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Overtreatment and avoidable treatment-related adverse effects not only have
important health-related implications, but come at an unsustainable price - even
for high-income countries.! There is great potential to make oncology care more
financially sustainable through de-escalation. However, this largely depends
on identifying (cost)-effective prognostic and predictive tools to inform patient
management, allowing certain therapies to be safely forgone in some patients
and potentially intensified in others. Perhaps more crucial is ensuring the smooth
adoption of these tools into routine clinical practice: through acceptance by
physicians, patients, and policy makers.

This PhD dissertation aims to understand the factors that may affect the use of
interventions that lend themselves to de-escalating low-value interventions for
early breast cancerand ductal carcinomainsitu (DCIS). Using approaches grounded
in health technology assessment (HTA), it considers clinical effectiveness of current
and possible future diagnosis and treatment pathways, as well as all associated
economic implications and wider implications for the patient.?

Addressing the issue of overtreatment is a complex undertaking which challenges
existing therapeutic approaches that have long been central to oncological care.
Current treatment strategies for invasive early-stage breast cancer and DCIS are
based on active management. Surgical removal of "abnormal” tissue, possibly
followed by local and systemic adjuvant therapies, are intended to effectively rid all
signs of the tumour and minimize chances of return or progression to advanced or
metastatic disease.>*

Costly targeted therapies have been less pervasive in first-line treatment of the
majority of women with early-stage disease, keeping in-line with the long-held
mantra that early detection may lend itself to earlier, less aggressive treatment.
Indeed, cure rates and survival following a breast cancer diagnosis have steadily
risen over the past several decades following the introduction of early detection
through population-based breast cancer screening and greater access to
effective surgical and systemic treatment strategies.® More recently however,
these improvements have stagnated or plateaued for many women with tumour
characteristics associated with very good prognoses for women in industrialized
countries.® Furthermore, there is clear evidence that a significant proportion of
screen-detected breast cancers are overdiagnosed - meaning they were indolent
precancers or progressive cancers detected through screening in women who
would have otherwise died from non-breast cancer-related causes before a clinical
(symptomatic) diagnosis of breast cancer could occur.®
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A growing number of trials of breast cancer treatments have demonstrated that
omission of many standard treatments could actually result in equivalent or non-
inferior outcomes in selected good-prognosis patient groups. Many therapeutic
approaches for breast cancer are now understood to be low-value, meaning they
incur high costs, potentially cause harm and degrade quality of life, while providing
no survival benefit.”® Despite these therapies’ known benefits, their limitations can
have long-term and far-reaching consequences for their recipients. For systemic
therapies, this can include the overtreatment of women already cured by effective
locoregional therapy, treatment-related toxicities, including the emergence of
chronic, long-term, and sometimes life-threatening adverse effects, and financial
toxicities created when out-of-pocket treatment costs cause financial problems for
the patient.’

As aresult, the past few years have ushered in a sweeping reform in the treatment
of early breast cancer towards a multidisciplinary paradigm of de-escalation (also
referred to as 'de-implementation’ or ‘risk-adapted modulation') for certain women
with early breast cancer. Various oncology groups have made recommendations
for surgical de-escalation in breast cancer care.”’? In 2021, the new St. Gallen
International Consensus Guidelines for treatment of early breast cancer were
released with aspecialfocus on customizing localand systemic therapies forwomen
with early breast cancer.” Among their recommendations, the Panel exhibited
renewed and strengthened enthusiasm for genomic testing to identify estrogen
receptor (ER) positive, HER2 negative, node positive, early-stage breast cancers
that do not warrant chemotherapy. The recently published long-term follow-up
data derived from the Microarray in Node-Negative and 1 to 3 Positive Lymph Node
Disease May Avoid Chemotherapy (EORTC 10041/BIG 3-04 MINDACT) trial, the Trial
Assigning Individualized Options for Treatment (TAILORx), and A Clinical Trial RX
for Positive Node, Endocrine Responsive Breast Cancer (RxPonder) have finally
established the role of genomic signatures in treatment management for early-
stage breast cancer.””' Complimentarily to the efforts to address overtreatment,
understanding the optimal level of screening among healthy women' and post-
diagnosissurveillanceimaging'®amongthe growing number of women with a history
of breast cancer and DCIS have also become important research undertakings.

‘Less is More': Health technology assessment (HTA) to assess value

Withouta doubt,improvementsinscreening, diagnosis, treatment, and follow-up for
breast cancer have had major influences on breast cancer incidence, mortality and
treatment-related morbidity. Yet, how do we adopt newer technologies and begin
to change treatment practices which allow us to intervene and provide treatment
to those who benefit most, and safely de-escalate treatment for those who will not
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benefit? How do we ensure that women who can forgo treatment receive the correct
follow-up care and surveillance that can catch any recurrences or progression of
their disease?

In order to ensure smooth adoption of prognostic and predictive tools, mechanisms
from different perspectives should be taken into account. The domain of health
technology assessment (HTA) can support to capture these multi-faceted
perspectives. We need evidence on patient quality of life, costs, and preference to
complement clinical evidence stemming from prospective studies. With methods
derived from the field of HTA, we aim to provide this evidence.”

HTA processes were initially introduced to inform decisions about the economic
value of new and existing healthcare technologies, including drugs and other
medical interventions.’ Interdisciplinary processes were established to identify,
measure, value and compare the costs and consequences of treatment alternatives
which are being considered for a particular disease area. Drummond et al. has been
instrumental in establishing the methods for economic evaluation of healthcare
programmes over several decades,' and in 2008 set forth the key principles for
improving the conduct of health technology assessments for healthcare resource
allocation decisions about new technologies.’® Today, many countries have
commissioned organized HTA bodies to inform healthcare resource allocation
decisions about new technologies. These decisions are usually based upon a
consolidation of all existing evidence as to whether such technologies are safe
and effective within the financial constraints of the healthcare system. Central to
this is the analysis of cost-effectiveness, which requires measuring the trade-offs
and balance between costs and health outcomes resulting from investing in a new
technology, with this question at its core: “How can the scarce health resources
allocated to healthcare best be used in order to maximize the health gain obtained
by them?""*

In cost-effectiveness analysis, the costs and effects of a given treatment pathway
are calculated and compared to one or more alternatives.?® A measure of effect that
is most widely used is the quality-adjusted Llife-year (QALY). It captures two very
important features of a healthintervention: its effect on survival, and on quality of life.
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Box 1. Utilities. Definition derived from York Health Economics Consortium.?’

Ineconomic evaluation of healthcare interventions utilities (also called health
state preference values) are used to represent the strength of individuals'
preferences for different health states. When utility values are averaged
over a population of responders they can be considered to be valuations
of health states. Conventionally the valuations fall between 0 and 1, with 1
representing the valuation of a state of perfect health and 0 representing
the valuation of death (non-existence). In some scoring systems a negative
utility value is also possible, which indicates that a (very poor) health state
is valued as less preferable than death. Sequences of utility values reported
over periods of time for individual patients or cohorts of patients may be
aggregated to derive quality-adjusted life years (QALYs), commonly used as
outcomes in economic evaluation.

When comparing two treatment options, we considerincremental costs, incremental
QALYs, and the incremental cost-effectiveness (or cost-utility) ratio (ICER).

