competing risks regression to estimate the
HRs for the subdistribution hazards of the Fine and Gray model?”8, In situ CBC, invasive
ipsilateral BC, and death were considered as competing risks. We performed both
univariable analyses and analyses adjusted for age- and year of first BC diagnosis. Since
1989, women in the Netherlands aged 50-70 have been invited for biannual screening
by mammography, which was extended to women aged 75 since 1998. Based on this, we
categorized age at first BC diagnosis into <50 years and >50 years. Based on the gradual
implementation of the Dutch BC screening, we categorized year at first BC diagnosis
into two periods: 1989-1998 (implementation phase) and 1999-2017 (full nationwide
coverage; attendance rate is 78.8%% and detection rate of invasive BC 6.6 per 1000
in 2017%*and for DCIS 0.94 per 1000 between 2004-2011%!). We also performed our
analyses stratified by mode of first BC detection. These analyses only included patients
diagnosed during or after 2011 and aged 50-75 (eligible for screening).

Cumulative incidence curves of invasive CBC for DCIS patients, all invasive BC
patients, and patients with stage | BC not receiving adjuvant systemic therapy were
calculated considering in situ CBC, invasive ipsilateral BC, and death as competing risks.
These curves were stratified by year of first BC diagnosis (1989-1998 and 1999-2017)
and by age (<50 and >50 years).

We used joint Cox proportional hazard models®? to investigate subtype-specific
CBC risk (according to stage, grade, ER, PR, and HER2 status) in DCIS patients compared
with patients with invasive BC and compared with patients with stage | BC who did not
receive adjuvant systemic therapy. Each model included subtype-specific CBC (e.g. ER
positive CBC, ER negative CBC, ER unknown CBC), in situ CBC, ipsilateral invasive BC,
and death as possible outcomes. Since the NCR actively registered receptor status from
2005, these analyses only included patients diagnosed between 2005-2017.

Multivariable Cox regression was used to quantify the effect of clinico-pathological
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and treatment characteristics on CBC risk (all CBC and invasive CBC only) in DCIS
patients. In addition, multivariable Fine and Gray regressions were performed to assess
the association between every factor and the CBC cumulative incidence. Variables
included in the models were age at first DCIS diagnosis, tumour grade, type of surgery
(mastectomy or breast conserving surgery), and radiotherapy. The proportional hazard
assumption of the models was assessed by examining the Schoenfeld residuals, and
restricted cubic splines were used to verify whether linearity of age at first DCIS diagnosis
would hold®. The discrimination ability of the models to identify patients developing
CBC was calculated using the C-index**. Missing data were multiply imputed by chained
equations (MICE) to avoid loss of information due to case-wise deletion causing bias and
reduction in efficiency 3>¢. Multiple imputation accounts for missing data mechanisms
assuming that the probability of missingness depends on the observed data namely
missing at random (MAR). For every predictor with missing data, every imputation model
selects predictors based on correlation structure underlying the data. Details about the
imputation model are provided in Supplementary Methods.

Analyses were performed using STATA version 16.0, SAS (SAS Institute Inc., Cary, NC,
USA) version 9.4, and R software version 3.5.3.%".

Results

Patient characteristics

The cohort comprised 28,003 DCIS patients (CBC=1,334) and 275,836 patients with
invasive BC (CBC=12,821), including 86,481 patients with stage | BC not receiving
adjuvant systemic therapy; i.e. no chemotherapy, endocrine therapy, nor trastuzumab
(Table 1). The percentage of patients diagnosed with DCIS, of all BC patients diagnosed
in the Netherlands, was 5.7% in the implementation phase of the mammography
screening program (1989-1998) and 10.5% in the period of full national coverage (1999-
2017). Median follow-up was 11.4 years.

CBC risk for patients diagnosed with DCIS and invasive BC

The 10-year cumulative incidence of invasive CBC was 4.8% (95%Cl=4.6—5.2%) for DCIS
patients, 4.0% (95%Cl=4.0—4.1%) for all invasive BC patients, and 5.6% (95%Cl|=5.4—5.8%)
for patients with stage | BC not receiving adjuvant systemic therapy (Table 1, Figure 138).
For comparison, the 10-year cumulative incidence of invasive CBC in patients diagnosed
with stage | invasive BC treated with adjuvant systemic therapy was 2.9% (95%Cl=2.5-
3.3%). Being diagnosed with DCIS was associated with an increased risk of invasive CBC
compared with invasive BC overall (HR=1.10, 95%CI=1.04—-1.17), and with a lower risk when
compared with stage | BC without adjuvant systemic therapy (HR=0.87, 95%C|=0.82—-0.92,
Table 2). Similar results were observed when using competing risk regression (Table 2).
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Table 1. Patient-, tumour- and treatment characteristics of women diagnosed with ductal carcinoma in situ

or invasive breast cancer

Characteristics

Stage | BC without adjuvant

DCIS All invasive BC X
systemic therapy®
N % N % N %
28,003 9.2 275,836 90.8 86,481 31.4

Diagnosis, year
median (range)
Age, years
median (range)
TNM stage
0
|
Il
1
Tumour grade
| (well differentiated)
Il (moderately differentiated)
Il (poorly/undifferentiated)
missing
ER status
positive
negative
missing
HER2 status
positive
negative
missing
PR status
positive
negative
missing
(Neo)adjuvant chemotherapy
yes
no

(Neo)adjuvant endocrine therapy

yes
no

(Neo)adjuvant trastuzumab
yes
no

Surgery to the breast
breast conserving surgery
mastectomy
missing

Radiation to the breast
yes
no

Follow-up, years

median (IQR)

Cumulative incidence of invasive CBC, %

5-year (95%Cl)
10-year (95%Cl)
number of invasive CBC

Cumulative incidence of death, %

5-year (95%Cl)
10-year (95%Cl)
number of death

2009 (1989- 2017)
59 (21- 95)

28,003 100.0

3,729 16.1
7,864 33.8
11,639 50.1
4,771 -

28,003 -

28,003 -
28,003 -

17 0.1
27,986 99.9

102 0.4
27,901 99.6
3 0.0

28,000 100.0

16,396 60.8
10,571 39.2
1,036 -

13,128 46.9
14,875 53.1

8.7 (8.5-8.8)
2.4 (2.2-2.6)
4.8(4.6-5.2)

1,334

3.8(3.6-4.0)
9.8(9.4-10.2)

2004 (1989- 2017)

59 (18- 102)
120,952 438
124,883 453
30,001 10.9
44,690 20.9
95,251 446
73,581 345
62,314 -
133,761 82.7
28,075 173
114,000 -
19,708 14.3
118,409 85.7
137,719 -
106,786 67.5
51,437 325
117,613 -
91,844 333
183,992 66.7
119,394 433
156,442 56.7
13,994 5.1
261,842 94.9
142,495 53.4
124,530 46.6

881 -
182,226 66.1
93,610 33.9

11.8 (11.7-11.8)

2.0 (2.0-2.1)

4.0 (4.0-4.1)

12,821
15.0 (14.9- 15.2)
29.4 (29.2- 29.6)

91,797

2004 (1989- 2017)

61 (18- 99)
86,481 100.0
27,566 41.9
28,159 2.8
10,036 153
20,720 -
41,883 90.1
4,598 9.9
40,000 -
2,324 6.1
35,616 93.9
48,541 -
33,862 74.8
11,404 25.2
41,215 -
86,481 100.0
86,481 100.0
86,481 100.0
58,727 70.1
25,023 29.9
2,731 -
59,354 70.1
27,127 314

13.5 (13.4- 13.6)
2.9 (2.8-3.0)
5.6 (5.4- 5.8)

5,782
7.8(7.6- 8.0)
19.2 (18.9- 19.5)
23,899
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Table 1. Continued

peis All invasive BC Stage | BC without adjuvant
systemic therapy®
N % N % N %
Characteristics 28,003 9.2 275,836 90.8 86,481 31.4
Cumulative incidence of ipsilateral
invasive BC %
S-year (95%Cl) 1.6 (1.5-1.8) 0.1(0.1-0.1) 0.2 (0.1-0.2)
10-year (95%Cl) 3.5(3.3-3.8) 0.3(0.2-0.3) 0.5(0.4-0.6)
number of ipsilateral invasive BC 920 1,471 897
Cumulative incidence of in situ CBC, %
S-year (95%Cl) 1.0(1.0-1.1) 0.4 (0.4-0.5) 0.6 (0.6- 0.7)
10-year (95%Cl) 1.6(1.5-1.8) 0.8 (0.7-0.8) 1.1(1.0-1.2)
number of in situ CBC 427 2,278 1,026

Abbreviations: DCIS = ductal carcinoma in situ; BC = breast cancer; ER = estrogen-receptor; PR = progesterone-
receptor; HER2 = human epidermal growth factor receptor 2; IQR = inter-quartile range; CBC = contralateral
breast cancer; Cl = confidence interval

2The ‘stage | BC without adjuvant systemic therapy’ group is a subset of the ‘all invasive BC’ group

0.12
— DCIs

~— Invasive BC

— - Stage | BC without adjuvant-
systemic therapy

0.10

0.08

0.06 —

0.04 —

CBC cumulative incidence

0.02

0.00 — | T T T T 1
0 5 10 15 20 25
Time (years)

Figure 1. Cumulative incidences of invasive contralateral breast cancer (CBC) in patients diagnosed with
ductal carcinoma in situ (DCIS), invasive breast cancer (BC) stage I-1ll, and stage | BC without (neo)adjuvant
systemic therapy

The x-axis represents the time since first BC diagnosis (in years) and the y-axis the cumulative CBC incidence

In sensitivity analyses using different time cut-offs for metachronous CBC, results
were similar. The HR for invasive CBC developed at least six months after the first BC
was 1.10 (95%Cl=1.04-1.17) for DCIS compared with invasive BC, and the HR was 1.09
(95%Cl=1.03-1.16) using a 12-month cut-off.

The cumulative incidence of in situ CBC, death, and invasive ipsilateral BC are
shown in Supplementary Figures 1-3%¢, The 10-year cumulative incidence of in situ CBC
was 1.6% (95%Cl=1.5-1.8%) for DCIS patients, 0.8% (95%C|=0.7-0.8%) for invasive BC
patients, and 1.1% (95%Cl=1.0-1.2%) for patients with stage | BC without adjuvant
systemic therapy (Table 1). The risk of death was lower in DCIS patients compared to
invasive BC patients (HR=0.47, 95%CI=0.45-0.49, Supplementary Table 1).
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Table 2. Relative subsequent contralateral breast cancer risks (invasive and in situ) after diagnosis with
ductal carcinoma in situ versus invasive breast cancer using Cox and competing risk regression

Cox regression Competing risks regression
Outcome(s) Type of first BC Unadjusted Adjusted?® Unadjusted Adjusted?®
HR (95% CI) HR (95% CI) HR® (95% Cl) HR® (95% Cl)
DCIS vs invasive BC 1.08 (1.01-1.14) 1.10(1.04-1.17) | 1.22(1.15-1.28) 1.20(1.14-1.27)

Invasive CBC DCIS vs stage | BC without adjuvant 0.87(0.82-0.92) 0.87 (0.82-0.92) | 0.88 (0.83-0.94) 0.87 (0.82-0.93)
systemic therapy
DCIS vs invasive BC 1.92(1.72-2.13) 1.84(1.66-2.04) | 2.12(1.92-2.38) 1.98(1.79-2.20)

In situ CBC DCIS vs stage | BC without adjuvant 1.49(1.33-1.67) 1.38(1.22-1.55) | 1.54 (1.37-1.72) 1.40(1.25-1.58)
systemic therapy

Abbreviations: HR = hazard ratio; Cl = confidence interval; CBC = contralateral breast cancer; BC = breast

cancer; DCIS = ductal carcinoma in situ

®Hazard ratios adjusted by age and year at first diagnosis

®Hazard ratios for the subdistribution hazards of the Fine and Gray model. Invasive CBC, in situ CBC, invasive

ipsilateral BC, and death were taken into account as competing risks

Results by age and screening (period)

Among patients who had their first BC diagnosis during the implementation phase of
the national screening program (1989-1998), the risk of invasive CBC was similar in
DCIS patients compared with invasive BC patients (HR=0.93, 95%Cl= 0.85-1.03, Table
3, Figure 2A-C®®). In the period of full nationwide coverage of the screening program
(1999-2017), the risk of invasive CBC was higher for DCIS patients than for invasive BC
patients (HR=1.19, 95%Cl=1.10-1.27, Table 3, Figure 2B-D*). The risk of invasive CBC
was lower in DCIS patients compared with patients with stage | BC not receiving adjuvant
systemic therapy in both periods (1989-1998: HR=0.90; 95%Cl= 0.81-1.00, and 1999-
2017: HR=0.85, 95% Cl: 0.79-0.91). The effects were similar stratified by age group (<50
and =50 years) (Table 3). The estimated 5- and 10-year cumulative incidences by age and
period are shown in Supplementary Table 2.

In a subgroup of patients diagnosed during or after 2011, with information available
on the mode of first BC detection, the HR of invasive CBC was 1.53 (95%ClI=1.29-1.82)
for DCIS patients compared with invasive BC patients, and 0.86 (95%Cl=0.71-1.03)
compared with patients with stage | BC without adjuvant systemic therapy (Table 4).
Among all screen-detected first BCs, the HR of invasive CBC was 1.38 (95%Cl=1.35-
1.68) for DCIS patients compared with invasive BC patients and 0.81 (95%CI=0.66-1.00)
compared with stage | BC without adjuvant systemic therapy (Table 4). When the first BC
was not detected by screening, the HR of invasive CBC was 2.14 (95%Cl=1.46-3.13) for
DCIS patients compared to invasive BC patients and 1.04 (95%Cl=0.68-1.59) compared
with stage | BC without adjuvant systemic therapy (Table 4). The risk of death in patients
with DCIS compared with invasive BC and stage | BC without adjuvant systemic therapy
among screen-detected and not screen-detected is shown in Supplementary Table 3.

CBC RISK IN PATIENTS WITH DUCTAL CARCINOMA IN SITU | 95



Table 3. Relative risk of invasive contralateral breast cancer after ductal carcinoma in situ versus invasive
breast cancer by period and age at first diagnosis using Cox and competing risks regression

e risk
Cox regression O

regression
. . CBC
Period Type of first BC N HR 95% CI HR? 95% Cl
events
All
1989-1998  DCIS vs invasive BC 81,105 6,488 | 0.93 0.85-1.03 | 1.11 1.01-1.23
1999- 2017  DCIS vs invasive BC 222,734 7,667 | 1.19 1.10-1.27 | 1.32 1.23-1.41

1989- 1998 DCIS vs stage | BC without systemic therapy 273,383 2,696 | 0.90 0.81-1.00 | 0.93 0.85-1.04
1999- 2017 DCIS vs stage | BC without systemic therapy 59,098 3,086 | 0.85 0.79-0.91 | 0.88 0.81-0.94
Age < 50 years at first diagnosis®
1989- 1998 DCIS vs invasive BC 22,084 2,292 | 094 0.83-1.09 | 1.06 0.92-1.22
1999- 2017 DCIS vs invasive BC 53,570 1,838 | 1.20 1.06-1.37 | 1.26 1.11-1.45

1989- 1998 DCIS vs stage | BC without systemic therapy 7,192 870 090 0.78-1.04 | 0.89 0.78-1.04
1999- 2017 DCIS vs stage | BC without systemic therapy 8,162 472 0.85 0.74-0.97 | 0.82 0.71-0.94
Age > 50 years at first diagnosis®
1989- 1998 DCIS vs invasive BC 59,021 4,196 | 0.92 0.83-1.03 | 1.14 1.03-1.26
1999- 2017 DCIS vs invasive BC 169,164 5,829 | 1.18 1.10-1.26 | 1.35 1.26-1.47

1989- 1998 DCIS vs stage | BC without systemic therapy 20,191 1,826 | 0.89 0.80-1.00 | 0.96 0.86-1.08
1999- 2017 DCIS vs stage | BC without systemic therapy 50,936 2,614 | 0.85 0.78-0.92 | 0.88 0.81-0.95

Abbreviations: HR = hazard ratio; Cl = confidence interval; DCIS = ductal carcinoma in situ; BC = breast cancer
®Hazard ratios for the subdistribution hazards of the Fine and Gray model. Invasive CBC, in situ CBC, invasive
ipsilateral BC, and death were taken into account as competing risks

b Results were based on interaction analyses including the interaction term between age, period, and type of first
BC (type of first BC + age + period + age x type of first BC + period x type of first BC)

Subtype-specific CBC risk

DCIS patients had a lower risk of stage IV CBC (HR=0.45, 95%CI=0.22-0.92), and higher
risks of grade | invasive CBC (HR=1.55, 95%C|=1.31-1.84) and ER-positive invasive CBC
(HR=1.49, 95%CI=1.33-1.66) compared with all invasive BC patients (Supplementary
Table 4). Overall, the subtype-specific CBC risk in DCIS patients was comparable to
patients with stage | BC not receiving adjuvant systemic therapy (Supplementary Table
4).