Cost, — Costy, ACost

ICER = -
QALY, — QALY, AQALY

HTA bodies must conduct cost-effectiveness analyses and ensure that subsequent
decisions areinformed by the values of the society they represent. Itis thus expected
that preferencesandvaluationsassigned to particular health states differby country,
patient group, and even within patient groups. This variation within a population
leads to uncertainty in modeling the cost-effectiveness of a new intervention, often
without clear-cut results of whether an intervention is cost-effective, as illustrated
by the cost-effectiveness plane in Figure 1.

Nevertheless, HTA bodies must make decisions with all available evidence on
whether to list new drugs on a national formulary, whether to provide coverage
under health insurance, or to establish any guidance on the technologies' use within
the scope of the healthcare system.

13
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Figure 1. Cost-effectiveness plane, adapted from Gray et al. 2011." The x axis shows the difference
in effectiveness between the new treatment strategy and the comparator and the y axis shows the
difference in cost. The slope of the line from any point on the figure to the origin is the incremental

cost effectiveness ratio.

Early HTA

When limited concrete evidence exists of the safety, effectiveness, and utility of
new potential treatment strategies (i.e. in the form of prospective clinical studies),
steps must be taken in these early stages of these studies to produce supportive
information for decision makers. Methods within early HTA allow us to anticipate
developments and preferences which may be encountered during the early
introduction of new treatment practices in clinical practice, while also predicting
costs and utilities. The new definition of HTA shown in Box 1 best illustrates the
flexible and dynamic processes of HTA across the lifecycle of a new treatment
strategy or intervention.
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Box 2. The new definition of HTA. Adapted from O'Rourke et al.?

HTAis a multidisciplinary process that uses explicit methods to determine the
value of a health technology at different points in its lifecycle. The purpose
is to inform decision-making in order to promote an equitable, efficient, and
high-quality health system.

Note 1: A health technology is an intervention developed to prevent,
@ diagnose or treat medical conditions; promote health; provide

rehabilitation; or organize healthcare delivery. The intervention can

be a test, device, medicine, vaccine, procedure, program, or system.

Note 2: The process is formal, systematic, and transparent, and uses
state-of-the-art methods to consider the best available evidence.

? Note 3: The dimensions of value for a health technology may be
X

assessed by examining the intended and unintended consequences

of using a health technology compared to existing alternatives.
These dimensions often include clinical effectiveness, safety,
costs and economic implications, ethical, social, cultural and legal
issues, organizational and environmental aspects, as well as wider
implications for the patient, relatives, caregivers, and the population.
The overall value may vary depending on the perspective taken, the
stakeholders involved, and the decision context.

sl Note 4: HTA can be applied at different points in the lifecycle of a
D health technology, thatis, pre-market, during market approval, post-
market, through to the disinvestment of a health technology.

HTA has a particularly unique role to play in the case of evaluating new technologies
to guide treatment de-escalation for early-stage breast cancer and DCIS. As highly
heterogeneous diseases, conventional approaches to assess prognosis (e.g. based
on the TNM Classification of Malignant Tumors?) are not sufficient to clinicians
nor patients to decide upon the best treatment approach. Numerous predictive
biomarkers have shown promise in guiding treatment decisions in breast cancer,
yet very few make it to clinical practice.?® Furthermore, evidence derived from
prospective clinical trials may not be sufficient to inform the necessary adaptations
to treatment that individuals require. Clinicians and patients must make inferences
from these large studies and continuously updated new data, while customizing this
information to individual situations informed by the patient's own preference.' For
treatment de-escalation, preference may be the mostimportant guiding principle to
assessthe conceptofvalue. HTAcan consolidate the measurement of clinical effects
and health outcomes, with the impact of different outcomes on patients’ perceived
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value.?* Put simply, forgoing treatment may mean more to one patient than the other
given her unique preference-informed values and risk profile.

Early Breast Cancer and DCIS: One-size does not fit all

Among all cancers, breast cancer has become the most commonly occurring cancer
affecting women worldwide. In 2020, nearly 2.3 million new cases were diagnosed.®
Itisnow the world's most prevalent cancer: at the end of 2020 there were 7.8 women
alive with a personal history of breast cancer occurring within the previous 5 years.?

Uncovering the highly heterogeneous nature of breast cancer has helped to shape
understanding of individual patient prognosis and determine different possibilities
for treatment options.? It is breast cancer which brought the concept of personalized
medicinetotheforefrontofoncologiccare:allowingfortheidentification of womenwho
benefit most from treatment, and safely de-escalate treatment for those who will not
benefit.?’ There is consensus among care providers that the needs of a specific patient
may be better defined through consideration of individualized approaches to care. This
has also givenrise to the prioritization of a woman'’s quality of life: acknowledging that
surviving breast cancer is not merely a question of tackling mortality, but upholding
the value of a life minimally affected by treatment-related morbidity.

Before the molecular era® of breast cancer treatment and the discovery of new
surgical approaches, standard treatment was extensive. Radical mastectomy
required the removal of the whole tumor, pectoral muscles, lymphatic vessels and the
axillary lymph nodes; a mutilating procedure with profound side effects. Eventually,
following important findings about the molecular profile of breast cancer subtypes
(Table), physicians began to combine treatment modalities and utilize targeted
therapies. Partial breast surgery soon became the mainstay, and was supplemented
by adjuvant radiotherapy, chemotherapy and targeted therapy when appropriate.

Despite making up 20-25% of screen-detected breast lesions,3%3! DCIS is far less
understood than invasive breast cancer. DCIS is a nonobligate precursor to invasive
breast cancer. This means some, but not all women with DCIS, will progress to
invasive breast cancer within their lifetime. The considerable uncertainty about
optimalmanagement of the disease resultsin women continuing to be treated with a
“one size fits all” scenario despite mounting evidence pointing to its heterogeneous
nature.’? A consequence of this approach is that women with a diagnosis of DCIS
have tended to vastly overestimate their risk of progression to invasive breast
cancer and likelihood of dying from breast cancer.?*3* Many efforts are underway to
address communication gaps between patients and providers.3®3
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Table. Surrogate definitions of intrinsic subtypes of breast cancer (adapted from the 2013 St Gallen
Consensus Conference?” and Ades et al.?®)

Luminal A Luminal B ER2- enriched Basal like
IHC Surrogate ER(+) and/or ER(+) and/or ER(+), PR(%), ER(-), PR(-),
PR(+), HER2(-), PR(+), HER2(-), HER2(+) HER2(-)
Ki67 < 14% Ki67 > 14% (St (St Gallen) (St Gallen)
(St Gallen) Gallen)
Prognosis Good Intermediate Poor Poor
Treatment Endocrine Endocrine HER2 blockade Cytotoxic
vulnerability  treatment treatment chemotherapy
+ cytotoxic
chemotherapy

ER:estrogenreceptor. HER2: human epidermal growth factorreceptor2. IHC: immunohistochemistry.
PR: progesterone receptor.

Now, discussions surrounding the safe de-escalation of locoregional and adjuvant
treatment in early breast cancer and DCIS have taken center-stage.’’3® When
addressing issues of over-treatment, attention is being closely paid to women with
screen-detected ductal carcinoma in situ (DCIS) and early-stage Luminal A breast
cancer. It is among these women, that several can be identified as being unlikely
to progress. It is for these women that the risks of treatment may outweigh the
potential benefits.

Women with asymptomatic DCIS and early-stage breast cancer represent a
significant proportion of women diagnosed through screen-detection methods.3°
Since 1989, a nation-wide biennial screening mammography programme for women
aged50-70 (extendedto 75in 1999) hasexistedinthe Netherlands. Similarorganized
breast cancer screening programs exist across Europe, while opportunistic breast
cancer screening exists in most countries worldwide.3"41

Following the introduction of full-field digital mammography (FFDM) screening
in 2009, a sharp increase of detection of low-grade DCIS and low-grade invasive
carcinomas was observed (Figure 2).3° Mammography screening sensitivity has
also been demonstrated to be highly associated with breast cancer subtypes, with
aggressive subtypes showing the lowest sensitivity, though this effect is mediated
by grade.*? The increased incidence of good-prognosis, low-grade breast cancer
over time has followed trends of decreasing mortality over the same period. To
what extent improvements in survival are attributable to screening or to advancing
treatments continues to be debated.*3*

17
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Figure 2: Rate per 1000 screened women. Luiten etal. 2017.3° B&R = Bloom & Richardson grade.

Breast cancer-related morbidity and mortality represents a major burden to society
inthe Netherlands. Itis estimated thatbreast cancerisresponsible forapproximately
3,100 deaths, 26,000 life years lost, 65,000 Disability Adjusted Life Years (DALYs)
and an economic burden of €1.27 billion per year.”* It can be expected that these
numbers may grow with continued improvements in screening technologies which
may identify more women with breast cancer and DCIS, and with the subsequent
high cost of treating greater numbers of patients.*

In light of these changing trends and shifting population demographics, efforts are
being made to counteractthe unintended consequences of improved highly sensitive
screening. Many ongoing studies are evaluating new technologies which may
better select women at "high” and “low" risk of progression. For DCIS, this means
identifying women at risk of progressing to invasive carcinoma within their lifetime.
For women with early-stage breast cancer, this has meant identifying those at risk
of progressing to distant metastasis following locoregional treatment. With this
information, care teams can more accurately select individuals most likely to benefit
from locoregional treatment or adjuvant systemic therapy. This can leave women
at "low" risk of progression with the choice to forgo high-cost invasive treatments
that pose no survival benefit. Though this should be supplemented by regular, high-
quality and accessible surveillance in the form of continued breast surveillance.

While the introduction of population-based breast cancer screening has changed the
incidence of early-stage disease and DCIS, it remains an imperfect modality. For each
1000 women participating in screening, six will be diagnosed with a screen-detected
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invasive breast canceror DCIS. Itis estimated that approximately 20% of these are over-
diagnosed, meaning their disease would have remained indolent and undetected had it
notbeen forscreening.® Afurther two per 1000 women screened will have breast cancer
diagnosed outside of screening in the interval before the next screening round.*’ These
areknownasintervalbreastcancers. About 1in2 of these breastcancersare considered
"missed”, minimal signs or occult at the last screening round, a deeply unfortunate and
partly preventable situation. The remaining 50% will have a true interval cancer that
was not visible on mammography at the last screening round. Due to aggressive tumour
growth developed during the interval, this subsequently leads to diagnosis through
clinical symptoms. Compared to screen-detected breast cancers, symptomatic and
interval cancers have poorer prognostic characteristicsand lower breast cancer specific
survival.*"* Even among high-risk cancers with the same genetic make-up, the mode
of detection (screen-detected vs. interval-detected) makes a significant difference to
the subsequent risk of distant metastasis and survival.®®

Overview of the dissertation

Chapters in this dissertation are based on three complimentary themes in the
management of early-stage breast cancer. The first theme focuses on screen-
detected primary DCIS, with select chapters characterizing disease etiology,
treatment and surveillance outcomes, real-world health care utilization, and
potential of biomarkers to select low-risk women for an active surveillance strategy.
Research was performed within the PRECISION (PREvent ductal Carcinoma In Situ
Invasive Overtreatment Now) Consortium. The second theme focuses on treatment
de-escalation for early-stage breast cancer, based on the first results of the EORTC
10041/BIG 3-04 MINDACT (Microarray in Node-Negative and 1 to 3 Positive Lymph
Node Disease May Avoid Chemotherapy) phase 3 randomized control trial of the
70-gene signature. Finally, a complementary final theme and chapter highlights a
promising new technology: artificial intelligence for to improve cancer detection at
breast cancer screening to decrease the interval cancer rate.

Introduction to the PRECISION Consortium

In a multi-national effort to fill in the gaps of knowledge on DCIS, the PRECISION
Consortium was created. The aim of PRECISION is to reduce the burden of
overtreatmentof DCISthroughthe developmentof novelteststhatpromoteinformed
shared decision-making between patients and clinicians, without compromising the
excellent outcomes for DCIS presently achieved. Project objectives are addressed
in seven work packages, including a working group on Early Health Technology
Assessment. The aim of this working group is to identify, measure, value and
compare the consequences of alternative management strategies for DCIS with
currently (and "nearly”) available clinical evidence.
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Leveraging historical cancer registry data

Cancerregistry dataremainsanimportantandrich source of real-world evidence to
model the impact of local treatment options for DCIS. To do so, a dataset which has
a substantial number of patients with known treatment status (including no local
treatment) and detailed patient and clinical-pathological characteristics (including
grade) is required.

Using data on N=85,982 women with primary DCIS from the Surveillance,
Epidemiology, and End Results (SEER) Program, a detailed illustration the entire
disease process of DCIS is provided in Chapter 2. We modeled the competing and
intermediate event risks from the point of diagnosis of the primary lesion to death,
capturing the intermediary risks of ipsilateral and contralateral invasive breast
cancer. We provide a comparison of the disease process for women undergoing
different treatment strategies: mastectomy, breast conserving surgery followed by
radiotherapy, breast conserving surgery alone, and a cohort of women identified
as having not undergone any local treatment. We then further parsed out women
with low-risk features, the same women who would have been included in the
ongoing prospective clinical trials, to understand their probability of experiencing
the competing risks of progression and death.

Real-world uptake of surveillance imaging after DCIS diagnosis

For women diagnosed with primary DCIS treated with breast conserving surgery,
clinicalguidelines from the American College of Radiology, National Comprehensive
Cancer Network, and American Society of Clinical Oncology recommend annual
surveillance screening. Guideline adherence remains poorly understood and the
highest quality study to date was published in the JCO in 2009 when Nekhlyudov
and colleagues® reported on mammography uptake in a historic cohort of n=3,037
patients with privateinsurance. In Chapter 3 we provide an updated characterization
of contemporary imaging surveillance after primary DCIS and relate surveillance
uptake to the rate of detection with invasive cancer. In particular, we analyzed a
novel US-based cohortof 12,559 DCIS patients with detailed longitudinal follow-up.