Multivariable model

In the multivariable model, no strong predictors of CBC were identified in DCIS patients
(Table 5). The C-index of the multivariable model of invasive CBC was 0.52 (standard
deviation (SD=0.01) for cause-specific Cox regression; when we considered all CBC (in
situ and invasive) the C-index was 0.51 (SD=0.01) (Table 5). When we performed the
analyses in a subgroup of patients diagnosed during or after 2011, the C-index was 0.55
(SD=0.01) without information on the mode of first BC detection, and 0.56 (SD=0.01)
with information available on the mode of first BC detection (data not shown).
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Figure 2. Cumulative incidences of invasive contralateral breast cancer (CBC) in patients diagnosed with
ductal carcinoma in situ (DCIS), invasive breast cancer (BC) stage I-lll, or stage | BC without (neo)adjuvant
systemic therapy

Panel A) patients aged <50 years diagnosed between 1989-1998 (implementation phase Dutch mammography
screening program); Panel B) patients aged <50 years diagnosed between 1999-2017 (full national coverage of
the Dutch mammography screening program); Panel C) patients aged >50 years diagnosed between 1989-1998;
Panel D) patients aged >50 years diagnosed between 1999-2017. The x-axis represents the time since first BC
diagnosis (in years) and the y-axis the cumulative CBC incidence
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Table 4. Relative subsequent event risks after diagnosis with ductal carcinoma in situ versus invasive breast
cancer by mode of first breast cancer detection for patients diagnosed between 2011-2017°

Overall By mode of first BC detection®
) Cox regression Compehng iHs Cox regression Compehng L
Outcome Type of first BC regression regression

HR (95% CI)*  HR““(95% Cl) HR* (95% Cl) HR“ (95% Cl)
i i screen-detected® 1.38 (1.35-1.68) 1.38 (1.13-1.69

DO s invasive BC 1.53(129-1.82) 1.55 (1.30-1.85) ( ) {
Invasive (n=62,533, events=763) not screen-detected® 2.14 (1.46-3.13)  2.20 (1.50-3.22
CBC  DCIS vs stage | BC without systemic therapy 0.86 (0.71-1.03) 0.86 (0.71-1.03) screen-detected® 0.81 (0.66-1.00)  0.81 (0.65-1.00,
(n=27,288, events=519) ) ) ) ) ) ) not screen-detected® 1.04 (0.68-1.59)  1.05 (0.68-1.60
i i screen-detected® 1.75(1.26-2.45) 1.75 (1.26-2.45

. DCIS vs invasive BC 199 (1.51-2.63) 2.00 (1.52-2.65) ( ) (
Insitu (n=62,533, events=250) not screen-detected® 3.41(1.98-5.87) 3.46 (2.01-5.97
CBC  DCIS vs stage | BC without systemic therapy 151 (1.08.2.10) 151 (1.08-2.10) screen-detected® 1.40 (0.96-2.06) 1.41 (0.96-2.06,
(n=27,288, events=146) ) ) ) ) ) ) not screen-detected® 2.23 (1.14-4.39)  2.25(1.15-4.41

Abbreviations: BC = breast cancer; HR = hazard ratio; Cl = confidence interval; CBC = contralateral breast
cancer; DCIS = ductal carcinoma in situ

2 The analyses were performed in all patients diagnosed between 2011-2017, since from 2011 we had virtually
complete information on the mode of first BC detection

b Results were based on interaction analyses including the interaction term between mode of first BC detection
and type of first BC (type of first BC + mode of first BC detection + mode of first BC detection x type of first BC)
¢ Adjusted for age at first BC diagnosis

4Hazard ratios for the subdistribution hazards of the Fine and Gray model. Invasive CBC, in situ CBC, invasive
ipsilateral BC, and death were taken into account as competing risks

¢ Not screen-detected includes interval tumours, non-screen attendant, or screened outside the national
program

Table 5. Relative risks of invasive and in situ contralateral breast cancer after diagnosis with ductal
carcinoma in situ using multivariable Cox and competing risk regression models

Invasive CBC Invasive and in situ CBC
Outcome Cox regression Competh risk Cox regression Competln.g risk
regression regression
HR 95% Cl HR® 95% ClI HR 95% Cl HR® 95% ClI
Age (years) 1.01°® 0.93-1.10 | 0.78° 0.69-0.89 | 0.93* 0.87-1.00| 0.71¢ 0.63-0.81
Tumour grade
Moderately differentiated versus well
differentiated 093 0.78-1.12 0.94 0.79-1.12 | 0.99 0.85-1.16| 0.99 0.85-1.16
Poorly differentiated versus well
differentiated 092 0.76-1.10 0.93 0.77-1.11 | 094 0.81-1.09| 0.94 0.81-1.09
Surgery (Mastectomy versus BCS) 0.96 0.80-1.16 1.00 0.83-1.21 | 1.08 0.92-1.26| 1.13 0.96-1.32
Radiotherapy to the breast (yes versus no) 1.11  0.94-1.32 112  0.94-133 | 1.12 0.97-1.30( 1.14 0.98-1.32
Baseline cumulative incidence at 10 years® 0.051 0.044¢ 0.068 0.057¢
C-index (SD) 0.520 (0.01) 0.515 (0.01) 0.513 (0.01) 0.526 (0.01)

Abbreviations: CBC = contralateral breast cancer; HR = hazard ratio; Cl = confidence interval; BCS = breast
conservative surgery; SD = standard deviation

®Hazard ratios for the subdistribution hazards of the Fine and Gray model

parameterized per decade

¢ parameterized as a restricted cubic spline with three knots

4The baseline cumulative incidence function is calculated for baseline values of the predictors included in the
multivariable models

¢Baseline cumulative incidence function for the subdistribution hazard of the Fine and Gray model
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Discussion

In this large population-based study, the 10-year cumulative incidence of invasive CBC
was 4.8% for DCIS patients. The risk of developing invasive CBC was lower for DCIS
patients compared with stage | BC patients not receiving adjuvant systemic therapy
(HR=0.87), but the risk was slightly higher compared with all invasive BC patients
(HR=1.10). A multivariable model, based on the clinical information currently available,
was unable to differentiate risks of invasive CBC among DCIS patients.

The slightly higher invasive CBC risk in DCIS patients compared with all invasive
BC patients may be explained by the risk-reducing effect of adjuvant systemic therapy
among invasive BC patients®?®?L, In our previous study using NCR data® we showed
that adjuvant endocrine therapy, chemotherapy, and trastuzumab combined with
chemotherapy were associated with overall 54%, 30%, and 43% risk reductions of CBC,
respectively. In our study, a large group (57%) of patients with invasive BC received (neo)
adjuvant systemic therapy. According to the Dutch guidelines, DCIS patients are not
offered treatment with adjuvant systemic therapy?®. The potential influence of adjuvant
systemic therapy is supported by the CBC risk evaluation in patients diagnosed with
stage | BC not receiving adjuvant systemic therapy, showing a higher CBC risk in such
patients than in patients diagnosed with DCIS.

To our knowledge, only one previous study in the US investigated the risk of CBC in
patients with DCIS in direct comparison with patients diagnosed with invasive BC using
SEER data®. They found a similar CBC risk (including in situ and invasive) for invasive
ductal BC in comparison with DCIS, with a relative risk of 0.98 (95%Cl= 0.90-1.06).
However, that analysis was based on an earlier, largely pre-screening, period (1973-
1996), and lacked information on adjuvant systemic therapy use. Previous studies
examining cohorts of DCIS patients have reported a subsequent annual invasive CBC risk
of 0.4 to 0.6%'**1, comparable to our finding.

When analyses were restricted to patients with information available on the mode
of first BC detection, trends were similar overall. However, the higher CBC risk for DCIS
patients compared with invasive BC was more pronounced within the not screen-
detected BC group compared with the screen-detected BC group. Tumours not detected
by screening could be interval tumours or those arising in women not attending for
screening. Certainly, invasive interval tumours tend to be more aggressive than screen-
detected BCs and hence receive more often adjuvant systemic treatment?2.

We observed that the invasive CBCs developed within the DCIS group were less
aggressive than the invasive CBCs developed after invasive first BC, i.e. more ER-positive,
and lower tumour stage and grade. This may be explained by underlying etiological
factors and/or be related to the use of adjuvant systemic therapy among invasive BC
patients. Studies have shown that adjuvant systemic therapy influences subtype-specific
CBC risk, e.g. endocrine therapy strongly reduces the risk of developing ER-positive CBC,
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but not ER-negative CBC®%L. This is supported by our subgroup analyses in patients with
stage | BC not receiving adjuvant systemic therapy, who tended to develop similar CBC
subtypes compared with DCIS patients.

The main strength of this study was the use of a large population-based nationwide
cohort of DCIS and invasive BC patients, with complete follow-up on CBC over a long
period. The NCR did not have follow-up information on distant metastases for all years
included and therefore we could not take distant metastasis as a competing event into
account. However, in the years where we had information on distant metastases (2003-
2006), the median survival was 1.1 years and the 5-year overall survival after distant
metastasis was fairly poor (6%). This indicates that death could be used as a proxy
for distant metastasis. Since we had complete information on death (as a competing
event), we do not expect that the lack of information on distant metastases has led
to an underestimation of the CBC risk. We also did not have information available
about contralateral prophylactic mastectomy (CPM), which may have resulted in an
underestimation of the CBC risk and may not have had equal uptake in all groups.
According to Dutch guidelines * only women carrying a BRCA1 or BRCA2 germline
mutation are advised to undergo a contralateral preventive mastectomy, since
their CBC risk is high with an estimated 10-year risk of ~10-20%3*% Unfortunately,
information about BRCA1 and BRCA2 mutation was lacking. However, we do not expect
that this missing information importantly influenced the results since only 1-2% of the
DCIS population*!, and 3-5% of the invasive BC population®#? will be BRCA1 or BRCA2
mutation carriers. Finally, less than 1% of the DCIS patients were not treated according
to the Dutch guideline since they received adjuvant chemotherapy, endocrine therapy,
and/or trastuzumab. However, since this number is low, we do not expect that this
affected our results.

Despite low CBC risks, the use of CPM has increased in recent years, both in
patients diagnosed with invasive BC and in patients diagnosed with DCIS, especially in
the US™*3. Therefore, a need of individualized CBC risk prediction may be as important
for patients diagnosed with DCIS as for patients with invasive BC. Currently, CBC risk
prediction models have been developed and validated for patients with invasive
BC, but these models may not be appropriate for DCIS patients since most of the
information available for invasive BC is not routinely collected in DCIS!¥94445  |n
our study, we had limited information on biological characteristics of DCIS, e.g. no
information on receptor subtypes, and our multivariable model was therefore unable
to differentiate CBC risk among DCIS patients. So, based on the clinical information
currently available, CBC risk prediction in DCIS patients is insufficiently robust to be
clinically actionable. More biological knowledge is needed to improve CBC prediction
in DCIS patients.

Based on the results of this study we do not suggest to start treating DCIS patients
with adjuvant systemic therapy to prevent CBC since the absolute invasive CBC risk
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is low. To facilitate patients and physicians in decision making, a comprehensive risk
prediction model specifically developed for patients with DCIS would be desirable,
including information on genetic, clinical, and lifestyle factors.
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Supplementary Material

Supplementary Table 1. Relative subsequent risks of death and invasive ipsilateral breast cancer after
diagnosis with ductal carcinoma in situ versus invasive breast cancer using Cox and competing risk

regression
Cox regression Competing risks regression
Outcome(s) Type of first BC Unadjusted Adjusted?® Unadjusted Adjusted®
HR (95% CI) HR (95% CI) HR" (95% CI) HR® (95% Cl)

DCIS vs invasive BC 0.37(0.36-0.38)  0.47 (0.45-0.49) 0.36 (0.35-0.37) 0.45(0.44-0.47)
Death DCIS vs stage | BC without adjuvant  0.56 (0.54-0.58)  0.71(0.69-0.74) 0.53 (0.51-0.55) 0.68 (0.66-0.71)

systemic therapy

DCIS vs invasive BC 6.67 (6.25-7.14)  6.68 (6.15-7.26) 7.69(7.14-9.09) 7.79 (7.17-8.47)
Invasive IBC  DCIS vs stage | BC without adjuvant ~ 4.17 (3.85-4.54)  4.05 (3.68-4.45)  4.35(4.00-4.76) 4.28 (3.90-4.71)

systemic therapy

Abbreviations: HR = hazard ratio; Cl = confidence interval; DCIS = ductal carcinoma in situ; BC = breast cancer;
IBC = ipsilateral breast cancer
®Hazard ratios adjusted by age and year at first breast cancer diagnosis
®Hazard ratios for the subdistribution hazards of the Fine and Gray model. Invasive contralateral breast cancer,
in situ contralateral breast cancer, invasive ipsilateral BC, and death were taken into account as competing risks

Supplementary Table 2. Cumulative incidence of invasive contralateral breast cancer at five and ten years
in patients with ductal carcinoma in situ or invasive breast cancer by period and age at first diagnosis

Ei Te
b y y
s ) cumulative cumulative
fieslag UACHTE3EE incidence (%) incidence (%)
(95% Cl) (95% Cl1)
DCIS 2.2 (1.8-2.7) 4.4 (3.8-5.0)
1989- 1998 Invasive BC 2.5 (2.4- 2.6) 5 (4.3-4.6)
Al Stage | BC without adjuvant systemic therapy 29(2.7-3.1) 5(5.2-5.7)
DCIS 2 5(2.2-2.7) 0(4.6-5.4)
1999- 2017 Invasive BC 9(1.8-1.9) 8(3.7-3.9)
Stage | BC without adjuvant systemic therapy 3 0(2.8-3.1) 8(5.5-6.0)
DCIS 2.3 (1.5-3.3) 6 (3.4-5.9)
1989- 1998 Invasive BC 3.2 (3.0-3.4) 5(5.2-5.8)
Age < 50 years at first Stage | BC without adjuvant systemic therapy 3 4 (3.0-3.9) 1(5.6-6.7)
diagnosis DCIS 4(2.0-3.0) 7(3.9-5.5)
1999- 2017 Invasive BC 1 7(1.6-1.8) 5(3.3-3.7)
Stage | BC without adjuvant systemic therapy 2.9(2.5-3.3) 5(5.0-6.0)
DCIS 2.2(1.8-2.7) 3(3.7-5.0)
Age > 50 years at first 1989- 1998 . . Ir?vasive BC 2.2(2.1-2.3) 1(4.0-4.3)
diagnosis Stage | BC without adjuvant systemic therapy 2.7(2.5-2.9) 2 (4.9-5.5)
DCIS 2.5(2.2-2.7) 1(4.7-5.4)
1999- 2017 Invasive BC 1.9(1.8-2.0) 9(3.8-4.0)
Stage | BC without adjuvant systemic therapy 3.0 (2.8-3.1) 7 (5.6- 6.0)

Abbreviations: Cl = confidence interval; DCIS = ductal carcinoma in situ; BC = breast cancer
2The two periods were defined according to the gradual implementation of the screening program in the
Netherlands: the implementation phase was between 1989 and 1998 and the full screening coverage was

reached since 1999
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Supplementary Table 3. Relative subsequent event risks after diagnosis with ductal carcinoma in situ versus invasive breast cancer by mode of first BC detection for

patients diagnosed between 2011-2017°
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ductal carcinoma in situ; IBC = ipsilateral breast cancer

hazard ratio; Cl = confidence interval; DCIS =

= breast cancer; HR =

Abbreviations: BC

2 The analyses were performed in all patients diagnosed between 2011-2017, since from 2011 we had virtually complete information on the mode of first BC detection
® Results were based on interaction analyses including the interaction term between mode of first BC detection and type of first BC (type of first BC + mode of first BC

detection + mode of first BC detection x type of first BC)

¢ Adjusted for age at first BC diagnosis

9 Hazard ratios for the subdistribution hazards of the Fine and Gray model. Invasive CBC, in situ CBC, invasive ipsilateral BC, and death were taken into account as competing risks

¢ Not screen-detected includes interval tumours, non-screen attendant, or screened outside the national program
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Supplementary Table 4. Joint Cox regression analyses assessing subtype-specific invasive contralateral
breast cancer risk for patients with ductal carcinoma in situ compared to patients with invasive breast
cancer®

. . Stage | BC without DCIS pES
DCIS LT adjuvant systemic Vs vs
BC . Stage | BC without adjuvant
therapy Invasive BC .
systemic therapy

CBC subtypes N N N HR (95%Cl) HR (95%Cl)
TNM stage

| 330 1,957 1,084 1.35(1.20- 1.52) 0.74 (0.65- 0.83)

I 146 782 342 1.50 (1.26- 1.79) 1.04 (0.86- 1.26)

I 40 220 78 1.46 (1.04- 2.05) 1.26 (0.86- 1.86)

\Y% 8 143 29 0.45 (0.22- 0.92) 0.72(0.33-1.58)
Tumor grade

I (well differentiated) 154 797 518 1.55(1.31- 1.84) 0.72 (0.60- 0.86)

Il (moderately differentiated) 245 1,253 652 1.57 (1.37-1.80) 0.91 (0.79- 1.06)

Il (poorly/undifferentiated) 95 675 251 1.13(0.91- 1.40) 0.93(0.73-1.18)
ER status

positive 386 2,081 1,151 1.49 (1.33-1.66) 0.81(0.72-0.91)

negative 53 471 114 0.90 (0.69- 1.19) 1.12 (0.81- 1.56)
PR status

positive 314 1,560 943 1.61(1.43-1.82) 0.80 (0.71-0.91)

negative 119 971 311 0.98 (0.81-1.18) 0.93 (0.75- 1.15)
HER2 status

positive 51 250 91 1.63 (1.21- 2.20) 1.35(0.96- 1.91)

negative 375 2,200 1,133 1.36(1.22-1.52) 0.80 (0.71- 0.90)

Abbreviations: CBC = contralateral breast cancer; DCIS = ductal carcinoma in situ; BC = breast cancer; HR =
hazard ratio; Cl = confidence interval; ER = estrogen receptor; PR = progesterone receptor; HER2 = human
epidermal growth factor receptor 2

2 The analyses were performed only in patients diagnosed between 2005-2017, since from 2005 the
Netherlands Cancer Registry actively registered receptor status
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Supplementary Figure 1. Cumulative incidence of in situ contralateral breast cancer in patients diagnosed
with ductal carcinoma in situ, invasive breast cancer stage I-lll, and stage | breast cancer without (neo)
adjuvant systemic therapy

The x-axis represents the time since the first breast cancer diagnosis (in years). The y-axis represents the
cumulative incidence of in situ contralateral breast cancer. Abbreviations: DCIS = ductal carcinoma in situ; BC =
breast cancer
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Supplementary Figure 2. Cumulative incidence of death in patients diagnosed with ductal carcinoma in
situ, invasive breast cancer stage I-lll, and stage | breast cancer without (neo)adjuvant systemic therapy
The x-axis represents the time since the first breast cancer diagnosis (in years). The y-axis represents the
cumulative incidence of death. Abbreviations: DCIS = ductal carcinoma in situ; BC = breast cancer
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Supplementary Figure 3. Cumulative incidence of invasive ipsilateral breast cancer in patients diagnosed
with ductal carcinoma in situ, invasive breast cancer stage I-lll, and stage | breast cancer without (neo)
adjuvant systemic therapy

The x-axis represents the time since the first breast cancer diagnosis (in years). The y-axis represents the
cumulative incidence of invasive ipsilateral breast cancer. Abbreviations: DCIS = ductal carcinoma in situ; BC =
breast cancer
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The Netherlands Cancer Registry that includes
all primary tumors diagnosed since 1989

Inclusion criteria:

Females aged > 18 years

Invasive breast cancer or breast cancer in-situ

Diagnosed between 1989-2

Surgically treated in Dutch hospital
No prior invasive cancer (other than non-

melanoma skin cancer or in

N = 323,285

017

situ tumors)

Patients excluded (N=19,446)

N=9 First breast cancer diagnosis without
cytological or histological confirmation

N=5,785  Stage IV or unknown

N=66 Squamous cell carcinoma

N=4,145 No pure DCIS

N=9,441  Patients died, developed ipsilateral
breast cancer (invasive), or CBC (invasive
or in situ) within 3 months after first

breast cancer diagnosis

N = 303,839

Patients included in analyses

J

First DCIS
N = 28,003

!

N = 275,836

First invasive breast cancer

CBCin situ
N =427

CBC invasive
N=1,334

CBCin situ
N =2,272

CBC invasive
N =12,821

Supplementary Figure 4. Study flowchart
Abbreviations: DCIS = ductal carcinoma in situ; CBC = contralateral breast cancer
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Supplementary Methods

Multiple imputation of missing values

The predictors for contralateral breast cancer with missing values among patients
diagnosed with ductal carcinoma in situ (DCIS) were type of surgery to the breast (3.7%)
and tumour grade (17.0%).

We used five imputed datasets based on the multiple imputation chained equations
(MICE) using 50 iterations. The visit sequence of the variables was in ascending order of
the number of missing values. This technique improves the accuracy and the statistical
power assuming missing is at random (MAR)®. In the imputation procedure, we also
used the year of DCIS diagnosis since this information provides a better correlation
structure among covariates used as predictors in the imputation model. Continuous,
binary and multiple categorical variables were imputed using predictive mean matching,
binary and multinomial logistic regression, respectively. Time-to-event outcome defined
as time to contralateral breast cancer, time to death, and time to ipsilateral breast
cancer were included in the imputation process through the Nelson-Aalen cumulative
hazard estimator?. For every variable with missing data, every imputation model selects
predictors based on correlation structure underlying the data.

We used the R package mice (version 3.6.0) to impute our data and combine the
estimates using Rubin’s rules.
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Abstract

Objective

As a first step towards the development of a patient-friendly interface to facilitate clinical
implementation of a newly developed contralateral breast cancer (CBC) prediction
model to support decision making about contralateral prophylactic mastectomy (CPM),
we investigated among breast cancer survivors’: (1) preferences for and understanding
of graphical presentation of probabilities, (2) which factors are associated with their
trust in the risk estimates, and (3) which factors play a role in decision about CPM.

Methods

Semi-structured interviews were conducted with 19 breast cancer survivors. Two
researchers independently coded the interview transcripts to identify themes.
Discrepancies were resolved using consensus.