Understanding patient and provider treatment and follow-up
preferences

In Chapter 4 we report the results of a preference-based study conducted among
172 women participating in a prospective active surveillance trial for DCIS, and 30
radiation and surgical oncologists involved in the care of women with DCIS. This
article provides an unparalleled insight into the first period of recruitment into
prospective trials for treatment de-escalation for low-risk DCIS. We describe the
challenges associated with enrolment in these de-escalation trials, and the large
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numbers of women declining randomization due to their preference for the non-
intervention arm. In the Netherlands, the LORD trial was recently changed from an
RCT to a preference-based design to address difficulties with enrolment. We took
this opportunity to quantitatively measure preferences of the women enrolling into
the LORD trial and understand what aspects of a treatment strategy factor into their
decision-making process. We did this with a discrete choice experiment, a stated-
preference method commonly used in the field of health technology assessment.
The same experiment was conducted with oncologists in order to compare their
responses with patients.

Could active surveillance for low-risk DCIS be a cost-effective
strategy?

Drawing together all the findings presented in Chapters 2, 3, and 4, Chapter 5 aims
to characterize the costs and quality-adjusted health outcomes associated with
(non)-interventional strategies for women with low-risk DCIS. A semi-Markov
model was constructed based on the modelling approach employed in Chapter 2.
The cost-effectiveness analysis explores two opportunities for selecting low-risk
women with primary DCIS who could opt for an active surveillance strategy.

Introduction to the 70-Gene Signature and the MINDACT Trial

In 2016, Cardoso and colleagues published the first results of the Microarray in
Node-Negative and 1 to 3 Positive Lymph Node Disease May Avoid Chemotherapy
(EORTC 10041/BIG 3-04 MINDACT) phase 3 randomized control trial.’? N=6,693
women with early-stage breast cancer were enrolled and had their risk of distant
recurrence evaluated by means of the 70-gene signature and a modified version of
Adjuvant! Online. Women were assigned to a genomic and clinical "high” or “low”
risk category. In patients with discordant risk results, either the genomic risk or the
clinical risk was used to determine the use of adjuvant chemotherapy. The primary
goal was to assess whether, among patients with high-risk clinical features and
a low-risk gene-expression profile who did not receive chemotherapy, the lower
boundary of the 95% confidence interval for the rate of 5-year survival without
distant metastasis would be 92% (i.e., the noninferiority boundary) or higher.

Demonstrating the cost-effectiveness of the 70-Gene Signature

In Chapter 6 we report the results of a cost-effectiveness and budget impact
analysis of treatment strategies guided by the 70-gene signature versus treatment
decisions based on clinical risk assessment alone for a target group of patients with
ER+/HER2- early breast cancer. The analysis is based on patient-level outcome data
from the MINDACT trial, information on breast cancer-specific quality of life, as well
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as costs for six countries: Belgium, France, Germany, the Netherlands, the United
Kingdom, and the United States. This is the first cost-effectiveness analysis on a
genomic signature for breast cancer that directly utilizes patient-level data from a
large prospective RCT.

What happens if women forgo adjuvant treatment entirely ?

The MINDACT trialalso afforded opportunities to analyze differenttrends in adjuvant
treatment across the study population. In the study presented in Chapter 7, we
evaluated the survival of breast cancer patients participating in the MINDACT trial
who did not receive any adjuvant systemic treatment after locoregional treatment.
These women had favourable prognostic characteristics: ER+/HER2, node negative
tumours <2 cm. Their breast cancer outcomes were compared to patients with
similar characteristics who received endocrine therapy.

Using artificial intelligence to improve breast cancer screening

Throughout the preceding chapters, optimizing treatment through de-escalation
was a central theme. In the final chapter, optimizing treatment is explored through
emphasizing alternative approaches to reducing the number of cancers that
progress to advanced stages.

Chapter 8 covers a study on future perspectives incorporating artificial (Al)-based
technology for optimization of breast cancer screening. This was conducted on data
from the German national breast cancer screening program, in collaboration with
Vara (MX Healthcare GmbH) and the North Mammography Reference Center in
Oldenburg, Germany, during the latter part of the PhD study time frame. The study
was deemed fitting to include in the thesis by the University of Twente supervising
team in view of the topics concerned. Using a large retrospective cohort of women
with biopsy-confirmed interval cancer diagnoses (N=2,396), we evaluated the
potential of artificial intelligence (Al) to detect and thereby reduce retrospectively
visible cancers that would subsequently be clinically diagnosed in the 24-month
interval after screening.®®

Summary

This PhD dissertation delves into current challenges and opportunities for
optimization within the management of early-stage breast cancer and DCIS. It
addresses attempts made by the medical research community to provide optimal
care with less treatment and better surveillance. It also highlights inequities in
access to a continuum of care for some women.
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Abstract

Purpose

Results from active surveillance trials for ductal carcinomain situ (DCIS) will not be
available for > 10 years. A model based on real-world data (RWD) can demonstrate
the comparative impact of non-intervention for women with low-risk features.

Methods

Multi-state models were developed using Surveillance, Epidemiology, and End
Results Program (SEER) data for three treatment strategies (no local treatment,
breast conserving surgery [BCS], BCS + radiotherapy [RT]), and for women with
DCIS low-risk features. Eligible cases included women aged > 40 years, diagnosed
with primary DCIS between 1992 and 2016. Five mutually exclusive health states
were modelled: DCIS, ipsilateralinvasive breast cancer (ilBC) <5yearsand >5years
post-DCIS diagnosis, contralateral IBC, death preceded by and death not preceded
by IBC. Propensity score-weighted Cox models assessed effects of treatment, age,
diagnosis year, grade, ER status, and race.

Results

Data on n = 85,982 women were used. Increased risk of iIBC < 5 years post-DCIS
was demonstrated for ages 40-49 (Hazard ratio (HR) 1.86, 95% Confidence Interval
(Cl) 1.34-2.57 compared to age 50-69), grade 3 lesions (HR 1.42, 95%CI 1.05-1.91)
compared to grade 2, lesion size = 2 cm (HR 1.66, 95%CI 1.23-2.25), and Black
race (HR 2.52, 95%CI 1.83-3.48 compared to White). According to the multi-state
model, propensity score-matched women with low-risk features who had not died
or experienced any subsequent breast event by 10 years, had a predicted probability
of ilBC as first event of 3.02% for no local treatment, 1.66% for BCS, and 0.42% for
BCS+RT.

Conclusion

RWD from the SEER registry showed that women with primary DCIS and low-risk
features demonstrate minimal differences by treatment strategy in experiencing
subsequent breast events. There may be opportunity to de-escalate treatment for
certain women with low-risk features: Hispanic and non-Hispanic white women
aged 50-69 at diagnosis, with ER+, grade 1+ 2, <2 c¢cm DCIS lesions.
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Introduction

Women with asymptomatic ductal carcinoma in situ (DCIS) represent a growing
proportion of women diagnosed through breast cancer screening programs.'?
Localized treatment strategies for DCIS demonstrate no direct survival benefit
to patients.3* Surgical removal of the lesion, possibly followed by radiation, is
intended to lessen the risk of a subsequent ipsilateral invasive breast cancer (ilBC)
and its associated mortality risk. Treatment-related adverse events following
surgery and radiotherapy have a profound impact on quality of life over the first 24
months following treatment and there is concern that the active treatment of DCIS
represents significant overtreatment for some individuals who will never develop
invasive disease within their lifetime.®

As all DCIS lesions are treated, the natural disease course of DCIS remains unclear:
estimates show arange of 14-53% of untreated DCIS progressing to invasive cancer
over a period of 10 or more years.® This is a heterogeneous disease, with certain
clinicopathologic characteristics known to be highly prognostic of iIBC after DCIS
diagnosis, such as premenopausal status, detection by palpation, involved margins,
high histologic grade, and high p16 expression.” Studies are ongoing to understand
risk of progression from DCIS from a genomic perspective.® For women with a
combination of low-risk clinicopathological features within the DCIS population, the
risk of subsequent ilBC has not yet been quantified. Now, discussions surrounding
the safe de-escalation of treatment of DCIS have taken center-stage to address this
knowledge gap. An active surveillance strategy has been proposed for patients with
low-risk prognostic features, including low-grade and smaller, estrogen receptor
positive (ER+) lesions. This allows for the prioritization of a woman's quality of life:
acknowledging that preventing breast cancer is not merely a question of tackling
risk factors, but upholding the value of a life minimally affected by treatment-
related morbidity. The international PRECISION (PREvent ductal Carcinoma In Situ
Invasive Overtreatment Now) initiative is overseeing three clinical trials of active
surveillance for low risk DCIS: Comparison of Operative to Monitoringand Endocrine
Therapy (COMET), Low Risk DCIS (LORD) and Low RISk DCIS (LORIS).”" These
trials compare safety and clinical outcomes between patients undergoing standard
interventional treatment, and those following an active surveillance strategy with
regular mammographic screening.

These studies are on-going, and results will not be available for 10-20 years.
Ahead of prospective data from clinical trials, real-world cancer registry data on
DCIS can be used to demonstrate how women with low-risk features progress
from DCIS to IBC and death. We specifically sought to identify a cohort of women
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with low-grade, small (< 2 cm), ER+ lesions to who did not receive local-regional
treatment to understand the potential impact of an active surveillance strategy
compared to standard interventional treatment on health outcomes over a patient's
lifetime. Using real-world cancer registry data from the National Cancer Institute's
Surveillance, Epidemiology, and End Results (SEER) program on locally treated and
untreated DCIS patients, we developed a continuous time multi-state Markov model
of disease progression for DCIS, integrating patient-level covariates and treatment
information. The SEER database records subsequent invasive breast cancer cases
aftera DCIS diagnosis as new primaries, allowing for the modeling of breast cancer-
specific disease progression over a patients’ lifetime.

Methods

SEER patient cohort selection

Retrospective patient-level data from the SEER 18 registries database (with
additional treatment fields on radiation therapy) were used for multi-state
modeling of disease progression. Eligible cases included women with grade |, I,
and Il histologically confirmed DCIS as first primary, diagnosed between 1992
and 2016, aged 2 40 years at diagnosis, and with known laterality, local treatment
status (surgery and radiotherapy), survival time, and cause of death. Exclusion was
warranted under any of the following criteria: iIBC < 2 months following DCIS as
this might signify upstaging of the DCIS lesion to invasive carcinoma; death of any
cause <6 months following DCIS diagnosis; synchronous diagnosis of contralateral
invasive carcinoma (cIBC); Paget's disease; patients treated with postmastectomy
radiation therapy; and patients not receiving treatment due to comorbidities or
refusal (as coded in SEER). Figure 1 shows the numbers of cases excluded.

Capturing localinvasive recurrences in SEER

To understand the impact of changes in SEER coding rules in 2007 which may have
led to the under-reporting of subsequent iIBC following DCIS, we calculated the
annualilBCincidence density rateinthe 5years pre- and post-2007. This calculation
is based on the number of iIBC events in each annual period, divided by the product
of the person-time of the at-risk population during each period. This is presented
for the full cohort (all risk groups), and by treatment group to account for changing
treatment patterns.
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Case Selection Criteria

SEER 18 registries

Diagnosis year: 1992-2016

Sex: Female

Age at diagnosis: > 40 years old

Site: Breast (C50)

Behavior code: “in situ” (/2)

ICD-0-3 codes: 8050/2, 8140/2, 8201/2,
8211/2,8230/2,8260/2, 8343/2,8480/2,
8481/2,8500/2-8504/2,8507/2,8510/2
First primary DCIS

Known laterality (left or right)

Known grade (1, 1, I11)

Known local treatment (surgery and
radiotherapy)

Case Exclusion Criteria

» N=54 Patients with subsequent
ipsilateralinvasive breast cancer
diagnosis < 2 months following DCIS
diagnosis (possible upstaging)

» N=315 Bilateral synchronous diagnosis
of contralateralinvasive breast cancer

» N=202 Patients dying < 6 months
following DCIS diagnosis

* N=1,828 Patients with unknown local
treatment type / Patients receiving
postmastectomy radiation therapy

» N=36 + N=276 (312) Patients with
contraindications and patients refusing
treatment (as indicated in SEER)

* Known cause of death * N=7 Paget's disease

Figure 1. Surveillance, epidemiology, and end results (SEER) case selection and exclusion criteria.

Model building and statistical analysis

The multi-state model structure includes six mutually exclusive states, and the
seven transitions between each state (Fig. 2). The effects of baseline patient,
disease, and treatment characteristics on each transition was assessed using
multivariate Cox proportional hazard regression models. The selected covariates
included age at diagnosis (40-49, 50-69, 70-74, 75-79, > 80 years), diagnosis year
(1992-2016), race (Hispanic and non-Hispanic white, Hispanic and non-Hispanic
black, other [Asian, Native American, Pacific Islander]), grade (I, Il, Ill), lesion
size (<2 cm, 22 cm), estrogen receptor (ER) status, and local treatment strategy
(no local treatment, breast conserving surgery [BCS] only, BCS followed by
radiotherapy [RT], mastectomy). Complete cases were available for all variables
(age, diagnosis year, treatment strategy), except for ER status, lesion size, and
race. Missing observations were imputed with the substantive model compatible
fully conditional specification method using co-variables with complete cases (age,
diagnosis year, treatment strategy) and outcome (time, event). This method allows
greater flexibility for non-linear models such as the Cox model, in that partially
observed covariates are imputed based on non-linear covariate effects.’”? The R
package smcfcs version 1.4.0 was used.



32

| Chapter 2

S2. Ipsilateral
T invasive breast 15
cancer (< 5years
post-DCIS diagnosis)

A 4

S3. Ipsilateral
T2 R invasive breast T6
"| cancer (>5years

post-DCIS diagnosis)

S1.DCIS diagnosis 1

Sé6. Death (any cause)
following invasive
breast cancer

T3 S4. Contralateral T7
> invasive breast
cancer

T4 | S5, Death (any cause)
"| without progression

Figure 2. Multi-state model structure. The multi-state model structure includes six mutually
exclusive health states (51-56) each represented by a box, and the seven transitions between each
state (T1-T7). Arrows represent all possible transitions between states

To address possible confounding by indication, i.e. the systematic differences
between patients undergoing different treatment strategies, propensity scores (PS)
were calculatedforeachindividual. The propensityscoreisanindividual's probability
of receiving treatment given their pre-treatment characteristics (i.e. age, diagnosis
year, grade, race, lesion size, ER status). As there are four treatment strategies
being compared, generalized boosted regression models were used to compute
PS weights which balance the distribution of selected characteristics between
treatment and comparison groups. The pre-treatment characteristics listed above
were used to calculate PS. The mean standardized effect size and Kolmogorov-
Smirnof statistic were used to choose the optimal number of iterations to establish
balance. Average treatment effect (ATE) analysis was conducted to determine the
relative effectiveness of nointervention, BCS, BCS+RT, and mastectomy on average
in the population. For each transition-specific Cox proportional hazards model,
individuals were weighted by the inverse probability of receiving the treatment
they received. Doubly robust estimation controlled for any covariates with lingering
imbalances. PS analysis was conducted using the R package Twang version 1.5.