Results

Almost all participants (17/19) found a graphical display of added value, but preferences
varied regarding which graphical display format was most clear. The majority of
participants (13/19) had moderate to good understanding of all display formats and
14/19 highly trusted the probabilities. Participants (11/19) wished to receive information
about epistemic uncertainty (e.g., confidence interval), but only four participants had
good understanding of the graphical display format containing this information. High
probability of developing CBC and fear of future breast cancer were the factors most
frequently mentioned as relevant for decision-making about CPM.

Conclusion

No single graphical display format was preferred by all participants. Incorporating
multiple display formats into the CBC tool seems to be the best option to meet the needs
of a wide range of women considering CPM. Since women wish to receive information
about uncertainty associated with the risk estimates, effective ways to graphically
communicate this are needed.
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Introduction

Active involvement of patients in decisions regarding their health care is widely advocated
andshareddecision-makingisthe preferred styleinclinical practice nowadays*?. Providing
patients and clinicians with personalized probabilities of outcomes can help them when
weighing the pros and cons of treatment options. Prediction models including patient-
friendly presentation of probabilities can play a key role in clear risk communication, and
thereby, support effective well-informed and shared decision-making. This is particularly
important in the context of medical decisions when from a clinical perspective there is
no best choice (i.e., preference-sensitive treatment decisions).

A preference-sensitive medical decision where risk communication can play a
major role is the context of contralateral prophylactic mastectomy (CPM) for breast
cancer patients who are worried about developing breast cancer again in their other
(contralateral) breast. Even though the incidence of contralateral breast cancer (CBC) is
low in the general breast cancer population (~0.4% per year)*®, an increasing number of
patients with unilateral breast cancer opt for a CPM, even when they are at low risk®®.
One of the most important reasons why patients opt for CPM is the fear of getting
breast cancer again’. CPM significantly reduces the risk of CBC, but the procedure is
drastic, irreversible and can negatively impact women’s long-term quality of life®.
Accurate individualized information about the actual CBC risk is lacking, and e.g., in the
Netherlands, CPM is mainly indicated for breast cancer patients carrying a BRCA1/2
mutation®, since these women experience high 10-year CBC risks of ~10-20%%1,

To support physicians” and patients’ decisions about CPM, we recently developed
and validated a CBC risk prediction model (PredictCBC) which provides 5- and 10-year
individualized probabilities of developing CBC* To make a prediction model useful in
clinical practice, the model should be incorporated into a decision support tool, which
is not yet available in current practice. Such a tool can help to better identify women at
high risk of CBC who may benefit from a CPM, while the estimates can also be used to
reassure patients who are at low risk of developing CBC.

It is, however, challenging to effectively communicate probabilistic information.
Only a small proportion of people have skills that correspond to minimum statistical
literacy in health?*3, Literature showed that graphics, e.g., pictographs and bar charts,
can improve patients” understanding of probabilistic information?®. Moreover, patients
appear to have a more accurate understanding of risk if probabilistic information is
presented as absolute risks (e.g., 10%) rather than verbal labels (e.g., ‘a high chance’),
and particularly when the information is tailored!*'¢. Whether absolute risks should
include a range representing epistemic uncertainty (e.g., 5-15%) is still under debate”*°.
Conveying the randomness of future outcomes (i.e., aleatory uncertainty) to patients
seems to be done more easily by clinicians, and patients generally do not seem to
struggle with this as much as they do with epistemic uncertainty®®. Currently, little is
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known about how this can best be communicated’*°.

Even though many prediction models have been and continue to be developed,
very few have been implemented in clinical practice. One of the reasons for this is
that they often lack patient-friendly interfaces to facilitate their use during doctor-
patient consultations. Moreover, most research on risk communication is performed
among healthy participants (e.g., students)®, and not among patients. For successful
implementation of a decision tool, it is important to test the interface within the target
end-users. As a first step towards development of a CBC prediction tool that can help
clinicians to communicate probabilities to patients, the main aim of this exploratory
interview study was to get insights into breast cancer survivors’ (i.e., potential end-users)
preferences for the graphical presentation of the probabilities, including the epistemic
uncertainty, provided by the model. Secondary aims were to evaluate which factors are
associated with participants’ level of trust in the risk estimates provided, participants’
understanding of different graphical display formats, and which factors (in particular
probabilities) would play a role in participants’ decision on whether to undergo a CPM.

Methods

Design

Study population

Female breast cancer survivors aged >18 years were eligible to participate if their
invasive breast cancer diagnosis was at least one year prior to the interview (range 2-38
years) and they did not have bilateral breast cancer at primary diagnosis. We chose
to exclude women with bilateral breast cancer at primary diagnosis, as these women
were no longer at risk of developing CBC during follow-up, and therefore, did not
have to consider the prophylactic removal of the contralateral breast. Breast cancer
survivors were recruited between March and May 2020 via three different networks;
1) a patient advisory group from the Dutch Breast Cancer Research Group (BOOG),
2) the Dutch Breast Cancer Society, and 3) a breast cancer panel from the Antoni van
Leeuwenhoek hospital (AVL; a Dutch cancer hospital). From the applications, we tried
to select a heterogeneous sample of participants, i.e., patients with low and high risk of
developing CBC (e.g., BRCA1/2 carriers and Hodgkin lymphoma survivors), a wide age
range, and both women who did and those who did not undergo a CPM. We selected
a heterogeneous sample to capture the diversity of the population of breast cancer
survivors. We did not put any restriction on time since primary breast cancer diagnosis,
as women diagnosed long ago have had more time to process and reflect on their breast
cancer (treatment) trajectory and can provide input on what is important in the long-
term. The Netherlands Cancer Institute-AVL review board approved the study protocol.
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Contralateral risk prediction model (PredictCBC)

The PredictCBC risk prediction model quantifies the probability of developing a CBC
during follow-up®. The model provides individualized estimates of 5- and 10-year CBC
probabilities based on patient, primary tumor and treatment (received for the primary
tumor) characteristics, and BRCA1/2 germline mutation status. The PredictCBC model
shows an area under the curve (AUC) of 0.63 (95% prediction interval at 5 years, 0.52-
0.74; at 10 years, 0.53-0.72)*.

Graphical display formats

We created five different display formats of the 10-year CBC probability based on
formats described in the literature and discussions with experts (Figure 1). All display
formats were based on an example patient who had a probability of developing CBC
within 10 years after the primary diagnosis of 4% (average risk in the general breast
cancer population®®). The probability was visualized using 1) text only, 1) horizontal bar
chart, Ill) pictograph including graphical representation of randomness, 1V) pictograph
including epistemic uncertainty by showing the confidence interval around the point
estimate, as was described by Raphael et al'’, and V) vertical bar chartincluding reference
lines depicting average risk of the general breast cancer population and BRCA1/2
mutation carriers. All graphical display formats also included textual explanation of the
probabilities, both positively and negatively framed (Figure 1).

Procedures and measures

Interviews

We carried out semi-structured interviews using a video connection (due to the COVID-19
outbreak) after participants electronically provided informed consent. The interviews
(Supplementary Information A) were conducted by a research clinician (JMNLC) and
took on average 45 minutes (range 34-66 min). The research protocol was developed by
two researchers (IK and EGE) based on available literature regarding risk communication
principles and input from clinicians. We did not include a patient representative in
the development phase as the main aim of this study was to get the perspective of a
diverse sample of patients. The interviewer used display format | (Figure 1) to explain
the purpose of the model and which factors were included to quantify the probability
of developing CBC. The participants were then asked to indicate how much trust they
had in the probability provided on a 6-point Likert-type scale, ranging from no trust at
all to full trust, and were asked to elaborate on their answer. Next, participants were
shown each of the graphical display formats (display formats II-V, Figure 1) and asked
to describe in their own words what the display format depicted (“Could you explain
in your own words what the chances are for this (example) patient to develop breast
cancer in the other (tumor-free) breast?”). Participants were encouraged to verbalize
which aspects of the graphical display format they liked and which aspects they disliked,
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reasons for their preferences, and any changes they would make to improve the display
format. Finally, to evaluate which factors, and in particular probabilities, would play a
role in participants’ decision to undergo a CPM, participants were asked (using an open-
ended question) to indicate which factors would play an important role in their decision
on whether to undergo a CPM.

Questionnaire

After the interview, all participants completed an electronic questionnaire assessing
background information, such as age, educational level, genetic testing, and subjective
numeracy (i.e., their ability to use mathematics in everyday life) (Supplementary
Information B). We used the Ability subscale from the Subjective Numeracy Scale
developed by Fagerlin et al.?%, rated on 6-point Likert-type scales ranging from not at all
good to extremely good. Finally, to better understand whether probabilities play a role
in decision-making we asked participants to indicate at what minimum level of risk to
develop CBC they would choose to undergo CPM.

Coding and analyses

The interviews were transcribed verbatim. To identify and score the themes that came up
during the interviews, an initial codebook was developed by two researchers (IK and EGE)
based onthreeinterviews. All interviews were then independently coded by the same two
researchers. Items that were coded included factors associated with participants’ level
of trust, understanding of the graphical display formats, wishes regarding adjustments
to display formats, and factors influencing CPM decision. Understanding of the graphical
display formats of the participants was scored as ‘good’, ‘moderate’, or ‘bad’ based on
the impression of the two researchers (IK and EGE). To score understanding, we looked
at whether participants could correctly explain the probabilities visualized in the display
formats in their own words and if they understood the different aspects of the display
format (e.g., for display format V (Figure 1) if they understood the reference lines for
BRCA1/2 carriers and the general breast cancer population). All transcripts were double
coded. Discrepancies in coding were resolved through consensus and new codes were
added to the initial codebook as encountered. Finally, the two researchers grouped the
categories into overarching domains for presentation purposes. All findings and codes
were shared and discussed in the project team.
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Results

We included breast cancer survivors until we achieved saturation (N=19). Table 1 shows
the characteristics of the breast cancer survivors who were interviewed. Mean age was 50
years (range 25-72) at primary breast cancer diagnosis and 59 years (range 34-76) at date of
interview. Thirteen of the 19 participants were highly educated, and in general, participants
had high confidence in their ability to perform mathematical tasks. Twelve participants
underwent breast conserving surgery for their primary breast cancer and three participants
had undergone a CPM. The participants who had undergone a CPM were younger than
45 years at primary breast cancer diagnosis, and two of them had been diagnosed with
Hodgkin’s disease prior to their breast cancer diagnosis, for which they received (mantle
field) radiation therapy (i.e., radiation was delivered to a large area including the breasts).
The participants without CPM (N=16) indicated that removal of the other breast was not
discussed as an option during consultations on their primary breast cancer.

Table 1. Characteristics of participating breast cancer survivors (N=19)

Number of participants (%)*

Personal characteristics

Mean age in years at interview (range) 59 (34-76)
Education

Low 2(11)

Intermediate 4(21)

High 13 (68)
Breast cancer risk gene testing result at clinical genetic center®

Not tested 5(26)

Positive 1¢(5)

Negative 12 (63)

Unknown whether testing has been performed 1(5)
Non-breast cancer diagnosis prior to primary breast cancer diagnosis® 7(37)
Subjective numeracy® (1=not at all good, 6=extremely good), median (range)

How good are you at working with fractions? 3(1-6)

How good are you at working with percentages? 5(1-6)

How good are you at calculating a 15% tip? 5(1-6)

How good are you at figuring out how much a trouser will cost if it is 25% off? 6 (3-6)
Primary breast cancer and treatment characteristics
Mean age in years at breast cancer diagnosis (range) 50 (29-72)
TNM stage'

I 4(21)

1l 7(37)

Il 8 (42)
Surgery

Mastectomy 7 (37)

Breast conserving surgery 12 (63)
Radiotherapy 13 (68)
Chemotherapy 12 (63)
Endocrine therapy 6(32)
Trastuzumab 3(16)

@ May not total 100% because of rounding

®The participants were asked to indicate if they were tested for any germline mutation (BRCA1, BRCA2, CHEK2,
PALB2, etc.)

¢ BRCAZ2 carrier

dHodgkin’s lymphoma (N=2), basal cell carcinoma (N=2), cervical cancer and anal cancer (N=1), endometrial
carcinoma in situ (N=1), oral cancer (N=1)

PREFERENCES FOR GRAPHICAL PRESENTATION OF PROBABILITIES | 121



¢ We used the Ability subscale from the Subjective Numeracy Scale proposed by Fagerlin et al.?°. In these
questions, participants were asked to assess their perceived numerical ability in different contexts. Higher
scores denote greater belief in own ability to use mathematics in everyday life

fTNM staging source: Brierley JD, Gospodarowicz MK, Wittekind C. TNM Classification of Malignant Tumours. 8th
ed. West-Sussex: Wiley-Blackwell; 2017:272

Preferences for model layout and inclusion of information on uncertainty

During the interview, the participants were able to give their opinion on the visualization
of probability in the different display formats. Five participants felt that, in all display
formats shown, there was too much emphasis on the group of women who do develop
a CBC. They mentioned they would have preferred more emphasis on the group of
women who do not develop CBC, as a reassuring message, for example by using a more
pronounced/vibrant color for that group. One participant said:

“Well, especially in this case, it is of course 96% [chance] to remain free of
cancer, and that is quite a positive message. But, by making it very light
gray, [the positive message] falls away and highlights especially those
cases that do develop [breast cancer in the other breast].”

In display format Ill and IV, CBC probabilities were visualized using pictographs (Figure
1). Six participants liked the fact that in display format Ill the female icons were randomly
scattered throughout the array. Conversely, five participants preferred a sequential
arrangement of the icons (display format 1V), mainly because they found the random
arrangement messier and more confusing. Some participants indicated that it would
help to explicitly mention that the icons are randomly distributed because of chance.
The confusion that arose from the random arrangement is illustrated by this quote:

“Well, let’s see. Yeah, well, | wonder why, uh, those 4 women are ... those
green women. Why is one on the 3 row and the other on the 5" row and
the other on the 7" row and the other on the last row? | wonder what’s
the reason or, ...? [interviewer explains why icons are randomly distributed
and checks if participant understands this] Well, | would add [to the display
format] that... what the meaning is of the place where those women are
put. Otherwise, | would think maybe, maybe uh uh, well maybe one is
in the 3 year [of follow-up] and the other in the 5" year [of follow-up]
and the other, well... | want to give it a meaning right away and that [the
meaning | give it] would not be that it is just randomness. So, it gets it [a
wrong interpretation] then... And when you say that they are placed like
that to show that it is random, you think, oh yes...”

Of the 19 participants, 11 thought it was important to show the epistemic uncertainty,
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as was visualized in display format IV where a confidence interval was shown around the
point estimate (Figure 1). However, nine participants mentioned that they did not like
the way the confidence interval was currently visualized. They found only coloring in part
of the female icons step by step confusing. For example, some participants mentioned
“It is not about getting cancer in your legs, as it looks now”. Six patients mentioned that
they would have preferred a fading color to indicate the confidence interval of the icons
rather than only coloring in part of the female icons step by step.

In display format V (Figure 1), the CBC probability was visualized using a bar chart
including reference lines showing the average CBC risk in the general breast cancer
population and in BRCA1/2 mutation carriers. Fourteen participants mentioned they
did not value the reference lines for BRCA1/2 mutation carriers, since they felt this
information was not of added value and/or the dotted lines made the graphical display
messier. Ten participants found that the reference line for the general breast cancer
population was not of added value either. One participant said:

“I think this [display format] contains too much information. It says,
‘general breast cancer population’, but this lady is not general. She wants
to know what her personal risk is. So it should state ‘your risk is.... And if
she is not a BRCA1 or BRCA2 mutation carrier... | would not mention it. This
[information] is not useful for her.”

Finally, participants were asked to select the display format they most liked. Seventeen
of the 19 participants indicated that a graphical display of the probabilities was of added
value. Participants had varying preferences and not one graphical display format was
clearly preferred. However, 10 participants preferred a bar chart, specifically when
oriented vertically.

Trust in risk estimation

Median score on trust in the probability provided by the CBC model was 5 (SD=0.99) based
on a 6-point Likert-type scale ranging from no trust at all to full trust (Figure 2). Eleven
participants mentioned that having trust in science in general and/or trusting that the
scientific foundation of the predictions is sound were important factors that increase their
trust in the model probability (Table 2). The majority of participants mentioned that they
would not be able to give a score of six as it is impossible to have 100% certainty; there
is always the possibility that you are the unlucky person who does develop a CBC. Five
participants had the perception that not all relevant factors were included in the prediction
model, which made them score low on trust in the probability (Table 2). Factors they
missed in the current model included information on CHEK2 ¢.1100del mutation, detailed
information about adjuvant treatment (e.g., which type of chemotherapy), number of
positive lymph nodes, and the MammaPrint (70-gene signature).

PREFERENCES FOR GRAPHICAL PRESENTATION OF PROBABILITIES | 123



Table 2. Factors mentioned by the participating breast cancer survivors that influence trust in probabilities
provided by the contralateral risk prediction model (PredictCBC)

4 . E ] % g Mentioned factors? Frequency® Example quotations
ki R - ' i H 5 % § § Factors that increase trust in the probability shown
E 8 g = > |5 i s 3 3§ Se 3 Trust in science and/or scientific foundation of 11 “If 1 would have known that this [calculation of
-'E g 8 g % @ T ] H g E ; - ié prediction probability] is based on a very large dataset... Yes,
- | % Eﬁ 2 5 g E i g é § } sé $£ g Perception that all relevant factors are included in risk 3 then | would have more trust.”
= s R 5% g% g EE §1§ iz f—g prediction model
Els g 22 3 § g |3 % 32 %8 H Factors that decrease trust in the probability shown “| cannot fully trust it, but | think that is true for
2 § 5 " 32 9% e 3 -é §'§ 55 i; You can never be 100% sure/you could always be the 13 many cancer patients. There will never be complete
> 2 g £; 55| O |32 852f I unlucky person that experiences the outcome trust”
E- & & H E _‘:j E E ig .‘;g E % §§ Perception that not all relevant factors are included in 5
o é E g $F ES o e e e A g 82 i3 3% the risk prediction model “What | am actually missing here is [results from]
B35 g % g 5 T B ) v Perception that included factors do not discriminate 3 the pathological examination. Because it seems
3 5 k] % t1 sufficiently between high and low risk to me that with the pathological examination you
8% § s 3 B> = g o should also be able to make a certain prediction. So
35 § = ) S.E &5 g E ~f ug that makes this incomplete, right?” i
bl % g > §£ §§ 2Factors were listed that were mentioned by at least two participants
E ;E 31 %E ®Rows do not add up to the number of participants (N=19) because some answers contained multiple factors
g (5% = i i
'_3;‘ é E : S : 3§ g
2 of a |53 - 8 b i
grEs 2 i3 = il . N
§e8 a i§ - i3 Understanding of the graphical display formats
s 2883 & L .. . .
ot 2= - We observed that the majority of participants had good understanding of display
o E s . . . . . .
= odc§ formats Il (horizontal bar chart), Il (pictograph including graphical representation of
= sg€ge
Y - 5 - . . . . L .
E R g if randomness), and V (vertical bar chart including reference lines depicting average risk
S 85 E = | § |3
- mie® = |z 2¥ . . ..
> g % [iz e gé for other populations) (Figure 3). We found that the participants generally seemed
= @ © £ |58
o T3 2 H . . . . . . . .
Z Ex3s S g% - gg to have difficulty understanding display format IV (pictograph including epistemic
22058 g §T . . . . . .
g 5% ] % 38 1 uncertainty by showing the confidence interval around the point estimate). Out of the
Z5£8s 5L gz . . .
Sfeyt & i - 358 19 participants, 14 scored moderate on understanding of display format IV and one had
2088 g ie g8 . .
< EEE it poor understanding (Figure 3).