Treating (Low-Risk) DCIS Patients |

To address the violation of the proportionality assumption for some predictors in
the Cox model for the transition from DCIS diagnosis to ilBC and to address the
Markov assumption, time to iIBC was split at 5 years post-DCIS. Therefore the
following multi-state transitions were modeled: T1. DCIS diagnosis 2 ilBC < 5 years
following diagnosis; T2. DCIS diagnosis = iIBC > 5 years following DCIS diagnosis;
T3. DCIS diagnosis = cIBC; T4. DCIS diagnosis > death; T5.iIBC < 5 years following
diagnosis - death; T6.iIBC > 5 years following diagnosis = death; T7. cIBC - death.
Intermediate lesions such as a subsequent diagnosis of DCIS during follow-up after
initial DCIS are not considered in the model.

Conditional transition probabilities were computed for each treatment strategy
cohort (except mastectomy) and the sub-cohort of patients with low-risk features
(Hispanic and non-Hispanic white women aged 50-69 at diagnosis, with ER+, grade
1+2,<2cmDCIS lesions) by building Cox models stratified by transition to compute
cumulative transition hazards transformed into conditional transition probabilities
using the Aalen-Johansen estimator. State occupation probabilities at different
time points following DCIS diagnosis could be derived from these values. Data
preparation and multi-state modeling was done using the R package mstate version
0.2.11.

PS-matched groups were also created for comparison when calculating the
transition probabilities derived from the multi-state models. 1:2 matching of the
n=338 individuals in the low-risk non-intervention group to each of the low-risk
treatment groups was carried out using the “nearest neighbour” method in the
Matchlt R package version 3.0.2. Exact matching was specified by year of diagnosis,
age at diagnosis, and grade. Differences in ilBC at 5 years between low-risk PS-
matched treatment groups were also evaluated using hazard ratios with 95% Cls
derived from Cox proportional hazards models.

All statistical analyses were performed with R version 3.6.1 (R Foundation for
Statistical Computing, Vienna, Austria).
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Results

Patient characteristics

Table 1 shows the patient and clinicopathologic characteristics of the N = 85,982
individuals included in the analysis set, including N = 1650 who did not receive local
intervention, and N = 17,714 patients with low-risk features (Hispanic and non-
Hispanic white women aged 50-69 at diagnosis, with ER+, grade 1 +2, <2 cm DCIS
lesions). Women undergoing more invasive procedures (BCS+RT, mastectomy)
were generally younger with higher-risk features (high grade, large lesion sizes).

AnnualilBC incidence rate (1996-2016)

Figure 3 shows the annualilBC incidence density rate across the 2002-2011
observation period according to the person-years at risk within our cohort
during each year. With the exception of the group without local treatment, there
is no obvious jump inilBC rates post-2007. This pattern remained steady across
treatment cohorts.

Transition-specific PS-weighted multivariate Cox proportional
hazards models

Select baseline risk factors were shown to be highly predictive of iIBC events within
the first 5 year period, with diminishing hazard for later occurring events (Table
2). Multivariate-adjusted PS-weighted models showed that women aged 40-49
at diagnosis had a statistically significantly higher risk of subsequent iIBC within
5 years compared to women aged 50-69 (Hazard ratio (HR) 1.86, 95% Confidence
Interval (Cl) 1.34-2.57). Grade 3 lesions also carried a higher risk compared to
grade 2 (HR 1.42, 95% CI 1.05-1.91). This significant effect of high grade was not
observed for events occurring after 5 years (HR 1.00, 95% CI 0.73-1.38). Lesion
size 22 c¢cm (HR 1.66, 95% Cl 1.23-2.25), and black race (HR 2.52, 95% CI 1.83-3.48
compared to white race) were also predictive of subsequent iIBC events within 5
years and after 5 years (Table 2). ER+ status did not have a statistically significant
association with ilBC risk for any time period. Age groups 2 70 years did not show a
statistically significant different HR of iIBC < 5 years compared to age 50-69; nor did
grade 1 compared to grade 2 (Table 2).

Baseline characteristics of the primary DCIS did not demonstrate any statistically
significant relationship with cIBC events, with the exception of age 70-74 which
carried a higher hazard of cIBC events compared to age 50-69 (HR 1.26, 95% ClI
1.11-1.42) (Table 2).
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Figure 3. Ipsilateral invasive breast cancer (ilBC) incidence density rate (2002-2011)

Multi-state modeling

State occupancy probabilities for the “progression-free” state calculated from the
multi-state models are visualized in Fig. 4 for the different treatment modalities for
patients in the low-risk subgroup. All other transition probabilities calculated from
the multi-state models are visualized in Supplementary Fig. 1; the distance between
two curves represents the probability of being in a specific state at a specific time
point (state occupation probability). Time-dependent transition probabilities
and accompanying standard errors are listed in Supplementary Table 1-8. For
low-risk women not receiving local treatment, the probability of being alive and
remaining iIBC-free at 5 years was 95.5% (95% Cl 87.5-98.4%) and 89.2% (95%
Cl 78.2-94.7%) at 10 years. The probability of experiencing an ilBC as first event
at 5 years was 0.92% (95% CI 0.00-1.95%) and 3.02% (95% CI 0.00-6.05%) at 10
years. In the same cohort of low-risk women, matched according to PS and patient
characteristics, the probability of experiencing an ilBC at 5 years was 0.88% (95% ClI
0.10-1.66%) following BCS, and 0.35% (95% C1 0.00-0.80%) following BCS+RT. The
10 year probability was 2.48% (95% C10.82-4.11%) and 0.58% (95% C10.00-1.39%)
respectively for BCS and BCS+RT. All transition probabilities in PS-matched groups
are listed in Supplementary Tables 1-8. No statistically significant differences inilBC
at 5 years between low-risk PS-matched treatment groups were detected (BCS vs.
AS:HR0.83, 95% C10.19-3.48; BCS+RT vs. AS: HR 0.75, 95% CI 0.13-4.49).
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Figure 4. Progression-free state occupancy probabilities for patients with low-risk features.
rt: radiotherapy.

Discussion

This analysis applied real-world cancer registry data from n=85,982 women
diagnosed with primary DCIS. The excellent iIBC-free survival observed at 5and 10
yearsforthewomeninthiscohortwithlow-riskfeaturesisanimportantconfirmation
thatan active surveillance strategy could be safe and feasible compared to standard
interventional treatment. For those with low-risk features (Hispanic and non-
Hispanic white women aged 50-69 at diagnosis, with ER+, grade 1 +2, <2 cm DCIS
lesions) who did not receive local treatment, their prognosis remained comparable
to their matched counterparts who received surgery with or without radiotherapy.
The observed 10-year probability of iIBC at 3.0%, as well as the combined risk of
contralateral and ipsilateral IBC remains well within the 10-year population-wide
age-specific probability of developing IBC for US women (range 2.3-3.9%)."