Factors influencing CPM decision
Figure 4 shows factors mentioned by the participants that would influence their decision
on whether to undergo a CPM and quotes to illustrate this. Almost all participants

Poorty or undifferentisted

yoars

Negative and untreated
Negative and urtreated

(N=18) mentioned that they would choose to have their other (tumor-free) breast

ay format 5 — vertical bar chart including reference lines depicting average risk of the general breast cancer population and BRCA1 and BRCA2 mutation carriers
2For the purpose of this study, our CBC risk prediction model was implemented in an online tool using the Evidencio platform (https://www.evidencio.com/home)

ay format 4 — pictograph including epistemic uncertainty by showing the confidence interval around the point estimate as was similar to Raphael et al.*’

Figure 1. Overview of the display formats of the contralateral risk prediction model (PredictCBC) shown during the interview?®
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g g - . & 2 fear of future breast cancer, being a BRCA1/2 mutation carrier, and the desire to achieve
I E g ; 5 2 2 g > g ?,} breast symmetry (if the breast of the primary breast cancer is removed).
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; 28 An important factor for not opting to undergo a CPM was to avoid side-effects of
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; E H %f T prophylactic surgery (Figure 4). Some participants mentioned that they considered
5 : g g : £ $ i :§ : g % 2 CPM unnecessary as long as they received follow-up check-ups for their primary breast
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; § % 4 P g, * ?-‘_ g: "§ ;E : E g E cancer, including mammography of the other breast. Other factors were the negative
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Discussion

As a first step towards the development of a CBC prediction tool that can help clinicians
to communicate probabilities to patients, the main aim of this exploratory interview
study was to get insights into breast cancer survivors’ (i.e., potential end-users)
preferences for the graphical presentation of the probabilities, including the epistemic
uncertainty, provided by the model. Participants in this study preferred graphics to show
probabilities in a CBC risk prediction model, but they had varying preferences regarding
the type of graphical representation. It is reassuring that participants had high levels of
trust in the probabilities shown, which indicates that a CBC risk prediction model can be
of added value in helping patients to make decisions. Moreover, probabilities seem to
play an important role in decision-making about CPM, as we found that having a high
probability of developing a CBC as well as fear of future breast cancer were the factors
most frequently mentioned by participants’ as relevant for their decision-making.
Interestingly, the majority thought it was important to show the epistemic uncertainty
associated with risk estimates. However, including the epistemic uncertainty also seems
to have its drawback, as only four participants had good understanding of the graphical
display format containing this information.

Our findings are in line with previous research showing that textual risk
communication is better understood in combination with graphical formats?2*. In the
literature, no consensus has been reached yet on the optimal graphical format for
presenting a single probability. This is reflected in our study where participants had
varying preferences, and no display format was a clear favorite. However, a substantial
proportion of participants preferred a bar chart, specifically when oriented vertically. The
preference for a vertical orientation is in line with some previous studies that showed
that vertical graphs were processed slightly faster than horizontal graphs®?.

Some studies recommend pictographs as the optimal format to communicate
probabilistic information to patients, especially for patients with low numeracy?>%-%,
They argue that pictographs improve patients understanding of probabilities as they
better represent the part-to-whole relationship?® and they are easier to identify with than
bar charts®*®2. In our study, participants had slightly better understanding of the display
format including a pictograph (display format Ill) compared with a bar chart (display
format Il). However, the improvement in understanding could potentially be explained by
alearning curve, as participants become more familiar with the concept of risk prediction
by viewing multiple display formats. Participants had varying preferences between a
random and sequential arrangement of the cases in the pictograph. Randomly arranged
pictographs have the benefit that they convey the difficult concept of randomness®, so
they are in a way more realistic, but they are generally perceived as more difficult to
understand?®’. In our study, participants indicated that when using random arrangement,
some additional information on the explanation of the randomness may be a solution to
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overcome confusion.

In the display format including a vertical bar chart (display format V), we also
included reference lines depicting average risk of the general breast cancer population
and BRCA1/2 mutation carriers. The intent was to help patients put their risk in
perspective. However, our results suggested that it would be better to leave out these
reference lines, as the majority of the participants thought these were not of added
value and made the display messier. Moreover, model understanding was slightly
worse for display format V compared to display format Il (horizontal bar chart) and Il
(pictograph including graphical representation of randomness). This is in line with the
growing evidence that “less is more” in the field of decision-making®. For example,
a recently published systematic review that evaluated the effect of different ways of
communicating treatment risks and benefits to cancer patients, showed that limiting the
amount of information in a graphical display improved patients’ understanding®.

In the literature, there is an ongoing debate about whether epistemic uncertainty
should be communicated to patients, and if so, how this should be visualized by risk
prediction models and in decision aids**8. In current practice, epistemic uncertainty
is rarely explicitly communicated®®!°. In our study, more than half of the participants
thought it is important to show epistemic uncertainty, since this information is “more
true” and complete. However, the participants seemed to struggle with information
about epistemic uncertainty, as understanding of the graphical display format containing
the confidence interval was worse. Many participants pointed out they did not like the
way the confidence interval was currently visualized (stepwise coloring in part of the
female icons) and they recommended a fading color. This is in contrast with another
study in the Dutch breast cancer survivor population?’, where the stepwise coloring
came out as best format. Future studies should investigate the best way to communicate
epistemic uncertainty to patients.

The results of our study indicate that the probability of developing CBC and fear
of future breast cancer play an important role in participants’ decision on whether
to undergo a CPM. This is in line with a systematic review on patient reported and
psychological factors influencing the decision on CPM’. Our finding highlights that at
least some patients have a need for personalized CBC risks. Indeed, we are careful
and hesitant in extrapolating our findings to all breast cancer patients since our study
included a selected group of breast cancer survivors due to the invitation approach
and our sampling to achieve a heterogeneous group of participants. The majority of
the participants was highly educated, had high confidence in their ability to perform
mathematical tasks, and some may have been more actively involved with research than
the general breast cancer population. Another limitation is the potential learning curve
that participants may have developed by viewing several display formats during the
interview. In addition, since this was an exploratory interview study, future large-scale
experimental studies are needed to investigate how to effectively design the interface
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for a risk prediction tool that meets the diverse needs of end users, and to investigate
differences in preferences between subgroups of women. The main strength of this
study is that we performed the interviews within the target end-users, breast cancer
survivors for whom decision-making about CPM is relevant at different time-points in
their survivorship (time since primary breast cancer diagnosis ranged from 2-38 years).
As a next step, healthcare professionals’ preferences for the CBC model interface should
also be investigated as they play a key role in implementation of the model in clinical
practice.

In conclusion, our study provided valuable information on preferences for graphical
presentation of probability and uncertainty in a CBC prediction model. Graphical
components are important to explain probabilities, but there is no single best method
for communication of probabilities to patients. Any tool intended for use with patients’
needs to allow flexibility in display format (e.g., as done in the frequently used PREDICT
prognostication tool 3°). Our study showed that participants valued information on
epistemic uncertainty, but future studies are needed to investigate the best way to
effectively communicate this type of information. As the probability of developing CBC
plays an important role in the participants’ decision to undergo a CPM, it is important
to carefully design and test the risk prediction model interface prior to implementation.
Finding better ways to communicate probabilities will result in better understanding and
consequently improve the quality of health decisions and outcomes such as decision
regret.
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Supplementary Information A - Interview protocol

Introduction

Word of welcome: Thank you for participating in this study. Let me introduce
myself. The interview will take about 45 minutes.

Explanation goal of the study: Our research group focuses on women diagnosed
with breast cancer. We would like to have a better estimate for every woman
diagnosed with breast cancer what the probability is of developing a second
breast cancer in the other (tumor-free) breast. We are currently developing a
risk prediction model. In general, the probability of developing a second breast
cancer in the other (tumor-free) breast is small. The purpose of this interview
is to understand what patients think of our model and how we can improve the
risk visualization, in order to make the model as clear as possible and patient-
friendly. The results of this study may be published in scientific journals. From
the text, you will not be identifiable. With your permission | will record the
interview. Everything you say will be treated confidentially. After analyzing the
information, we will delete the recording. Do you give consent for this?

Background

Before we start with the questions related to the model, | would like to know
how you are doing?
I would like to ask a few more questions to get some background information.
o How old were you when you were diagnosed with breast cancer?
What is your current age?
At what stage was the primary breast cancer diagnosed?
What treatments did you receive when you were diagnosed with
breast cancer? Did you receive:
< Breast conserving surgery, mastectomy, or no surgery? Was
this conform the doctor’s advice?

N

Did you and your doctor discuss the possibility for preventive
removal of the other (tumor-free) breast?

Did you receive chemotherapy?

Did you receive endocrine therapy?

Did you receive HER2-specific therapy?

TN

Did you receive radiotherapy?

o Was your primary breast cancer diagnosis the first time that you were
diagnosed with cancer? If not, may | ask what diagnoses you have had
previously?

Model introduction

134 |

As | just explained, we developed a model to estimate the probability that a
woman who has been diagnosed with breast cancer will develop breast cancer

CHAPTER S

again in the other (tumor-free) breast. | will give some more information [shows
display format I]. We developed a mathematical model with data from a large
group of patients. In this example we use a fictitious patient with an average
CBC risk. The model contains factors that influence the risk of a second breast
cancer. For example, age at first breast cancer diagnosis, tumor characteristics
of the primary tumor, and treatment. These factors can be entered for each
patient, which will result in a certain risk estimate.

The end goal is that this model can be used by doctors to inform
patients about the risk of developing breast cancer in the other (tumor-free)
breast. For example, additional treatment may be provided, preventive removal
of the other breast, or the model can be used to reassure women who are at
very low risk of developing breast cancer in the other breast. The latter will be
applicable to most women.

In this example (display format 1), 4 out of 100 women, who have the
same characteristics as this fictitious patient, will develop breast cancer in the
other (tumor-free) breast within 10 years. This means that 96 out of 100 women
do not develop breast cancer in the other (tumor-free) breast. Currently, the
model is still under development and therefore, it is not used by doctors yet.
First, we would like to investigate how we can improve the risk visualization, to
make the risk information provided by the CBC prediction model as clear and
patient-friendly as possible. Therefore, | would like to ask you some questions
based on some examples of model visualizations.

Model trust

[Show display format | and explain the information shown, and then show the
6-point Likert-type scale to rate trust] Could you indicate on this 6-point scale,
ranging from no trust at all to full trust, how much trust you have in the risk
estimates you just viewed?

Could you elaborate on the score you have given? What could be said to
improve your trust?

PREFERENCES FOR GRAPHICAL PRESENTATION OF PROBABILITIES | 135



Different display formats of model

As | just explained, we would like to investigate what type of risk visualization
is most clear and patient-friendly. Therefore, | will show you different display
formats of the model and ask a few questions.

[show display format II-V, one by one, and repeatedly ask the following
guestions] Could you explain in your own words what the chances are for this
(example) patient to develop breast cancer in the other (tumor-free) breast?
Do you miss specific information?

[show overview of display format I-V] You have just viewed five different display
formats of the model. What display format do you prefer? And why?

Factors contralateral prophylactic mastectomy

Finally, 1 would like to talk about important factors that influence patients’
decision to opt for preventive removal of the other (tumor-free) breast. We
ask you this question to get an idea about what information is important when
making such a decision.

[for patients without CPM] Imagine that you have the choice to have the other
(tumor-free) breast removed preventively. What would be reasons to remove
the other (tumor-free) breast? And what would be reasons for not removing
the other (tumor-free) breast?

[for patients with CPM] You have had your other (tumor-free) breast removed
preventively. What were the reasons to remove the other breast preventively?

End interview

136

These were all my questions. | would like to thank you for this interview. If you
have any questions left, please contact me at any time.

CHAPTER S

Supplementary Information B — Questionnaire

Question 1. What is your current age:

Question 2. What is your highest level of education you have completed:

O
O
O

O
O

Elementary school, primary school

Pre-vocational secondary education

Secondary vocational education, senior general secondary education, pre-
university education

University of applied sciences (i.e., higher professional education) or university
Other, namely

With the following questions we want to get insight into whether you or someone in your

family has undergone genetic testing. Genetic testing can be used to find out whether

someone has an increased risk of developing cancer due to a genetic predisposition.

Genetic predisposition does not automatically mean that someone will get cancer.

Question 3. Have you or someone in your family undergone genetic testing?

OoOooOoo

No (as far as | know)

| do not know

| would rather not answer this

Yes, please tick what is applicable below:
| have undergone genetic testing
Son(s) and/or daughter(s)

Father and/or mother

Brother(s) and/or sister(s)

Uncle(s) and/or aunt(s)

Cousin(s)

OOoooOoooo

Grandfather(s) and/or grandmother(s)

Question 4. Has a genetic mutation been found in yourself or someone in your family?

O VYes
O No
O 1do not know
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please check the box that best reflects

Question 6. For each of the following questions,
how good you are at doing the following things!

How good are you at working with fractions?

a.

Extremely good

Not at all good

How good are you at working with percentages?

b.

Extremely good

Not at all good
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How good are you at figuring out how much a trouser will cost if it is 25%
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Question 7. At what level of probability of developing breast cancer in the other
(tumor-free) breast would you choose to have the other (tumor-free) breast removed
preventively?
o 1-2 out of 100 women will develop breast cancer in the other (tumor-free)
breast within 10 years
o 3-5 out of 100 women will develop breast cancer in the other (tumor-free)
breast within 10 years
o 5-10 out of 100 women will develop breast cancer in the other (tumor-free)
breast within 10 years
o More than 10 out of 100 women will develop breast cancer in the other
(tumor-free) breast within 10 years
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CHAPTER 6

General discussion




Discussion

Contralateral breast cancer (CBC) is becoming an important public health issue because
of the increased incidence of breast cancer and improved survival*. To improve decision
making on risk reducing strategies and follow-up decisions for breast cancer patients,
accurate individualized risk prediction is needed to distinguish between patients who
are at high or low risk of developing CBC. The main goal of this thesis was to explore
risk factors associated with CBC for which there is insufficient evidence in literature.
Furthermore, as a first step towards implementation of a risk prediction model, we
performed an exploratory interview study to investigate preferences for graphical
presentation of probabilities in a CBC risk prediction model. In this concluding chapter
we will discuss the main findings of the results presented in this thesis and interpret them
in a broader context. The methodological challenges of our studies will be discussed and
we will highlight some strengths and limitations. Finally, recommendations for future
research and clinical implications are given.

Main findings in context of other literature

Risk factors of CBC

During the last decades, numerous studies have investigated risk factors associated
with CBC>®. Based on the same Dutch Cancer Society funded project, and in another
PhD trajectory parallel to the work presented in this thesis, a risk prediction model
was developed and validated to predict the risk of CBC. Data was included of 132,756
women diagnosed with non-metastatic invasive breast cancer between 1990 and
2013 from multiple studies in Europe, USA, and Australia. All known and available
risk factors were included in the model, including patient (age, family history of
breast cancer), primary tumor (nodal status, size grade, morphology, ER and HER2
status), and treatment (chemotherapy, endocrine therapy, trastuzumab, radiotherapy)
characteristics, and BRCA1/2 mutation status’. The calibration of the model was
reasonable and discrimination moderate (area under the curve of 0.63)”. To improve risk
prediction of CBC it is important to investigate and incorporate additional risk factors, as
well as looking into their etiology. In chapter 2 we investigated the association between
,15) and CBC risk using
data from the large breast cancer series of the Breast Cancer Association Consortium.

a polygenic risk score of 313 common germline variants (PRS

Previous studies had shown associations between risk of CBC and both a 67-variant
PRS® and individual variants®, but not yet with PRS, .,
PRS. We observed a clear association between the PRS, . and CBC risk, which was not
biased by patient characteristics, characteristics of the primary tumor, or adjuvant

the most extensively validated

treatment. The association was, however, weaker (in terms of an odds ratio) than was
found for the PRS, . and first primary breast cancer®. In chapter 3 we investigated the
influence of various adjuvant systemic regimens on, subtype-specific, risk of CBC in a
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nationwide population-based cohort study of the Netherlands Cancer Registry (NCR).
Previous research had shown that patients who received adjuvant endocrine therapy
or chemotherapy for their first breast cancer have a reduced risk of developing CBC**%,
which was confirmed by our study. Not many studies had looked into different regimens
of adjuvant chemotherapy and endocrine therapy in relation to CBC risk. In our study,
we showed that taxane-containing chemotherapy (compared to other chemotherapy
regimens) and aromatase inhibitors (compared to tamoxifen) were associated with the
largest CBC risk reduction. Adjuvant trastuzumab in combination with chemotherapy
was also associated with a strong CBC risk reduction. Unfortunately, we do not have a
biological explanation for the different effects between different chemotherapy regimens
and between tamoxifen and aromatase inhibitors. However, our findings are consistent
with some other studies®. Our subtype-specific analyses showed that each adjuvant
therapy regimen had a different impact on the CBC subtype distribution. This finding
may be clinically relevant, since each receptor subtype includes a different treatment
strategy and prognosis.

CBC risk in women diagnosed with ductal carcinoma in situ

Most research on CBC is focusing on patients with first invasive breast cancer. However,
individualized CBC prediction may also be important for women with ductal carcinoma
in situ (DCIS). In chapter 4 we estimated the CBC risk in women with DCIS versus women
with invasive breast cancer in a population-based cohort study of the NCR. Interestingly,
we showed that the risk of developing invasive CBC was higher for women with DCIS
compared with invasive breast cancer. The higher risk is likely explained by the risk-
reducing effect of (neo)adjuvant systemic therapy among invasive breast cancer patients.
Indeed, when we compared CBC risk for women with DCIS to women with stage | not
receiving adjuvant systemic therapy, CBC risk was lower for women with DCIS. Based
on the results of this study we do not suggest to start treating women with DCIS with
adjuvant systemic therapy to prevent CBC as the absolute CBC risk is low.

In our study, we had limited information on biological characteristics of DCIS, e.g.
no information on receptor subtypes, and our multivariable model was therefore unable
to differentiate CBC risk among women with DCIS. So, based on the clinical information
currently available, CBC risk prediction in women with DCIS is insufficiently robust to be
clinically actionable. More biological knowledge is needed to improve CBC prediction in
women with DCIS. It is, for example, still unclear if CBC has the same etiology in DCIS
as in invasive breast cancer. If so, a separate CBC risk prediction model for women with
DCIS would be desired.

How to (graphically) present probabilities to patients?

The results of chapter 2, 3 and 4 provided valuable information to improve the
prediction accuracy of the CBC risk prediction model. To make a prediction model useful
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in clinical practice, the model should be incorporated into a decision support tool, which
is not yet available in current practice. Prediction tools can inform patients on their
probability of developing a certain disease and help them with associated decision
making. Literature showed, however, that patients and doctors have difficulties in
understanding/communicating probabilistic information, and therefore, it is important
to carefully investigate how to effectively communicate the probabilities in the risk
prediction tool before its implementation. Graphics (bar chart, pictographs, etc.) can
facilitate communication and may aid accurate understanding of probabilities’’, but
there is no consensus on which type of graphical presentation is most effective. In
addition, it is unclear whether the epistemic uncertainty (i.e. statistical uncertainty e.g.
indicated by a confidence interval) should be communicated to patients, and if so, how
to do this effectively®®.

In chapter 5 we performed an exploratory interview study among 19 breast
cancer survivors (i.e., potential end-users) to get insights into their preferences for
the graphical presentation of probabilities, including the epistemic uncertainty. Almost
all participants preferred a graphical component supporting textual explanation of
probabilities, but they had varying preferences regarding the graphical display formats.
This suggests that there is likely no single best method for the graphical presentation of
probabilities and the final format of our tool may contain different display formats. This
was, for example, already done for the frequently used prognostication tool PREDICT®?,
where the user has different options for visualization of the output (table, bar chart,
pictograph, etc.). Interestingly, the majority of the participants indicated they would
like to receive information about epistemic uncertainty, but struggled to understand
the display format containing this information. One could argue that communicating
the epistemic uncertainty to patients is important since it is more realistic, and in a
way more ethical to inform them about the reliability of the risk estimation. However,
to really support decision making, we first need to know how to communicate/display
this information effectively. Otherwise, communication of the epistemic uncertainty
may work counterproductive, as showing information patients do not understand may
possibly increase anxiety®.

Strengths, limitations and methodological challenges

The work described in this thesis provides a combination of quantitative and qualitative
research to investigate risk factors associated with CBC and to set a first step towards
the implementation of our CBC risk prediction model. While interpreting the findings, it
is important to keep in mind the strengths and limitations of the studies we performed;
several forms of bias to may apply to epidemiological studies.

Access to large patient cohorts with detailed follow-up
The main strength of the quantitative studies presented in chapter 2, 3, and 4 is that
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we made use of breast cancer cohorts with very large sample sizes and detailed follow-
up data on CBC. In chapter 2 we used data from the large breast cancer series in the
Breast Cancer Association Consortium, including genotype information for ~150.000
women and a large number of CBC events. In chapter 3 and 4 we were fortunate to
have access to datasets from the NCR, collected by the Netherlands Comprehensive
Cancer Organization. The NCR is an on-going nationwide population-based data registry
of all newly diagnosed cancer patients in the Netherlands, with full coverage since 1989,
including comprehensive tumor and therapy information, and active follow-up on CBC
occurrence. The large structure of our patient cohorts enabled us to provide reliable
estimations of CBC risks based on the risk factor of interest.

Confounding, effect modification, and missing data

Observational studies are typically susceptible to confounding bias and effect
modification, since other risk factors are usually not equally distributed between the
group with the risk factor of interest and the group without. For example, in chapter
3 we observed that patients who received adjuvant systemic therapy differed with
respect to patient and tumor characteristics (e.g. they were younger and had higher
tumor stage), to patients who did not receive adjuvant systemic therapy. In our studies,
we tried to reduce confounding bias and effect modification by building multivariable
models accounting for other risk factors and used stratified models when interaction
was observed. However, some challenges we encountered were the presence of missing
values and the fact that some (potential) risk factors were not available in our datasets.
Therefore, residual confounding or effect modification may still have been present. Even
so, in chapter 2 and 3 results were similar when including all patients and when only
including those patients without missing values (complete case analyses). Therefore, we
do not expect that our conclusions would have been substantially different if we would
have had more complete data. In the analyses presented in chapter 4 we used multiple
imputation by replacing missing values with imputed values. Multiple imputationis a valid
method for handling missing data in multivariable analyses and is highly recommended
to use in observational studies?!.

In our studies presented in chapter 2, 3, and 4, we lacked data on contralateral
prophylactic mastectomy (CPM), which could have resulted in an underestimation of
the CBC risk. According to Dutch guidelines *? only women carrying a BRCA1 or BRCA2
germline mutation are advised to undergo a CPM, since their CBC risk is high with an
estimated 10-year risk of ~10-20%*2*. Unfortunately, information about BRCAI and
BRCA2 mutation was lacking in our studies. However, we do not expect that this missing
information importantly influenced the results since only 1-2% of the DCIS population®,
and 3-5% of the invasive breast cancer population?2® will be BRCAI or BRCA2 mutation
carriers.
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Misclassification bias

An important question that came up during our studies is to what extent the CBCs are
new primary tumors, or actually metastases from the first breast cancer. For example, this
question was raised in chapter 2, where we showed that the PRS, . was less predictive for
CBC than for a first breast cancer. The attenuated effect may partially be explained by the
fact that a small subset of the CBCs may have been metastases, since the PRS,_ . has not
shown predictive for metastases.

Some (small) studies investigated the clonal relatedness of first breast cancers and CBCs
using tumor sequencing and showed that 6-12% of CBCs represent metastases®’ . In our
studies, we attempted to minimize the misclassification of metastases to the contralateral
breast by only including patients without distant metastasis at initial diagnosis, starting
follow-up three months after first breast cancer diagnosis (metachronous CBC), and
censoring for distant metastases (when possible) during follow-up.

Index event bias

Another type of bias that may occur studying CBC is ‘index event bias’, a type of bias
that arises in studies that select patients based on the occurrence of an index event (in
this case breast cancer) and when the risk (in this case of a CBC), is substantial i.e., a
violation of the rare disease assumption®°. Some studies investigating determinants of
subsequent events (e.g. recurrence of the disease) showed that factors that have been
well-established as determinants of the index event (e.g. patent foramen ovale and the
risk of stroke3®3*!) show an attenuated effect for a subsequent event. This can possibly
be explained by the fact that conditioning on the index induces dependence between
(known and unknown) risk factors, even when these risk factors are independently
distributed in the general population®. If individuals with the index event score high on

the risk factor of interest (e.g. PRS, ), they may have lower levels of other risk factors®?.

)
313
The other risk factors include most importantly the polygenic risk that is not captured
by the PRS (which only explains part of the total polygenic risk), which by definition
was not measured and not corrected for. As a consequence, the association between
the individual risk factor and subsequent event will be biased toward the null (index
event bias)®*®. In chapter 2 we may have encountered some index event bias, since we
observed that the association between PRS, . and CBC risk was weaker than was found
for first primary breast cancer. Index event bias can be reduced by taking into account
all other risk factors that contribute to CBC development. However, in our analyses

(chapter 2) the association between PRS, . and CBC risk did not change when taking into

313
account other (non-genetic) risk factors, but we may have encountered some residual
bias. Residual bias will always be a concern in etiological research because unmeasured

or unknown risk factors are unavoidable (Figure 1).
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Unmeasured factors (genetic/lifestyle)

X (primary event) | I Y (second event)

Risk factor of interest (e.g. PRS;;5)

Figure 1. Index event bias. When levels of the risk factor of interest are high (increased G), levels of other
(unmeasured) factors may be lower (reduced U), diluting the risk of a second event (Y)

Selection bias

It is highly likely that in our qualitative study presented in chapter 5 we encountered
selection bias due to our invitation approach. Selection bias occurs when some people
in a population are systematically more likely to be selected in the study than others.
For our interviews, breast cancer survivors were recruited via a patient advisory
group, the Dutch Breast Cancer Society, and a breast cancer panel from the Antoni van
Leeuwenhoek hospital (AVL). We tried to select a broad range of participants, but the
majority of the participants was highly educated and most women were more actively
involved with research than women in the general breast cancer population.

Biases and (causal) interpretation of the results

Etiological research provides us knowledge on causes of diseases, but possible biases
should be of concern. Biases can obscure true associations, leading to strengthening
or weakening of the true associations. Despite that we tried to minimalize bias when
possible, we need to be a bit careful in the causal interpretation of our results. On the
other hand, causality is not a necessary condition for a risk prediction model to predict an
outcome with high validity. The aim of our CBC risk prediction model is not to interpret
the (causal) effects of individual variables, but to accurately predict the outcome using
a combination of all predictors in the model**. Nevertheless, risk prediction models
including causal factors will make it more likely that a model is generalizable to other
populations that differ from the one in which they were developed.
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Clinical implications and suggestions for further research

‘Suggestions for future research (highlights)
e Identification of new risk factors

Germline mutations (e.g. ATM, PALB2), breast density, lifestyle factors.

e Disentangling true primary CBCs from metastases
Part of the CBCs represent metastases from the first primary tumor. Disentangling
true primary CBCs from metastases is important for prognosis and treatment
choices, and to make our future risk prediction analyses more accurate.

e  Exploring factors that predict survival after CBC
Studies showed that CBC patients have a worse prognosis compared to patients
with unilateral breast cancer. Future studies are needed to investigate which factors
are associated with survival after CBC in specific subgroups.

e Implementation of the CBC risk prediction tool
To stimulate successful implementation of our risk prediction tool, it is important
to evaluate the usability and patient satisfaction of our tool in the clinical setting. In
addition, the tool should be incorporated in clinical guidelines and it needs to be
continuously updated by adding new data.

Identification of new risk factors
To get the ‘big picture’ on CBC development, we will need more data on the effects
of other risk factors. For example, more research is needed on the genetic landscape
of CBC. From literature we know that carrying a BRCA1, BRCA2, or CHEK2 ¢.1100delC
mutation is associated with strong CBC risks®>. Moreover, in this thesis, we showed that
common genetic variants, summarized in a PRS, are not only predictive for first breast
cancer, but also for CBC. Limited information is available for other germline mutations
that are shown to be associated with first breast cancer risk, such as ATM, PALB2, or
other variants of the CHEK2 gene®. Future analyses using the data collected in the EU
horizon2020 projects B-CAST and BRIDGES will contribute to answering this question.
Another potential risk factor that needs to be further investigated is breast density.
The association between high breast density and increased first breast cancer risk has
been well-established, with an odds ratio of 4.6 for high versus low density in a large
meta-analysis®, but the association with CBC risk is less clear. If the effect of breast
density on CBC risk equals its major effects on first breast cancer risk, breast density
could become a highly important target to influence CBC risk. Some case-control
studies assessed the association between breast density and CBC risk, but these studies
showed inconsistent results®. So far, no cohort study has been performed to address this
question on a larger scale. Therefore, we collected mammograms (when available) from
~11,000 breast cancer patients diagnosed with first invasive breast cancer between
2005-2017 selected from the AVL tumor registry and ~5,000 patients from the Erasmus
Medical Centre. We have access to an algorithm included in a tool (STRATUS) to measure
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mammographic density (STRATUS)*. In future projects, this database can be used to
assess the association between breast density and CBC risk.

Little is known about the impact of lifestyle and reproductive factors on CBC risk.
Recently, also in the framework of this project, a systemic review and meta-analysis was
performed in another PhD trajectory to investigate the impact of multiple lifestyle and
reproductive factors and CBC risk®, but only a few studies were available per studied
risk factor. More research on the impact of lifestyle factors and known reproductive risk
factors for a first breast cancer on CBC risk is needed to improve individualized CBC risk
prediction. Moreover, lifestyle factors may be of particular interest for breast cancer
survivors, since these factors are modifiable.

The question remains whether adding results from gene panels, breast density, and
lifestyle factors to CBC risk prediction models will significantly improve risk prediction
and contribute to clinical practice. For first primary breast cancer, there is evidence that
by incorporating these factors much greater levels of breast cancer risk stratification
can be achieved both in the general population and in women with a family history of
breast cancer. For example, this was investigated for the BOADICEA model, where the
PRS, breast density, and lifestyle, hormonal and reproductive risk factors were added to
the known risk factors to stratify women on primary breast cancer risk®*3°. They showed
that, apart from family history, the combined effects of PRS, breast density, and lifestyle/
hormonal/reproductive factors can identify ~13% of the women in the population who
would be classified at moderate or high risk of developing breast cancer, and ~12% at low
risk. The results showed that the PRS contributed the most to risk stratification, followed
by breast density®. In future projects, it would be very interesting to investigate whether
these additional risk factors contribute to CBC prediction. It is possible that these factors
appear to be less predictive for CBC than for first primary breast cancer (as we have
observed for the PRS__ ).

Disentangling true primary CBCs from metastases

So far, only small studies (max 49 patients) have been performed to investigate clonal
relationships between first primary breast cancer and CBCs using tumor sequencing, and a
larger cohort to answer this question is desired. During this PhD trajectory, we therefore
collected formalin-fixed paraffin-embedded tumor blocks of ~500 patients that were
diagnosed with first invasive breast cancer and subsequent invasive CBC between 1990-
2016 selected from the tumor registry of the AVL. Disentangling true primary CBCs
from metastases is important for prognosis and treatment choices in the first place (i.e.
distant metastasis has a different prognosis and needs different treatment strategies
than a new primary tumor), but also to make our future risk prediction analyses more
accurate.
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Risk or survival?

In the end, preventing breast cancer mortality is the most important goal. Therefore, an
interesting question that came up during our research on CBC was which factors predict
survival after a CBC. Several studies showed that CBC patients have a worse prognosis
compared to patients with unilateral breast cancer®**. The results presented in this
thesis suggested that an explanation for this worse prognosis, besides having been
diagnosed with yet another cancer, may be found in the impact of adjuvant systemic
therapy on CBC tumor biology, or misclassification of metastatic disease as a CBC. For
example, in chapter 3 we showed that endocrine therapy was particularly effective in
reducing risk of ER-positive CBC, whereas the risk of ER-negative CBC did not decrease.
A change into a therapy-resistant subtype after adjuvant systemic therapy might
negatively affect CBC survival. Future studies are needed to investigate survival after
CBC in specific subgroups. Such information could guide counseling strategies following
a CBC diagnosis.

Implementation of the CBC risk prediction tool

Once our risk prediction model is upgraded and incorporated in a decision support
tool, it can be implemented in clinical practice. A major issue with decision support
tools is that many of them do not reach implementation in clinical practice (i.e. they
are only developed and evaluated for research purposes)®. To stimulate successful
implementation of our risk prediction tool, it is important to evaluate the usability and
patient satisfaction of our tool in the clinical setting. In addition, future research should
elaborate on the wishes of healthcare professionals, for example by using qualitative
methods to obtain more insights into barriers and facilitators for adoption. If decision
support tools fit the needs of end users, they are more likely to adopt it, which is
essential for the successful implementation of these tools in clinical practice. To achieve
widespread implementation and long-term relevance, the risk prediction tool should be
incorporated in clinical guidelines and it needs to be continuously updated by adding
new data®.

152 | CHAPTER®6

References

10

11

12

Bray, F. et al. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries.
CA Cancer J. Clin. 68, 394-424, doi:10.3322/
caac.21492 (2018).

Bray, F., McCarron, P. & Parkin, D. M. The changing
global patterns of female breast cancer incidence
and mortality. Breast Cancer Res. 6, 229-239,
doi:10.1186/bcr932 (2004).

Youlden, D. R. et al. The descriptive epidemiology
of female breast cancer: an international
comparison of screening, incidence, survival
and mortality. Cancer Epidemiol. 36, 237-248,
doi:10.1016/j.canep.2012.02.007 (2012).

van der Meer, D. J. et al. Comprehensive trends
in incidence, treatment, survival and mortality
of first primary invasive breast cancer stratified
by age, stage and receptor subtype in the
Netherlands between 1989 and 2017. Int. J.
Cancer 148, 2289-2303, doi:10.1002/ijc.33417
(2021).

Akdeniz, D. et al. Risk factors for metachronous
contralateral breast cancer: A systematic review
and meta-analysis. Breast 44, 1-14, doi:10.1016/j.
breast.2018.11.005 (2019).

Akdeniz, D. et al. The impact of lifestyle and
reproductive factors on the risk of a second
new primary cancer in the contralateral breast:
a systematic review and meta-analysis. 31, 403-
416 (2020).

Giardiello, D. et al. Prediction and clinical utility
of a contralateral breast cancer risk model. Breast
Cancer Res. 21, 144, doi:10.1186/s13058-019-
1221-1 (2019).

Robson, M. E. et al. Association of Common
Genetic  Variants With Contralateral Breast
Cancer Risk in the WECARE Study. JNCI: Journal of
the National Cancer Institute 109, djx051-djx051,
doi:10.1093/jnci/djx051 (2017).

Teraoka, S. N. et al Single nucleotide
polymorphisms  associated  with risk  for
contralateral breast cancer in the Women'’s
Environment, Cancer, and Radiation Epidemiology
(WECARE) Study. Breast Cancer Res. 13, R114,
doi:10.1186/bcr3057 (2011).

Mavaddat, N. et al. Polygenic Risk Scores for
Prediction of Breast Cancer and Breast Cancer
Subtypes. Am. J. Hum. Genet. 104, 21-34,
doi:10.1016/j.ajhg.2018.11.002 (2019).

Davies, C. et al. Relevance of breast cancer
hormone receptors and other factors to the
efficacy of adjuvant tamoxifen: patient-level
meta-analysis of randomised trials. Lancet 378,
771-784, doi:10.1016/s0140-6736(11)60993-8
(2011).

Early Breast Cancer Trialists’ Collaborative Group.
Tamoxifen for early breast cancer: an overview
of the randomised trials. The Lancet 351, 1451-

13

14

15

16

17

18

19

20

21

22

23

24

25

26

1467 (1998).

Aromatase inhibitors versus tamoxifen in early
breast cancer: patient-level meta-analysis of
the randomised trials. Lancet 386, 1341-1352,
doi:10.1016/s0140-6736(15)61074-1 (2015).
Early Breast Cancer Trialists’ Collaborative Group.
Polychemotherapy for early breast cancer: an
overview of the randomised trials. Lancet 352,
930-942 (1998).

Effects of chemotherapy and hormonal therapy
for early breast cancer on recurrence and 15-year
survival: an overview of the randomised trials.
Lancet 365, 1687-1717, doi:10.1016/s0140-
6736(05)66544-0 (2005).

Jones, S. E. et al. Phase Il trial comparing
doxorubicin  plus  cyclophosphamide  with
docetaxel plus cyclophosphamide as adjuvant
therapy for operable breast cancer. J. Clin. Oncol.
24, 5381-5387, doi:10.1200/jc0.2006.06.5391
(2006).

Trevena, L. J. et al. Presenting quantitative
information about decision outcomes: a risk
communication primer for patient decision aid
developers. BMC Med. Inform. Decis. Mak. 13
Suppl 2, S7, doi:10.1186/1472-6947-13-s2-s7
(2013).

Bonner, C. et al. Current Best Practice
for  Presenting  Probabilites in  Patient
Decision Aids: Fundamental Principles.
Med. Decis. Making, — 272989x21996328,
doi:10.1177/0272989x21996328 (2021).

Predict: Breast Cancer. Version 2.2, Release 1.14.
Available from: https://breast.predict.nhs.uk/tool.
Kattan, M. W. Doc, what are my chances? A
conversation about prognostic uncertainty. Eur.
Urol. 59, 224, doi:10.1016/j.eururo.2010.10.041
(2011).

Van Buuren, S. Flexible imputation of missing
data. (CRC press, 2018).

Oncoline. Borstkanker. Landelijke richtlijn, Versie:
2.0. Available from: https://www.oncoline.nl/

van den Broek, A. J. et al. Impact of Age at Primary
Breast Cancer on Contralateral Breast Cancer Risk
in BRCA1/2 Mutation Carriers. J. Clin. Oncol. 34,
409-418, doi:10.1200/jc0.2015.62.3942 (2016).
Kuchenbaecker, K. B. et al. Risks of Breast,
Ovarian, and Contralateral Breast Cancer for
BRCA1 and BRCA2 Mutation Carriers. JAMA 317,
2402-2416, doi:10.1001/jama.2017.7112 (2017).
Claus, E. B., Petruzella, S., Matloff, E. & Carter,
D. Prevalence of BRCA1 and BRCA2 mutations in
women diagnosed with ductal carcinoma in situ.
JAMA 293, 964-969, doi:10.1001/jama.293.8.964
(2005).

Thompson, D. & Easton, D. The genetic
epidemiology of breast cancer genes. J.
Mammary Gland Biol. Neoplasia 9, 221-236,
d0i:10.1023/B:JOMG.0000048770.90334.3b

GENERAL DISCUSSION | 153



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

154

(2004).

Klevebring, D. et al. Exome sequencing of
contralateral breast cancer identifies metastatic
disease. Breast Cancer Res. Treat. 151, 319-324,
doi:10.1007/s10549-015-3403-6 (2015).

Begg, C. B. et al. Contralateral breast cancers:
Independent cancers or metastases? Int. J. Cancer
142, 347-356, doi:10.1002/ijc.31051 (2018).
Alkner, S. et al. Contralateral breast cancer can
represent a metastatic spread of the first primary
tumor: determination of clonal relationship
between contralateral breast cancers using next-
generation whole genome sequencing. Breast
Cancer Res. 17, 102, doi:10.1186/s13058-015-
0608-x (2015).