Improving the understanding of the disease process after diagnosis and treatment
of primary DCIS remains an important undertaking. Through the development of
multi-state models using real-world data, we were able to provide insight into how
patients transition from DCIS diagnosis to ilBC or cIBC across treatment strategies.
Multi-state modeling provides an advantageous approach over typical time-to-
event modeling techniques as it allowed us to visualize competing event risks, and
to understand what happens after an intermediate event such as an IBC. Across
treatment strategies there were similar probabilities of dying without an IBC, with
comparatively very low probabilities of death following IBC (Supplementary Fig. 1).

Previous studies have attempted to simulate various possibilities of the natural
history of DCIS, without demarcating subgroups based on risk of subsequent breast
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events."Thisisthe firststudy to explicitly modelthe disease process forwomen with
features deemed to make them low-risk for subsequent ilBC, for whom an active
surveillance strategy is targeted towards. We provide evidence beyond previously
published studies which provided limited direct comparison of no locoregional
treatment and standard surgical strategies. Ryser et al. recently conducted a study
on cancer outcomes in DCIS patients without locoregional treatment identified in
the SEER dataset. When analyzing their low-risk subgroup (non-high grade, ER/
PR+, > 40 years at diagnosis) in a competing risk analysis, the 7.5-year cumulative
incidence of iIBC was 5.9% (95% Cl 2.3-9.5%)."® In our analysis, the subgroup of
low-risk women is further limited to women aged 50-69 at diagnosis, with small
(<2 cm) lesions. We additionally limit this selection to Hispanic and non-Hispanic
White women, as our multi-state model revealed Black race to be a strong marker
of ilBC < 5 years post-DCIS. As cancer health disparities in racial and ethnic groups
in the United States are well-established, in this analysis we do not designate race
as a biological risk factor.’ Further analysis into the systemic disadvantage and
structural inequalities in screening and follow-up care which contribute to poorer
health outcomes for women in minority racial and ethnic groups diagnosed with
DCIS is warranted.

The SEER datasetis rich in clinico-pathological information and socio-demographic
information which helps us to understand who is more likely to receive certain
treatment modalities and how this impacts their health outcomes. However, despite
SEER being one of the widely used cancer registries for observational research, its
use is not without its possible pitfalls. The potential impact of misclassification of
surgery and radiation for women who did not receive treatment should be confirmed
by careful review of medical records or by patient interview. While SEER records the
mostinvasive surgical procedure on the primary site, it is possible that some women
diagnosed with DCIS at one institution sought surgical and/or radiation treatment at
anotherinstitution not within the same SEER registry catchment area. Nevertheless,
analyses comparing agreement between SEER data and Medicare claims for receipt
of RT demonstrated that SEER reliably identified individuals who received treatment
for in situ female breast events.” Beyond potential misclassification of treatment,
the Ryser study was critiqued as having artificially low estimates of iIBC incidence,
especially for cases diagnosed before changes to SEER coding of “recurrences” in
2007.75'8 The SEER program collects data on subsequent primary cancers, but does
not record information on cancer recurrences. Indeed, a diagnosis of a subsequent
invasive breast cancer following DCIS can be described either as a loco-regional
invasive recurrence or a new primary cancer, and language to describe this
phenomena has not been consistent. In order to understand the impact of changes
in SEER coding rules in 2007 which may have led to the earlier under-reporting of
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subsequentilBC following DCIS, we calculated the annualilBC incidence density rate
across the 2002-2011 observation period according to the person-time at risk within
our cohort during each year. The group without local treatment showed significant
variation over time, while the pattern remained steady for the cohortas a whole. This
is an important observation to understand relative treatment effects (Fig. 3).

Previous studies of IBC have made attempts to distinguish new primary tumors
from true recurrences after IBC, with consistent reporting that true recurrences
occur sooner than new primary tumors.”2! We identified time dependencies for
many covariates in our Cox models. This led us to splitting iIBC into two states,
distinguished by events that occurred within, or following, 5 years after DCIS
diagnosis. We observed a strong association between high grade and earlier
ipsilateralinvasive events (occurring within 5 years). The same association was not
observed for events occurring after 5 years. It is possible that this is a reflection
of the clonal relationship of the primary DCIS and any subsequent iIBCs; we can
hypothesize that iIBC events occurring more than 5 years after the primary DCIS
are likely to be unrelated, new primary tumors. Previously published information on
IBC after DCIS combined with our evidence on the time-dependency of DCIS grade
can inform decisions on appropriate follow-up length for future studies concerning
treatment approaches for primary DCIS.

To explore the relative treatment effects on iIBC within 5 years of DCIS diagnosis
for women with low-risk features, we looked at treatment-specific hazard ratios.
Women with no local treatment were matched 1:2 with women treated with surgery
(BCS + RT) according to PS, and by year of diagnosis, age at diagnosis, and grade
(all women considered low-risk had ER+ lesions < 2 cm and were (non)-Hispanic
white). Hazard ratios showed a protective effect for surgical interventions (HR < 1)
but this was non-significant in all cases.

It is well-known that the diagnosis of DCIS is associated with an increased risk of
breast cancer. Retrospective observational registry studies continue to confirm this
in different screen-detected DCIS populations.?? However, for women with low-risk
features, this risk is likely to be well-managed with an active surveillance strategy
where bi-annual physical examinations and annual mammography allow the lesion
to be closely monitored. If awoman receives local treatment for DCIS, the likelihood
of a subsequent iIBC remains low. However, any subsequent loco-regional ilIBC
events in a previously irradiated breast will be more difficult to treat locally with
re-irradiation due to increased risk of skin and subcutaneous toxicity because re-
irradiation will exceed the maximum tolerable dose of radiotherapy of the skin and
subcutaneous tissue. Irreversible radiation-induced fibrosis and radionecrosis
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hinders the efficacy of systemic chemotherapy.?® Treatment-related complications
are further compounded by the emotional and economic toll that initial local
treatment represents [5]. In a recent study on treatment preferences for screen-
detected DCIS, patients valued active monitoring over standard interventional
treatment.?* This was largely influenced by the risk of progression: a 10% risk of
progression at 10 years was deemed an acceptable trade-off to avoid possible
side-effects from surgery or radiotherapy. Compared to the observed ilBC risk at
10 yearsin women with low-risk characteristics who did not receive local treatment
at 3%, this provides further evidence of patients’ willingness to be followed under a
demonstrably safe active surveillance strategy.