Dahabreh, I. J. & Kent, D. M. Index event bias as
an explanation for the paradoxes of recurrence
risk research. JAMA 305, 822-823, doi:10.1001/
jama.2011.163 (2011).

Kent, D. M. & Thaler, D. E. Is patent foramen
ovale a modifiable risk factor for stroke
recurrence? Stroke 41, S26-30, doi:10.1161/
strokeaha.110.595140 (2010).

Smulders, Y. M. [Index event bias: why causal
factors appear not to apply to disease recurrence].
Ned. Tijdschr. Geneeskd. 155, A3458 (2011).
Smits, L. J. et al. Index event bias-a numerical
example. J. Clin. Epidemiol. 66, 192-196,
doi:10.1016/j.jclinepi.2012.06.023 (2013).

van Diepen, M., Ramspek, C. L., Jager, K. J., Zoccali,
C. & Dekker, F. W. Prediction versus aetiology:
common pitfalls and how to avoid them. Nephrol.
Dial. Transplant. 32, iil-ii5, doi:10.1093/ndt/
gfw459 (2017).

Dorling, L. et al. Breast Cancer Risk Genes
- Association Analysis in More than 113,000
Women. N. Engl. J. Med. 384, 428-439,
doi:10.1056/NEJM0a1913948 (2021).
McCormack, V. A. & dos Santos Silva, |. Breast
density and parenchymal patterns as markers
of breast cancer risk: a meta-analysis. Cancer
Epidemiol. Biomarkers Prev. 15, 1159-1169,
doi:10.1158/1055-9965.Epi-06-0034 (2006).
Eriksson, M., Li, J., Leifland, K., Czene, K. &
Hall, P. A comprehensive tool for measuring
mammographic density changes over time. Breast
Cancer Res. Treat. 169, 371-379, doi:10.1007/
$10549-018-4690-5 (2018).

Antoniou, A. C., Pharoah, P. P, Smith, P. & Easton,
D. F. The BOADICEA model of genetic susceptibility
to breast and ovarian cancer. Br. J. Cancer 91,
1580-1590, doi:10.1038/sj.bjc.6602175 (2004).
Lee, A. et al. BOADICEA: a comprehensive breast
cancer risk prediction model incorporating
genetic and nongenetic risk factors. Genet. Med.
21, 1708-1718, doi:10.1038/s41436-018-0406-9
(2019).

Healey, E. A. et al. Contralateral breast cancer:
clinical characteristics and impact on prognosis.
J. Clin. Oncol. 11, 1545-1552, doi:10.1200/
jc0.1993.11.8.1545 (1993).

Font-Gonzalez, A. et al. Inferior survival for young

| CHAPTER6

42

43

44

45

patients with contralateral compared to unilateral
breast cancer: a nationwide population-based
study in the Netherlands. Breast Cancer Res.
Treat. 139, 811-819, doi:10.1007/s10549-013-
2588-9 (2013).

Schaapveld, M. et al. The impact of adjuvant
therapy on contralateral breast cancer risk and
the prognostic significance of contralateral
breast cancer: a population based study in the
Netherlands. Breast Cancer Res. Treat. 110, 189-
197, doi:10.1007/s10549-007-9709-2 (2008).
Hartman, M. et al. Incidence and prognosis of
synchronous and metachronous bilateral breast
cancer. J. Clin. Oncol. 25, 4210-4216, doi:10.1200/
jc0.2006.10.5056 (2007).

Langballe, R. et al. Mortality after contralateral
breast cancer in Denmark. Breast Cancer Res.
Treat. 171, 489-499, doi:10.1007/s10549-018-
4846-3 (2018).

Joseph-Williams, N. et al. What Works
in Implementing Patient Decision Aids in
Routine Clinical Settings? A Rapid Realist
Review and Update from the International
Patient Decision Aid Standards Collaboration.
Med. Decis. Making, 272989x20978208,
doi:10.1177/0272989x20978208 (2020).

GENERAL DISCUSSION



CHAPTER 7/

Summary

Nederlandse samenvatting
List of publications

About the author
Dankwoord



Summary

Due to the increased incidence of breast cancer and improved survival, more women
are at risk of developing contralateral breast cancer (CBC). Even though the incidence
of CBC is relatively low in the general breast cancer population (10-year risk of ~4%),
an increasing number of patients with unilateral breast cancer opt for preventive
removal of the contralateral breast. Understanding which risk factors play a role in the
development of CBC could improve stratification of breast cancer patients for high and
low CBC risk, and hence improve decision making (chapter 1). Therefore, the aim of
this thesis was to explore risk factors associated with CBC for which there is insufficient
evidence in literature (chapter 2-4). Furthermore, as a first step towards implementation
of a risk prediction model, we performed an exploratory interview study to investigate
preferences for graphical presentation of probabilities in a CBC risk prediction model
(chapter 5).

In chapter 2 we investigated the association between a recently developed and
validated polygenic risk score of 313 germline variants (PRS, .
this question, we performed both cox regression and logistic regression analyses using
data from the large breast cancer series of the Breast Cancer Association Consortium. In

) and CBC risk. To answer

a cohort of breast cancer patients of European ancestry, we observed a clear association
between the PRS, . and CBC risk, which was not biased by patient characteristics,
characteristics of the primary tumor, or adjuvant treatment. In the logistic regression
analyses, we also observed an association between the PRS, . and CBC risk for Asian
women, but this association was slightly weaker than for European women. The absolute
lifetime risks of CBC, accounting for death as competing risk, were 12.4% for European
women at the 10" percentile and 20.5% at the 90" percentile of the PRS, ..

In chapter 3 we performed a population-based cohort study to investigate
the influence of different regimens of adjuvant systemic therapy on CBC risk. In our
study, adjuvant endocrine therapy, chemotherapy, and trastuzumab combined with
chemotherapy were associated with overall 54%, 30%, and 43% risk reductions of CBC,
respectively. Taxane-containing chemotherapy and aromatase inhibitors were associated
with the largest CBC risk reduction. We also investigated if these regimens had different
effects on the (hormone) receptor subtype of the CBC. Our results showed that each
adjuvant therapy regimen had a different impact on the CBC subtype distribution.
Endocrine therapy decreased the risk of estrogen receptor (ER)-positive CBC, but not ER-
negative CBC, compared with no endocrine therapy. Patients receiving chemotherapy
for ER-negative first BC had a higher risk of ER-negative CBC from 5 years of follow-up,
compared with patients not receiving chemotherapy for ER-negative first BC.

In chapter 4, we aimed to assess CBC risk in women diagnosed with ductal
carcinoma in situ (DCIS) compared with invasive breast cancer. We performed a
nationwide population-based cohort study including all women diagnosed with DCIS or
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invasive breast cancer stage I-lll between 1989-2017 identified from the Netherlands
Cancer Registry. The 10-year cumulative incidence of invasive CBC was 4.8% for women
with DCIS (CBC=1,334). Invasive CBC risk was higher in women with DCIS compared
with invasive breast cancer overall, likely explained by the risk-reducing effect of (neo)
adjuvant systemic therapy among women with invasive breast cancer. Indeed, when we
compared CBC risk for women with DCIS to women with stage | not receiving adjuvant
systemic therapy, CBC risk was lower for women with DCIS. The higher CBC risk for DCIS
patients compared to invasive breast cancer was more pronounced in the subgroup of
not screen-detected cancers, which may relate to the fact that invasive interval tumors
tend to be more aggressive than screen-detected cancers and hence receive more often
adjuvant systemic treatment. In our study, we had limited information on biological
characteristics of DCIS, e.g. no information on receptor subtypes, and our multivariable
model was therefore unable to differentiate CBC risk among DCIS patients.

To set a first step towards implementation of our CBC risk prediction model,
chapter 5 shows the results of an exploratory study where we interviewed 19 breast
cancer survivors to get insights into their preferences for the graphical presentation of
probabilities, including the epistemic uncertainty, provided by the model. Additionally,
we evaluated which factors are associated with participants’ level of trust in the
probabilities, participants’ understanding of different graphical display formats, and
which factors (in particular probabilities) would play a role in participants’ decision-
making about contralateral prophylactic mastectomy (CPM). In our study, there was no
consensus among participants regarding the optimal graphical format for presenting
a single probability. The majority indicated they want to receive information about
epistemic uncertainty, but struggled to understand the display format containing this
information. Probabilities seem to play an important role in decision-making about CPM,
as we found that having a high probability of developing a CBC as well as fear of future
breast cancer were the factors most frequently mentioned by participants’ as relevant
for their decision-making.

Concluding, we observed clear associations for a polygenic risk score of common
germline variants (PRS, .) and for different regimens of adjuvant systemic therapy with
(subtype-specific) CBC risk. These factors may be incorporated in CBC risk prediction
models together with other known and available risk factors. For support of clinical
decision making more biological information is needed to understand CBC development
in women with DCIS. Our exploratory interview study provided valuable information for
preferences for graphical presentation of probability in a CBC risk prediction model. In
future studies, the prediction model should be incorporated in a decision support tool
and implemented in clinical practice. This tool can then help to better identify women at
high risk of CBC who may benefit from prophylactic surgery, while the estimates can also
be used to reassure patients who are at low risk of developing CBC.
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Door de toegenomen incidentie van borstkanker en de verbeterde overleving lopen
steeds meer vrouwen het risico om ook borstkanker te krijgen in de andere borst.
Hoewel de incidentie van zo’n ‘contralaterale borstkanker’ relatief laag is in de algemene
borstkankerpopulatie (10-jaar cumulatieve risico is ongeveer 4%), kiezen steeds meer
vrouwen voor preventieve verwijdering van de contralaterale borst. Het risico op
contralaterale borstkanker kan echter behoorlijk verschillen van vrouw tot vrouw; tal
van factoren spelen namelijk een rol bij het ontstaan van contralaterale borstkanker.
Inzicht in dit risico is voor patiénten van groot belang, bijvoorbeeld voor de beslissing
om een preventieve amputatie te ondergaan bij hoog risico, of juist om gerust gesteld te
kunnen worden wanneer dit risico laag is (hoofdstuk 1).

Het doel van de studies in dit proefschrift was om risicofactoren voor contralaterale
borstkanker te onderzoeken waarvoor nog onvoldoende bewijs is in de huidige
literatuur (hoofdstuk 2-4). Om de informatie over alle risicofactoren bruikbaar te maken
voor de klinische praktijk, kunnen deze risicofactoren gecombineerd worden in een
predictiemodel. In een promotietraject parallel aan dit proefschrift is een predictiemodel
voor contralaterale borstkanker ontwikkeld en gevalideerd. Binnen dit proefschrift
hebben we o0k, als een eerste stap richting implementatie van dit predictiemodel, een
exploratieve interviewstudie uitgevoerd om de voorkeuren voor grafische weergave van
kansen te bestuderen onder een groep vrouwen die ooit borstkanker hebben gehad
(hoofdstuk 5).

Uit eerder onderzoek is gebleken dat een zogenoemde ‘polygenetische risiscoscore’
van veelvoorkomende erfelijke varianten een voorspellende waarde heeft of een vrouw
(een eerste) borstkanker zal ontwikkelen. In hoofdstuk 2 hebben we het verband
onderzocht tussen een recent ontwikkelde en gevalideerde polygenetische risicoscore
van 313 varianten (PRS, .) en het risico op een tweede, contralaterale borstkanker. Om
deze vraag te beantwoorden hebben we gebruik gemaakt van gegevens uit de grote
borstkanker database van het Breast Cancer Association Consortium. In een cohort van
meer dan 56.000 borstkankerpatiénten van Europese afkomst, zagen we een duidelijk
verband tussen de PRS_ . en het risico op contralaterale borstkanker. Dit verband werd
niet beinvloed door andere factoren zoals patiént-gerelateerde factoren (zoals een
familiegeschiedenis van borstkanker), kenmerken van de primaire tumor, of de (neo)

adjuvante behandeling. We zagen ook een verband tussen de PRS, ., en het risico op

313
contralaterale borstkanker voor Aziatische vrouwen, maar dit verband was iets zwakker
dan voor Europese vrouwen. Het absolute (levenslange) risico om contralaterale
borstkanker te ontwikkelen was 12,4% voor Europese vrouwen die op het 10e percentiel
van de PRS, . zaten en 20,5% voor vrouwen op het 90e percentiel.

Naast chirurgie en mogelijk radiotherapie, wordt de behandeling van (primaire)
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borstkanker vaak aangevuld met (neo)adjuvante systemische therapie zoals
chemotherapie, endocriene therapie, en/of doelgerichte therapie (trastuzumab). In
hoofdstuk 3 hebben we gekeken wat de invloed is van deze verschillende adjuvante
systemische therapieén op het risico op contralaterale borstkanker. In onze cohortstudie
waarbij we data hebben gebruikt van 83.144 vrouwen met invasieve borstkanker
verzameld door de Nederlandse Kankerregistratie, gaven adjuvante endocriene
therapie, chemotherapie, en trastuzumab in combinatie met chemotherapie, een
risicoreductie voor contralaterale borstkanker van respectievelijk 54%, 30% en 43%.
Taxaan-bevattende chemotherapie en aromataseremmers waren geassocieerd met de
sterkste vermindering van het risico. We hebben ook onderzocht of deze therapieén
verschillende effecten hadden op het (hormoon) receptor-subtype van de contralaterale
borstkanker. Onze resultaten toonden aan dat elk type adjuvante therapie een andere
impact had op deze subtype-distributie. We zagen bijvoorbeeld dat endocriene therapie
alleen het risico verminderde op oestrogeenreceptor (ER)-positieve contralaterale
borstkanker maar niet op ER-negatieve contralaterale borstkanker.

In hoofdstuk 4 hebben we het risico op contralaterale borstkanker bij vrouwen
met ductaal carcinoma in situ (DCIS) bekeken in vergelijking met vrouwen met invasieve
borstkanker. We hebben een landelijke cohortstudie uitgevoerd onder alle vrouwen met
de diagnose DCIS of invasieve borstkanker stadium I-lll tussen 1989-2017. Het risico
op contralaterale borstkanker was iets hoger bij vrouwen met DCIS dan bij vrouwen
met invasieve borstkanker. Dit hogere risico kan hoogstwaarschijnlijk verklaard worden
door het risico-verlagende effect van (neo)adjuvante systemische therapie bij vrouwen
met invasieve borstkanker. Dit zagen wij ook terug in onze analyses; als we het risico
van vrouwen met DCIS vergeleken met vrouwen met stadium | borstkanker die niet
behandeld waren met (neo)adjuvante systemische therapie, was het risico lager voor
vrouwen met DCIS. Het hogere risico op contralaterale borstkanker voor vrouwen met
DCIS in vergelijking met invasieve borstkanker was meer uitgesproken wanneer de
(eerste) borstkanker niet door screening gedetecteerd was. Dit houdt mogelijk verband
met het feit dat invasieve intervaltumoren vaak agressiever zijn dan door screening
gedetecteerde tumoren. Deze worden daarom vaker behandeld met (neo)adjuvante
systemische therapie.

In onze studie hadden we beperkte informatie over de biologische kenmerken
van DCIS en geen informatie over genetische factoren en familiegeschiedenis van
borstkanker. Hierdoor was ons multivariabele model niet goed in staat om onderscheid
te kunnen maken tussen vrouwen met DCIS die een hoog risico hebben op contralaterale
borstkanker en vrouwen die een laag risico hebben.

In hoofdstuk 5 hebben we ons recent ontwikkelde predictiemodel, weergegeven
in een online tool, voorgelegd aan 19 vrouwen die ooit borstkanker hebben gehad. Het
doel van deze exploratieve interview studie was om hun voorkeuren te bestuderen voor
de grafische weergave van kansen, om zo inzicht te krijgen hoe we de weergave van
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het model zouden kunnen verbeteren. Aan de hand van vijf verschillende weergaven
hebben we gevraagd naar hun voorkeuren. Daarnaast hebben we onderzocht hoeveel
vertrouwen ze hadden in de kansen die het predictiemodel genereerde, hoe goed ze
de verschillende weergaven begrepen, en welke factoren (in het bijzonder kansen) voor
hun een rol zouden spelen bij het wel of niet ondergaan van preventieve amputatie
van de contralaterale borst. In onze studie was er geen consensus over de optimale
grafische weergave voor het presenteren van kansen op contralaterale borstkanker. De
meerderheid van de vrouwen gaf aan informatie te willen ontvangen over de onzekerheid
rondom de schattingen, maar over het algemeen hadden ze moeite om de weergave
met deze informatie te begrijpen. Kansen lijken een belangrijke rol te spelen bij de
besluitvorming over preventieve chirurgie, aangezien een grote kans op het ontwikkelen
van een contralaterale borstkanker en de angst voor toekomstige borstkanker het meest
werden genoemd als factoren relevant voor hun besluitvorming.

Concluderend, binnen de onderzoeken in dit proefschrift zagen we een duidelijk verband
tussen verschillende factoren, o.a. een polygenetische risicoscore en verschillende (neo)
adjuvante systemische therapieén, en het krijgen van contralaterale borstkanker. Deze
factoren kunnen samen met andere bekende risicofactoren worden opgenomen in
predictiemodellen. Voor vrouwen met DCIS is meer (biologische) informatie nodig om de
ontwikkeling van contralaterale borstkanker beter te begrijpen binnen deze groep. Onze
exploratieve interviewstudie onder vrouwen die ooit borstkanker hebben gehad, gaf
inzicht in de voorkeuren voor de grafische weergave van kansen in een predictiemodel
voor contralaterale borstkanker. In toekomstige studies zou het predictiemodel moeten
worden opgenomen in een beslissingsondersteunende tool zodat deze geimplementeerd
kan worden in de klinische praktijk. Deze tool kan vervolgens helpen om vrouwen met
een hoog risico op contralaterale borstkanker beter te identificeren die baat kunnen
hebben bij preventieve chirurgie, terwijl de schattingen ook gebruikt kunnen worden om
patiénten met een laag risico gerust te stellen.
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Abstract

This study aimed to provide a comprehensive overview of trends in incidence, survival,
mortality and treatment of first primary invasive breast cancer (BC), according to age,
stage and receptor subtype in the Netherlands between 1989-2017. Data from all
women diagnosed with first primary stage |-IV breast cancer (N=320,249) were obtained
from the Netherlands Cancer Registry. BC mortality and general population data were
retrieved from Statistics Netherlands. Age-standardized incidence and mortality rates
were calculated with annual and average annual percentage change statistics (APC and
AAPC). The relative survival (RS) was used as estimator for disease-specific survival. The
BC incidence for all BC patients combined increased until 2013 from 126 to 158 per
100,000 person-years, after which a declining trend was observed. Surgery became less
extensive, but (neo)adjuvant systemic treatments and their combinations were given
more frequently. The RS improved for all age groups and for most stages and receptor
subtypes, but remained stable for all subtypes since 2012-2013 and since 2000-2009
for stage IV BC at 15-years of follow-up. Overall, the five- and ten-year RS increased
from 76.8% (95% confidence interval [CI]:76.1, 77.4) and 55.9% (95%Cl:54.7, 57.1) in
1989-1999 to 91.0% (95%Cl:90.5, 91.5) and 82.9% (95%Cl:82.2, 83.5), respectively, in
2010-2016. BC mortality improved regardless of age and overall decreased from 57 to
35 per 100,000 person-years between 1989-2017. In conclusion, the BC incidence in
the Netherlands has steadily increased since 1989, but the latest trends show promising
declines. Survival improved markedly for most patients and the mortality decreased
regardless of age.
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Introduction

Breast cancer (BC) is the most common cancer and leading cause of cancer related
death among women in most countries worldwide. It accounts for almost one in four
cancers (24.2%) in women, with an estimated 2.1 million new cases globally in 2018
The incidence of BC has been rising for decades in most developed countries and is
expected to continue to risel. Meanwhile, mortality rates have been steadily decreasing
in most European, American and other high-income countries, while weak-to-moderate
increases in mortality have been observed in some lower-to-middle income countries?*.
Worldwide, BC is responsible for 15.0% of all cancer-related deaths in women, with an
estimated 627,000 deaths in 2018. However, BC survival has improved significantly in
recent decades for all age groups in most countries®.

The rising trends in BC incidence are attributed to the increased presence of
known risk-factors, including early age at menarche, late age at menopause, low
parity, nulliparity, not breastfeeding, use of oral contraceptives, hormone replacement
therapy and older age at first childbearing®®. Other factors that have been implicated
to influence BC incidence include changes in lifestyle factors such as excessive alcohol
intake, increasing prevalence of obesity and a decrease in physical activity>”#. Moreover,
screening programmes could influence incidence, but can also influence stage
distribution and improvements in BC survival and eventually mortality*. Improvement in
survival could also be explained by earlier detection outside screening, improvements in
treatment, access to appropriate healthcare and increasing disease awareness*®.

In the Netherlands, incidence, survival and mortality trends of BC are generally
comparable to those observed globally, as shown by various studies®!®. However, studies
describing and interpreting these endpoints simultaneously are scare and many of the
currently available trend studies in the Netherlands or elsewhere in Europe are no
longer up-to-date. Additionally, receptor subtype specific trends have remained largely
unexplored, while these subtypes have become increasingly important in recent years as
targets of new personalised ([neo-]adjuvant) treatment strategies®**. Comprehensive
trend analyses are useful for medical doctors to better inform patients about their
disease and are of great interest to breast cancer researchers, policy makers, and patient
advocates. Therefore, this study aimed to provide an up-to-date and comprehensive
overview of first primary invasive breast cancer trends in incidence, treatment, survival
and mortality in the Netherlands between 1989-2017. Trend evaluation was performed
for all BC patients combined and stratified by age group, stage and receptor subtype.
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Materials and Methods

Data sources

Data from all women aged >18 years, diagnosed with tumour, node and metastasis
(TNM) stage I-1V first primary invasive BC between 1989-2017 were obtained from
the nationwide population-based Netherlands Cancer Registry (NCR), hosted by the
Netherlands Comprehensive Cancer Organisation (IKNL). The NCR contains records
on pathologically confirmed cancers after notification by the National Pathology
Archive (PALGA). Yearly linkage with the national discharge register data ensures high
completeness. All tumours in the registry are coded according to the International
Classification of Diseases for Oncology (ICD-0). Patient-, tumour- and treatment-related
characteristics were collected from medical records from all Dutch hospitals by trained
tumour registrars from the NCR. Information on vital status and date of death is regularly
obtained through linkage with the Dutch Municipal Personal Records database and was
updated until 31 January 2018. Data on invasive BC mortality cases and data on the
general Dutch female population were obtained from Statistics Netherlands®?.

Tumour stage, receptor subtype and treatment
The Union for International Cancer Control (UICC) TNM classification of malignant
tumours was used to categorize BC stage. From 1989 to 2017, various editions have
been introduced, ranging from the 4" to the 8" edition, and resulted in changes in the
definition of tumour stage*®. Most noticeably, going from the 5% to the 6 edition in 2003,
a shift from stage Il to stage Ill BC occurred as tumours with more than three positive
lymph nodes were categorized as stage Il according to the 6 edition, whereas they
were previously categorized as stage Il disease. All tumours were classified according to
the TNM classification valid at the date of diagnosis. If pathological stage was missing,
clinical stage was used.

Oestrogen receptor (ER) and progesterone receptor (PR) status were determined
by immunohistochemistry (IHC) and were actively registered by the NKR since 2005.
Tumours were defined as ER/PR-positive (ER+/PR+) when >10% of the tumour cells
stained positive (from 2011 the threshold was >10%). Human epidermal growth factor
receptor 2 (HER2) was introduced and registered since 2006. Tumours were defined
HER2-positive (HER2+) if IHC was 3+ (at least 10% of cells showed strong intensity
membrane staining) or when confirmed positive with in situ hybridization (FISH/CISH).
HER2-negativity (HER2-) was declared by IHC when less than 10% of the cells showed
membrane staining or when FISH/CISH test outcome was negative. Tumours with IHC 2+
without FISH/CISH confirmation available were considered unknown. For the analyses,
we grouped receptor subtypes into: hormone receptor (HR)+/HER2- (e.g., ER+ and/or
PR+ and HER2-), HR+/HER2+ (i.e., ER+ and/or PR+ and HER2+), HR-/HER2+ (i.e., ER-/PR-/
HER2+) and HR-/HER2- (i.e., ER-/PR-/HER2-).
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Treatment data on surgery, radiotherapy, chemotherapy and endocrine therapy
were included in the NCR since 1989 on an aggregated level. Type of chemotherapy (e.g.
taxane-based and/or anthracycline-based) and endocrine therapy (e.g. tamoxifen and/
or aromatase inhibitors) were specified by the NCR since 2003. Targeted therapy was
included in the NCR since 2005 and almost exclusively existed of trastuzumab (¥99%).
Treatment proportions were determined based on specific treatments received by
patients at any time during their treatment process, irrespective of duration or whether
it was completed. Type of endocrine therapy (tamoxifen and/or aromatase inhibitors)
was specified based on the first administered treatment, as information on treatment in
the NCR was only available up to one year after diagnosis.

Statistical analyses

Annual crude and age-standardized incidence and mortality rates for the period
1989-2017 were calculated per 100,000 person-years (PY) using the general population
size, as obtained from Statistics Netherlands, as person-time denominator®. Crude
rates were calculated as three-year moving averages with two-year moving averages
calculated at both ends of the study period and rates were age-standardized (European
Standardized Rates, ESR) to the 2013 European Standard Population 95+ (2013 ESP
95+)20,21_

Trend changes over time were evaluated with joinpoint regression analyses, with
each model representing a series of connected straight lines on a log scale and with
each joinpoint denoting a statistically significant change in trends. Annual Percentage
Changes (APC) were determined for each trend segment and provide an overview of
all trend changes over time. The Average Annual Percentage Change (AAPC) provides
a good summary measure of the overall trend and was determined over the whole
period??3, Both APCs and AAPCs were calculated from the slope coefficients of the
underlying joinpoint models and were determined with the freely available Joinpoint
Regression Program version 4.7.0.0 and based on the previously determined age-
standardized incidence and mortality rates?. Two-sided significance was determined at
an a=0.05 level. Analyses were performed using the “Uncorrelated Error Model” and
the “Grid Search Method” setting, with the number of points placed between observed
x-values set at 3. For model selection, the recommended Bayesian Information Criteria
3 method was used?. The minimum allowed number of joinpoints was set at zero. The
maximum allowed number of joinpoints to be tested was based on the algorithmic
recommendation table included in the Joinpoint help manual 4.7.0.0 (available at
https://surveillance.cancer.gov/joinpoint), allowing a maximum of five joinpoints for
overall, age- and stage-specific rates and a maximum number of two joinpoints for the

subtype-specific rates. The parametric method was used to calculate 95% Confidence
Intervals (Cl). Further programme parameters were kept at their default settings.
The relative survival (RS) was used as an estimator of disease-specific survival
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and is the ratio between the observed BC survival of the patients and the expected
survival in the general Dutch population, matched by attained age, sex and calendar
year. Expected survival was determined using nationwide lifetables of the general Dutch
population adapted from Statistics Netherlands, containing survival probability data of
women aged 0-99 years in 1989 to 2018. Outcomes were age-standardized using the
traditional method with cumulative weights based on the age-distribution in the 2013
ESP 95+2°, Used weights were 0.47, 0.14, 0.30 and 0.09 for the <40, 40-49, 50-74, and
>75 age groups, respectively®®. The RS was calculated using the Ederer Il approach?.
Brenner’s period analysis was used to derive more up-to-date estimates of the RS by
exclusively considering the survival time data of patients during a (recent) time period
of interest by left-truncating all observations at the start of the time period and right-
censoring them at its end. This in contrast with the traditional cohort methodology,
which provides outdated long-term survival estimates based on patients that were
diagnosed many years ago without consideration of ongoing improvements. A more
detailed description of the period analysis methodology is provided elsewhere?’. End
of follow-up was defined as year of death, year of emigration or 2016, whichever came
first. We limited survival analyses to 2016 to avoid potential overestimation of long-term
survival outcomes following period analyses?’.

All data analyses were performed using the Stata Software Package, version 14.2
and are presented for all BC patients combined and stratified by age group (<40, 40—
49, 50-74, and >75), stage and receptor subtype when sample size allowed. Patients
with missing or unknown values were excluded from the analyses. Likewise, women
with unavailable treatment data (e.g. due to not receiving any treatment or incomplete
registration) were excluded. To overcome difficulties in trend recognition over time
due to the changes in tumour stage classification, stages Il and Ill BC were analysed
individually as well as grouped together. Cut-off points for the age groups were based on
the age at invitation to the current Dutch national mammographic screening programme
(50-74 years), with younger and older women grouped separately.
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Results

Study population

Intotal, 320,249 women were diagnosed with first primary invasive BCin the Netherlands
between 1989-2017 and of all women who died (N=2,027,353), 97,187 died from BC
(4.8%). The median age at diagnosis was 61 years (range 18-107 years). All population
characteristics are presented in Table 1. Data on the yearly number of BC deaths are
included in supplementary Table S1.

Incidence
The BC incidence for all BC patients combined significantly increased from 126 to 153
per 100,000 PY (AAPC=0.7% [95%ClI.0.6, 0.9]) between 1989-2017 (Figure 1A and Table
S2). Age-specific results showed an increase in BC incidence from 15 to 20 (AAPC=1.0%
[95%CI:0.5, 1.5]) in women aged <40 years, 150 to 176 (AAPC=0.5% [95%Cl:0.2, 0.7])
for 40-49 years, and 237 to 315 per 100,000 PY (AAPC=1.1% [95%Cl:0.8, 1.3]) in women
aged 50-74 years at time of diagnosis. In women aged >75, the incidence decreased
from 300 to 269 per 100,000 PY (AAPC=-0.3% [95%Cl:-0.5, -0.2]) between 1989-2017.
In some sub-periods, significant declines in BC incidence were observed for all
BC patients combined; in the period 1993-1997 the incidence declined from 145 to
141 (APC=-1.3% [95%Cl:-2.1, -0.5]) and in the period 2013-2017 from 158 to 153
per 100,000 PY (APC=-0.8% [95%Cl:-1.1, -0.5]). In women aged 40-49 years, the BC
incidence significantly declined from 2006 onward from 182 to 176 per 100,000 PY
(APC=-0.4% [95%Cl:-0.6, -0.2]) and in women aged 50-74 years it declined from 330
to 315 per 100,000 PY (APC=-1.1% [95%Cl:-1.6, -0.7]) between 2013 and 2017. In
women aged >75, BC incidence decreased since 1998 from 339 to 269 per 100,000 PY
(APC=-1.2% [95%Cl:-1.3, -1.1]) in 2017 (Table S2).

Tumour stage

The stage-specific incidence rates of stage | BC for all BC patients combined increased
from 36 to 72 per 100,000 PY (AAPC=2.6% [95%Cl:2.1, 3.0]) between 1989-2017. In the
same period, the combined incidence of stages Il and Il BC decreased from 80 to 72 per
100,000 PY (AAPC=-0.3% [95%Cl:-0.5, -0.1]). The incidence of stage IV BC remained
stable around 8 per 100,000 PY (AAPC=-0.2% [95%Cl:-0.6, 0.2]) (Figure S1 and Table
S3).

Prior to the shift from the 5™ to 6" edition of the TNM classification, the incidence
of stages Il and Ill combined increased from 80 to 84 per 100,000 PY (AAPC=0.5%
[95%CI:0.2, 0.7]) between 1989 and 2003 and declined from 84 to 72 per 100,000 PY
(AAPC=-1.1% [95%Cl:-1.3, —0.8]) after the shift in 2003—2017. Similar declines after the
shift were observed for stages Il and Il individually (Table S4).
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## Ovarian ablation includes LHRH agonist treatment, radiotherapy and/or surgical removal of the ovaries to

reduce oestrogen production in pre-menopausal women.

Tt Total numbers provided do not correspond with those for the ER, PR, HER2 and the receptor subtype

*** patients received targeted therapy either alone or in combination with CT, ET, or both.
groups due to their inclusion since 2005-2009.

99 All other hormonal treatments (e.g. fulvestrant) and/or not further specified.
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Rates were adjusted for age (European Standard Rates, ESR) by direct standardization according to the 2013

European Standard Population 95+ and calculated per 100,000 person-years (PY)

The incidence of stage | BC increased for all age groups between 1989-2017, with the

3.5% [95%Cl:3.0, 3.9]). The combined incidence of stages Il and Il

BC increased in women aged <40 and 40-49 years, whereas it decreased in women

largest increase observed in women aged 50-74 years, increasing from 69 to 176 per

aged 50-74 and >75 years. In women aged 40-49 years, the incidence of stage IV BC

100,000 PY (AAPC

increased. Stage IV incidence remained stable for the other age groups (Figure S2 and

Tables S3 and S4).
Receptor subtype

Between 2006-2017, the incidence of HR+/HER2- BC increased from 104 to 112 per

1.0%

-0.9% [95%Cl:-1.7, -0.2])

-0.3% [95%CI:-0.6, -0.0]) for HR-/HER2- BC

0.7% [95%Cl:0.5, 0.9]) and from 12 to 13 per 100,000 PY (AAPC
[95%CI:0.8, 1.3]) for HR+/HER2+ BC for all ages combined. Meanwhile, the incidence of

HR-/HER2+ BC declined from 8 to 7 per 100,000 PY (AAPC

and from 16 to 15 per 100,000 PY (AAPC

(Figure S3 and Table S5).

100,000 PY (AAPC

"Juawieal) |eliul Se papiAoid UBYM papn|oul 2Jam SJUSWIEAI] Y10g "JUSWIEI] [BUOWIOY SB PaPOD S| UJIXOWe) ‘Aj|eayioads sIo}igiyul 9sejewole sapod YON YL ++

‘payioads uayring Jou Adessyiowasyd Jo/pue (sawidal Sululeluod sune|dsio/spiweydsoydodAd "8-e) suswidal Adesaylowsyd Jaylo ||y §§

'saul|oAdeJyiue pue sauexe} yoq sulejuod uawidas Adesayjowayd ay] oo
'S9UBXE)} OU INQ ‘Saul|dAdeiyiue Suleluod uswidal Adesaylowayd ay] 4
'saul|dAdelyjue ou 1nq ‘sauexe) suleluod uswidal Adessyjowayd ayy b
‘dnoJ8 Awojoeisew ay3 Ul papnjoul aJam Aw03oa1sew pue SOg Yiog paAiadal 1yl syuaied #
-4d PUB -Y3 = -YH +Yd 10/pue +43 = +4H
"YON 2yl Ul pajenualagipun, se pauyap aiam jeyl sog Atewnd 1siy zos Suipnpoul §

"3|qejieaeun sem agels |eaigojoyied I pasn sem a8eis [edluld Ing ‘@8eis [ea18ojoyied ay1 uo paseq ale snieis apou YdwA] pue azis Jnown| |
"8UIpUNOJ 03 ANP %OOT O3 |10} 10U ABW SIZLIUDIIDJ "1DSEIEP SY3 UIYLIM UoLleJISISal Ul S91ouedalosip 03 anp sased Dg NS Ul Z9T apn|oul

[10s Aew e1ep sy ‘sisoudelp Jadued |eljul Jaye JeaA auo 0} dn pa3da||0d SI YIN Yl Ul elep Juswieald] ‘(qewnznisell Ajulew) G00Z 22UIS YIN Y3 Ul papn|daul pue palda||od
AjpupnoJ sem Adesayy 398.1e] "€00z 22UIS dUOp U3aq Sey YIN ay3 ul suswidal Adesayy auioopus pue Adesayiowayd jo uoyeaydads 'gooz 22UIS SNILIS-ZYIH PUB G00T ddUIS
YDN @Y3 Ul papnjoul pue pa3da||0d AjoulinoJ 9J9M SN1eIS-Yd PUB YI SN Ul STUSWOW JUDJI24IP 18 YIN 9Y3 AQ Pa12a)|0d 249M 3[qel 3yl Ul PIPN|IUl SIUSWI|D SNOIIBA DY 4
Jo)qIyul asejewole =|y ‘Auadins Suialasuod-isealq =50g ‘Ailsi3ay Jsoue) spueiayiaN =y¥IN ‘Adessyloipes =]y ‘Adesayy suloopua
=13 ‘Adesayjowayd = J 403dadal auoiaisadold =yd U403dadcal uagoulsao =y3 ‘z401dadal 1030e) yimold |ewsapids uewny =zy3H 401dadal suowloy =yH :SuolelAaiqay

0'00T  +446¥2°0C€ [0°00T 6/8'99 0'00T 6S0'TS 0'00T 89C'Ly 0'00T ¥ESVY 0'00T 9¥9°0% 0'00T /[T¥'LE 0'00T 9ev'CE |elor

[0N0)4 656°LCT 6'8C OveE6T €/ 0S6€T 0LE  6LYVLT L0V €ET'8T L'9%  ¥66'ST 995 T6ITC 78S T/8'8T deJay} ojwa3shs oN

0's 19191 80T 0TT'L 6'6 SL0°S 6L TSL'E €0 STT 00 O 00 0 00 0 *xxAdBISY} poI128IEL

L'ST ovz'os TTC SOTvT ¥'SC S96°CT 8'0C €86 €6T S09'8 €8 S9g'e €T LV8 9T (0]} Adeiayy suoopu3
pue Adesaylowsy)

08¢ 8€5'68 8'0€ 9T90¢ €87 9V 67 LYLTT TST  T6TTT S8  ¥09'TT 98¢  6TL0T '8¢  STT'6 Ajuo
Adelayl suloopul

A T5€°9¢€ '8 865'S 16 €€9Y 7’6 8Yv'y 9v¥T  06¥'9 79T €899 ST 09V 8Tl 6C8'¢ Ajuo Adesayrowayd
Adeiayy o1waisAs
Adesayy

9'€s IS TLT 8Tv G96°LT 8'0v €¥8°0C €05 TlLL'et ¥'SS €697 T€9  L19'ST 169 198G 00L TOL'TT 3ulIdopud ON
bl (payoadsun

oyt €767y 00 ¥ 00 0 00 0 S0C  SPT'6 09€  0£9vT 9'0€  9EVTT 66 80L6 /42430) 13

€0 568 €0 9381 4] €17 4] 8TT 70 8T S0 Vel 0 16 00 6 #i#uone|qe uelerQ
144

0's 0ST'9T '€l 0568 8L 666°€ 61 SEET 6T €98 00 C 00 T 00 0 SJ03Iqlyul esejewoly

TLT 69.'98 Sy vLL'6T TTS ¥01'9¢C Sy €V0'TC L'TT 6¥9'6 7’0 EVI 10 8¢ 10 8T 1sly uajixowe]
tiAdesayy
aulnopuy

% N % N N % N % N % N % N % N

|eoL LT0TZ-€T0C 2102-600C 8002-500C 002-1002 0002-L66T 966T-€66T 766T-868T

panunuo) T s|qeL

185

TRENDS IN INCIDENCE, TREATMENT, SURVIVAL AND MORTALITY OF BREAST CANCER

APPENDIX 1

184



HR+/HER2-BCincidence decreased slightly from 123 to 121 per 100,000 PY (AAPC=-0.3%
[95%Cl:-0.6, -0.0]) in women aged 40-49 years, whereas it significantly increased
among women aged <40 and 50-74 years between 2006—-2017. The incidence of HR+/
HER2+ BC increased for women aged <40, 40-49 and 50-74 years. No changes in
incidence of HR+/HER2- and HR+/HER2+ BC were observed since 1989 among women
aged >75 years Concurrently, the incidence of HR-/HER2+ BC decreased from 15 to
13 (AAPC=-1.8% [95%Cl:-2.3, —-1.3]), and HR-/HER2- BC decreased from 29 to 27 per
100,000 PY (AAPC-0.7 [95%Cl:-1.1, -0.3]) in women aged 50-74 years. The HR-negative
BC incidence remained stable for the remaining age groups (<40, 40-49 and >75 years)
regardless of HER2-status (Figure 2 and Table S5).
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Figure 2. Incidence trends in the Netherlands stratified by receptor subtype between 2006-2017 in women
diagnosed with first primary invasive breast cancer

Rates were adjusted for age (European Standard Rates, ESR) by direct standardization according to the 2013
European Standard Population 95+ and calculated per 100,000 person-years (PY). HR+= ER+ and/or PR+, HR-=
ER- and PR-. Information on ER/PR and HER2-status was routinely collected by the Dutch cancer registry since
2005 and 2006, respectively. Note the different scaling in (a)
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Treatment strategies

Surgery and radiotherapy

The proportion of women with BC that underwent surgery remained stable around 90%
since 1989. Breast-conserving surgery (BCS) became the preferred surgical intervention
since 2003 with 60.1% of all surgically treated patients undergoing BCS in 2017 (Figure
3). Radiotherapy use increased from 55.4% in 1989 to 70.1% in 2017 and was almost
exclusively given in combination with surgical treatment (up to 99.6% in 2013-2017)
(Figure 3 and Table 1). The most commonly provided local treatment was BCS followed
by radiotherapy, with 55.3% of BC patients receiving this combination in 2013-2017
(Table 1).

100

80

0 —v— T — T T T T T T T T T T 11—
1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017
Period of diagnosis

—8—Surgery == Radiotherapy ==t Chemotherapy
~@=Hormonal therapy == Targeted therapy - = «\astectomy
 « ¢ e Breast-conserving therapy

Figure 3. Proportion of treatment received by patients with first primary invasive breast cancer in the
Netherlands between 1989-2017

Targeted therapy (mainly trastuzumab) was routinely collected by the NCR since 2005. Cumulative proportion
were calculated per treatment strategy and based on treatment received (yes/no). Proportions of mastectomy
and breast-conserving surgery were calculated based on the proportion of patients receiving surgery. Patients
that received both surgical treatments were included in the mastectomy group

Systemic treatment

The use of any systemic treatment increased from 41.8% in 1989-1992 to 71.1% in
2013-2017. Most women received endocrine therapy only (28.4% in 1989-1992 and
30.8% in 2013-2017). The proportion of women that received both chemotherapy
and endocrine therapy increased from 1.6% in 1989-1992 to 25.4% in 2009-2012,
but slightly declined to 21.1% in 2013-2017. The use of targeted therapy (mainly
trastuzumab) increased from 7.9% in 2005-2008 to 10.8% in 2013-2017 (Figure S4).
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Trends in systemic treatment use over time according to age, stage and receptor subtype
are included in Figure S5.

Chemotherapy

The overall proportion of women that received chemotherapy increased from 12.8% in
1989 to 46.0% in 2009, and decreased to 35.1% in 2017 (Figure 3). Chemotherapy use
likewise decreased since 2009 for most age groups and stages, and for the HR+/HER2-
subtype, but remained stable in women aged >75 years (2-3%) and in women with stage
IV BC (41-43%), as shown in Figure S6. Among all women receiving chemotherapy, the
proportion treated with both taxane and anthracycline containing regimens increased
from 5.7% in 2003-2005 to 79.3% in 2015-2017 (Figure S7a).

Endocrine therapy

Endocrine therapy use increased from 27.3% in 1989 to 59.6% in 2011, and slightly
decreased to 56.1% in 2017 (Figure 3). Most patients received tamoxifen as initial
endocrine therapy. Use of tamoxifen for all BC patients combined was stable at
88.2-91.8% between 2003-2005 and 2009-2011, and subsequently decreased to 74.5%
in 2015-2017. The use of aromatase inhibitor as initial endocrine therapy increased
from 11.2% to 25.0% between 2003-2005 and 2015-2017 (Figure S7b). Endocrine
therapy use increased among women of all ages and for most BC stages (stage I-Ill), as
shown in Figure S8.

Relative survival

The RS at five and ten years of follow-up for all BC patients combined was 76.8%
(95%Cl:76.1, 77.4) and 55.9% (95%Cl:54.7, 57.1) in 1989-1999, respectively, and
increased to 91.0% (95%Cl:90.5, 91.5) and 82.9% (95%Cl:82.2, 83.5) in 2010-2016.
Between 2000-2009 and 2010-2016, the 15-year RS increased from 66.0% (95%Cl:65.2,
66.7) to 75.4% (95%Cl:74.6, 76.2) and the 20-year RS increased from 53.5% (95%Cl:52.2,
54.8) to 68.1% (95%Cl:67.1, 69.1) (Figure 4).

The RS improved for all age groups and most stages between 1989-1999 and
2010-2016, but the 15-year RS remained stable for stage IV BC between 2000-2009
(RS=4.6% [95%Cl:3.1, 6.4]) and 2010-2016 (RS=7.2% [95%Cl:4.6, 10.5]). The survival
of all receptor subtypes improved between 2006-2011 and 2012-2013, but no further
improvements were observed in the subsequent period 2014-2016 (Figure 5 and Table
S6).

The RS improved for all women aged <40, 40-49 and 50-74 years with stages | to
[l BC between 1989-1999 and 2010-2016 for all years of follow-up. The RS at ten and
15 years of follow-up remained stable for those with stage IV BC since 2000-2009 and
likewise did not improve since 2000-2009 in women aged >75 years with any stage
BC (Figure S9 and Table S7). The five-year RS of all receptor subtypes remained stable
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since 2012-2013 irrespective of age(Figure S10 and Table S8). Survival outcomes were
overall slightly lower in women aged >75 years in comparison to other age groups and
deteriorated with advancing stage for all age groups (Figures 5 and S9, and Tables S6
and S7).

Mortality

The BC mortality for women of all ages decreased from 57 to 35 per 100,000 PY
(AAPC=-1.8% [95%CI:-1.9, —-1.7]) between 1989-2017. Similar trends were observed
for all age groups, as shown in Figure 1B and Table S2.
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Time period 1989-1999 2000-2009 2010-2016
Years of survival % RS (95%Cl)

5 76.8(76.1, 77.4) 87.1(86.7,87.6) 91.0(90.5, 91.5)

10| 55.9(54.7,57.1)  75.9(75.2,76.5)  82.9(82.2, 83.5)

15 66.0 (65.2,66.7)  75.4(74.6,76.2)

20 53.5(52.2,54.8)  68.1(67.1,69.1)

Figure 4. Age-standardized relative survival (RS) outcomes with corresponding 95% confidence intervals
(95% ClI) of first primary invasive breast cancer in the Netherlands between 1989-2017

Relative survival was adjusted for age by direct standardization according to the 2013 European Standard
Population 95+
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(a) Age-specific (b) Tumour stage (c) Receptor subtype

% Relative survival % Relative survival % Relative survival
0 10 20 30 40 50 60 70 80 90100110 0 10 20 30 40 50 60 70 80 90100110 0 10 20 30 40 50 60 70 80 90100110

1989-1999 1989-1999 2006-2011

<40

2000-2009 2000-2009 2012-2013

Stage |
HR+/HER2-

2010-2016 2010-2016 2014-2016

1989-1999 1989-1999 2006-2011

2000-2009 2000-2009 2012-2013

40-49
Stage Il

HR+/HER2+

2010-2016 2010-2016 2014-2016

1989-1999 1989-1999 2006-2011

2000-2009 2000-2009 2012-2013

50-74
Stage Il
HR-/HER2+

2010-2016 2010-2016

2014-2016

1989-1999 1989-1999 2006-2011

2000-2009 2000-2009 2012-2013

Stage IV
HR-/HER2-

2010-2016 2010-2016 2014-2016

B5-year @10-year O15-year D20-year @5-year @10-year @15-year DO20-year m5-year @10-year

Figure 5. Age-specific (a) and age-standardized stage (b) and receptor subtype-specific (c) relative survival
outcomes with corresponding 95% confidence intervals of first primary invasive breast cancer patients in
the Netherlands diagnosed between 1989-2016

Relative survival was adjusted for age by direct standardization according to the 2013 European Standard
Population 95+. HR+= ER+ and/or PR+, HR-= ER- and PR-. Information on ER/PR and HER2-status was routinely
collected by the Dutch cancer registry since 2005 and 2006, respectively. For stage IV BC, the 20-year relative
survival in 2010-2016 could not be estimated due low patient numbers

Discussion

This study provides a comprehensive overview of first primary invasive BC incidence,
survival, mortality and treatment trends stratified by age, stage and receptor subtype in
the Netherlands between 1989-2017, using population-based data on 320,249 women
with first primary invasive BC from the NCR. BC incidence in the Netherlands has steadily
increased between 1989-2013. However, in recent years the latest time trends (APCs)
revealed noticeable declines in BC incidence for the entire patient population, in women
aged 40-49 and 50-74 years, and in women with stage | disease. In women aged >75
years, BC incidence has been declining since 1998. Systemic treatment increasingly
involved a combination of chemotherapy, endocrine therapy and targeted therapy. The
relative survival improved markedly over time for all years of follow-up for most patients,
but remained stable for all receptor subtypes since 2012-2013 and since 2000-2009 in
women with stage IV BC at 15-years of follow-up. BC mortality steadily decreased in
women of all age groups since 1989.

Breast cancer incidence
The rising trends in BC incidence are consistent with those found in previous Dutch and
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global (trend) studies**>°12 and can be attributed in part to changes in the prevalence
of known risk and lifestyle factors that have been shown to influence BC incidence*®. In
a recent case-control study, the increasingly common use of both oral contraceptives
(for more than 10 years) and hormone replacement therapy (for more than three
years) has been shown to increase the risk of BC (relative risk=3.2 [95%Cl: 1.4, 7.4])
in women aged <55 years®. Together with the increased alcohol consumption among
younger people this might explain the rising BC incidence in women aged <40 years in
this study’. The worldwide rise in overweight and obesity in recent decades is also likely
to have contributed to the increase in BC incidence in both pre- and post-menopausal
women®. In the US, decreases in BC incidence in 2002 and 2003 were attributed to the
declining use of hormone-replacement therapy in post-menopausal women following
unfavourable publicity®®. However, similar trends were not observed in the Netherlands
until 2005 and are likewise not observed now?®.

The observed trends in BCincidence are probably also influenced by the population-
based mammography screening programme, which has been operational in the
Netherlands since 1989 and for which women aged 50-74 years are invited biennially.
Screening is intended to favourably change the stage at diagnosis and leads to a strong
temporary increase in BC incidence due to the detection of (mainly) slow growing
tumours followed by a decline in more advanced BC stages*®. This corresponds with the
observed increase in the incidence of stage | BC and the decline in incidence of stage
II/11l BC, which was most prominent in women aged 50-74 years. The decline in BC
incidence observed since 1998 in women aged >75, who are no longer offered screening
(compensatory drop), might also reflect screening practices®.

The decline in BC incidence shown by the latest trends (2013-2017 for all
patients combined) might be associated with the transition from screen-film to digital
mammography between 2003-2010. In the period when digital mammography
was implemented an increase in BC incidence was observed in women aged 50-74
(2004-2013, APC=1.2% [95%CI: 1.0, 1.5]) and in women with stage | BC (2005-2012,
APC=3.4% [95%Cl: 3.0, 3.8]), whereas no rise in incidence was observed prior to
digital mammography implementation. A similar pattern was observed in women
aged 50-74 year with HR+/HER2+ BC. In all cases, incidence rates either decreased or
remained stable in the subsequent period, which might suggest a temporal increase
after implementation of digital mammography®!. However, in our study, the relation to
screening was not directly taken into account in the analyses since mode of detection
was not registered in the NCR until 2011. A recent study based on actual screening
attendance did show that the incidence of stage Ill and IV BC was significantly higher in
non-screened versus screened women (94 versus 38 per 100,000 PY, respectively; Odds
Ratio[OR]=2.86, 95%Cl:[2.72, 3.00])*. In our data, 56% of all women aged 50-74 years
were diagnosed through screening between 2011-2017. Thus, screening has at least
partially affected the BC incidence. Alternatively, the observed decline in BC incidence
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in women aged 40-49 years might partly relate to the increase in prophylactic bilateral
mastectomies, which significantly lowers the BC incidence in unaffected high risk women
with BRCA mutations (85-100%)*® and recently showed a significant increase in uptake
in women (mean age 41.8 years) who received genetic testing after 2008 (32.7% in the
Netherlands)3.

Treatment strategies

Therapeutic approaches of BC in the Netherlands have changed drastically since 1989.
BCS with adjuvant radiotherapy became the preferred treatment over mastectomy after
the publication of landmark trials®3. The steep increase in both adjuvant chemotherapy
and endocrine therapy use between 2007-2009 can be explained by the broadening of
their indications following the 2008 revision of the Dutch evidence-based guidelines and
the introduction of the decision tool ‘Adjuvant! Online’, which was developed to predict
the potential benefit of systemic treatment for individual BC patients®.

The decline in chemotherapy use after 2009 is likely also related to changes in
the Dutch evidence-based guidelines for the management of breast cancer (www.
oncoline.nl), which now recommends endocrine therapy instead of chemotherapy in
post-menopausal women with grade 2 tumours >1.1 cm and ER/PgR >50%. Possibly also
related to the decline in chemotherapy use is the increased use of the 70-gene signature
(70-GS, “MammaPrint”) and other measures used to assess tumour aggressiveness
(Ki67 immunohistochemistry, PgR status, etc.), together with a growing focus on
shared decision making and a more reluctant attitude of clinicians towards the use of
chemotherapy in low risk patients®®3°.

Breast cancer survival and mortality

Advances in treatment and more personalized therapeutic guidelines likely also
contributed to the improvements in BC survival and mortality>®. The sharp increase
in the proportion of women that received both taxane and anthracycline containing
regimens from 2003-2005 to 2015-2017 may provide some explanation for the
observed improvements in survival, as use of combination chemotherapy has been
shown to improve survival in metastatic BC since the late 1960s'. Improvements in
survival and mortality may also relate to more personalized therapy (adjuvant endocrine
therapy and anti-HER2 therapy) facilitated since the beginning of this century by the use
of information on tumour biology (HR and HER2-status), which has improved treatment
allocation to patients that will more likely benefit based on their tumour characteristics,
even for stage IV disease®. The gains in survival and mortality may also in part be
attributed to the changed composition of women who receive endocrine therapy,
following changes in the Dutch national guidelines. Before 1999, endocrine therapy
was given to all post-menopausal women with N+ BC and was provided, irrespective of
menopausal status, to all women with N+ and ER+ BC. The similar survival of women
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with either HER2-positive or HER2-negative BC, irrespective of HR-status, likely relates
to the use of trastuzumab, which was recommended in the Netherlands since 2005%.
When not treated with trastuzumab, the overall survival of HER2-positive BC is poorer
compared to HER2-negative BC*.

Stage at diagnosis has also remained one of the most important determinants for BC
survival, with survival becoming increasingly worse with advancing stage. Improvements
in stage-specific survival have been described previously®** and may partly be explained
by stage migration, due to advances in detecting distant metastases, but also evolutions
in TNM classification®?. In clinical practice, the impact of stage migration has been
observed after implementation of FDG-PET in lung cancer care, which resulted in an
increase in stage IV classification®. Improvements in the detection of distant metastases
at time of BC diagnosis likewise resulted in stage migration*. It is therefore possible that
stage migration contributed to the observed improvements in stage-specific survival
observed here. Poorer adherence to treatment guidelines in older patients, together
with the fact that these women are no longer included in population screening, may be
responsible for the higher stage |-V rates at diagnosis in women aged >75 years and
might to some extent explain the lower survival observed in these women compared to
the younger age groups®.

Decreases in BC mortality have been observed previously in most European,
North-American and other high-income countries®>. In the south-eastern region of the
Netherlands, mortality rates declined annually with 2% between 1995 and 2004°. In the
current study, a similar annual decline was observed for the entire Netherlands between
1989-2017. The declines in BC mortality and improvements in survival have mainly been
related to advances in early diagnosis®®. Worldwide, early detection (mainly due to the
more widespread use of mammography screening) has been suggested to be causal
in the decline in BC mortality in high-income countries®*. Findings in the Netherlands
have led to the same conclusions?***’. Projections from a simulation study based on
six distinct models on BC mortality trends in the US further showed that screening
was on average associated with 44% (model range: 35%-60%) and 37% (model range:
26%-51%) of the observed decline in overall BC mortality among women aged 30-79
years in 2000 and 2012, respectively. The remaining decline in mortality in 2012 was on
average attributed to chemotherapy; 31% (model range: 22%-37%), endocrine therapy;
27% (model range: 18%-36%) and trastuzumab; 4% (model range: 1%-6%)*. However,
the data do not support the viewpoint that screening has a substantial effect on breast
cancer mortality, as declines in BC mortality in the Netherlands have been present since
the late 1980s, prior to the implementation of a nationwide screening programme?®.
Moreover, in this study declines in mortality were slightly higher in women aged <40 and
40-49 years than in older women where organized screening is expected to influence
the mortality. Also, declines were already observed in the period shortly after screening
implementation, which is not expected due to the usual time lag before screening effects
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become apparent®. Advances in treatment are therefore more likely to have caused this
effect®.

Strengths and limitations

The major strength of this study was the use of a large population-based dataset from
the NCR spanning almost three decades of BC data. Data of all new BC patients were
collected by trained registrars, leading to high completeness and ruling out selection
bias. This study is among the first to include a detailed description on BC trends
according to receptor subtype in Europe, which is another major strength. However,
data on receptor subtype was still limited and consequently, we could not detect clear
trends based on receptor subtype. Furthermore, we did not have information available
on risk and lifestyle factors, and were therefore not able to directly assess trends in
incidence according to these factors. We experienced some difficulties in the assessment
of trends due to the changing definition of tumour stage. In particular, the change from
the 5™ to 6™ TNM classification resulted in a noticeable shift from stage Il to Ill disease,
which complicated trend recognition and comparisons over time. We tried to address
this shortcoming by combining both stages for analyses and by assessing pre-shift and
post-shift time trends separately with joinpoint regression analyses. Finally, we did not
have information available on the BC-specific survival and therefore we used RS as an
estimator. Nonetheless, the RS is an appropriate method to use in population-based
studies on survival in the absence of cause of death information and does not suffer
from misclassification.

Conclusion

This study provides a comprehensive overview of first primary invasive BC trends in the
Netherlands since 1989. The incidence of BC for the entire patient population has steadily
increased between 1989-2013, but has been declining since. Whether this declining
trend continues, should be confirmed by future trend studies covering subsequent
time periods. Meanwhile, the relative survival improved for all age groups and for most
stages and receptor subtypes, and the the mortality of first primary invasive BC has
decreased substantially since 1989. The observed trends in BC incidence, mortality and
survival likely result from the combined effect of preventive measures, earlier diagnosis
(population screening and better disease awareness), advances in treatment, national
implementation of personalized treatment guidelines and changes in the exposure to
known risk factors.
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