Conclusion

As physicians treating women with low-risk DCIS await results from prospective
trials on active surveillance, there is value in harnessing real-world evidence
from cancer registries to support present-day decision-making for possible non-
intervention in (low-risk) DCIS. With multi-state models, it is possible to visualize,
quantify, and compare competing breast event risks for different treatment and
risk groups. Evaluating time dependencies of prognostic factors in the models also
allowed forthe understanding of the relationship between subsequentilBCs and the
primary DCIS. Replacing conventional invasive treatment with active surveillance
in this good prognosis population could improve women's well-being during the
remaining (progression-free) survival time without resulting in significantly poorer
disease outcome. This is an important factor to consider when making an informed
treatment decision in this patient population. Capturing the full impact of possible
treatment strategies over a patient's lifetime involves integrating health outcomes,
health-related quality of life, patient and provider preference, as well as direct and
indirect costs. In this study we provide the first set of information to help model
progression outcomes and transitions between health states. This model can easily
be extended to integrate cost and quality of life data points, so that researchers
can model the potential cost-utility of new disease management strategies for this
specific cohort of low-risk DCIS patients.
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Supplementary materials

Supplementary Figure 1. State occupation probabilities and transition probabilities for women with
low-risk features

Breast conserving surgery
+radiotherapy

Untreated Breast conserving surgery

0.6 0.6

0.4 0.4

0.2 0.2

Transition probabilities

0.0 0.0
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| Progression-freesurvival " Ipsilateral invasive breast cancer < 5 years [l Death following invasive breast cancer
M Contralateral invasive [ |psilateralinvasive breast cancer >5years [ Death without progression to breast cancer
breast cancer

Transition probabilities calculated from the multi-state models are visualized for the different
matched 1:2 treatment cohorts within the low-risk DCIS subgroup. These figures coincide with
the data in Supplementary Tables 1-8. Each curve represents the instantaneous transition rate (or
“progression”) to the different possible events of interest over time. The distance between the curves
represents an individual's probability of being in a specific health state at a specific time point (“state
occupancy probability”).
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Key Results

e Among 12,559 women treated with breast conserving surgery for ductal
carcinoma in situ, 1in 2 did not consistently adhere to guideline-recommended
annual surveillance imaging over 5 years.

e Compared with White women, surveillance was lower in Black women (adjusted
odds ratio [OR], 0.80; P<.001) and Hispanic women (OR, 0.82; P=.004).

* The 6-year rate of detection of invasive recurrence was higher in women who
received surveillance imaging in the first year after treatment (absolute rate
difference: 0.5%, P=.03).

Summary Statement

Approximately half of eligible women with primary ductal carcinoma in situ did not
adhere to imaging surveillance guidelines over 5 years following treatment, with
significant racial disparities in adherence rates.
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Abstract

Background

Guidelines recommend annual imaging surveillance after diagnosis with ductal
carcinoma in situ (DCIS). Guideline adherence has not been characterized in a
contemporary cohort.

Purpose

Identify uptake and determinants of surveillance imagingin a large cohort of women
treated for DCIS.

Materials and Methods

A stratified random sample of women treated with breast conserving surgery for
primary DCIS between 2008-2015 was retrospectively selected from 1,330 U.S.
facilities. Imaging exams were recorded from date of diagnosis until first distant
recurrence, death, loss to follow-up or end of study (November 2018). Imaging
following treatment was categorized into ten 12-month periods, starting 6
months after diagnosis. Primary outcome was per-period receipt of asymptomatic
surveillance imaging (mammography, MRI, or US). Secondary outcome was
diagnosis with ipsilateral invasive breast cancer. Multivariable logistic regression
with repeated measures and generalized estimating equations was used to model
receipt of imaging. Cumulative rates of diagnosis with ipsilateral invasive breast
cancer were compared between women who did and did not receive imaging in
the 6- to 18-month period following diagnosis using inverse probability weighted
Kaplan-Meier estimators.

Results

12,559 women (median age, 60 years; IQR: 52, 69) were evaluated. Uptake of
surveillance imaging was 75% in the first period and decreased over time (P<.001).
Over the first five years, 51% of women received consistent annual surveillance.
Compared with White women, surveillance was lower in Black women (adjusted odds
ratio [OR], 0.80; 95% CI: 0.74, 0.88; P<.001) and Hispanic women (OR, 0.82; 95% ClI:
0.72,0.94; P=.004). Women who received surveillance in the first period had a higher
6-year rate of diagnosis of invasive breast cancer (1.6%; Cl: 1.3%, 1.9%) than those
who did not (1.1%; CI: 0.7%, 1.4%; difference: 0.5%; CI: 0.1%, 1.0%; P=.03).

Conclusions

Half of women did not consistently adhere to imaging surveillance guidelines over 5
years following treatment, with racial disparities in adherence rates.
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Introduction

Ductal carcinoma in situ (DCIS) is a primarily screen-detected and non-obligate
precursor lesion of invasive breast cancer.? Current standard of care options
for primary DCIS are breast conserving surgery (BCS) with or without radiation
treatment, or mastectomy, with approximately two-thirds of women electing BCS.3
Despite excellent disease-specific survival,® women who receive BCS for DCIS have
arecurrence rate exceeding 20% by 10 years.**¢

Following BCS for DCIS or invasive cancer, national guidelines from the American
College of Radiology (ACR),”® American Society of Clinical Oncology (ASCO),’
and the National Comprehensive Cancer Network (NCCN)™ recommend bilateral
annual mammography for women with any history of breast cancer who have been
treated with BCS, with the first surveillance screen recommended within six to
twelve months after completion of initial locoregional treatment, and no end date
specified.”'® For patients with BCS with additional breast cancer risk factors, it is
further recommended that mammography be supplemented by MRl or breast US.™

Prior studies of surveillance imaging among contemporary cohorts of women with
DCIS have been either limited in size or focused on specific patient groups.'?'* The
most comprehensive study to date reported patterns of surveillance mammography
in a cohort of 3,037 women diagnosed between 1990 and 2001;' however, this
study was limited to findings from two health systems who had a high rate of
insured women. In addition, given the study’s historic nature and specific focus
on mammography screening, there is a need for more contemporary, real-world
assessments of surveillance imaging, including MRl and US.™51¢

To assess the clinical utility of current surveillance guidelines, it is important to
understand how surveillance behaviors impact cancer outcomes and survival. Such
knowledge has the potential to inform personalized screening approaches that
balance the benefit of early detection of recurrence against the potential harms and
costs incurred by frequent screening."” Because disease-specific mortality after
primary DCIS is very low,>'® a common endpoint for such analyses is diagnosis with
ipsilateraliinvasive breast cancer.”?

The aim of our study was to identify the uptake and determinants of surveillance
imaging after treatment for DCIS in a contemporary U.S.-based cohort of women.
To this end, we collected data through a National Cancer Database Special Study,
where all 1,330 participating sites locally reviewed primary source documentation
and uploaded data to a central database. This study design also allowed us to
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determine potential differences in the rate of diagnosis of ipsilateralinvasive breast
cancer according to adherence to clinical surveillance guidelines.

Methods

Study Cohort

Through a National Cancer Database (NCDB) Special Study, in collaboration with
the American College of Surgeons, we conducted a retrospective study of a stratified
random sample of women diagnosed with biopsy-confirmed primary DCIS in 2008-
2015 from 1,330 Commission on Cancer-accredited facilities in the United States. To
construct the sampling frame, we used the 2015 NCDB Patient User File (PUF). Key
eligibility criteriaincluded a primary DCIS diagnosis (sequence number00or01) and
known modality and timing of first course of locoregional treatment. Based on the
PUF, we assigned women to one of two groups: breast conserving surgery (BCS) or
mastectomy within six months of diagnosis, or no locoregional treatment within six
months of diagnosis. In-depth longitudinal data on imaging exams, treatments, and
cancer outcomes was collected by local cancer registrars for up to 20 women per
facility, including 10 (or as many as available) women without initial locoregional
treatment. For the 25,817 women included in the sampling frame, we received
21,167 abstracted records of sufficient date accuracy. This study was approved by
the Duke University Health System institutional review board and is compliant with
the Health Insurance Portability and Accountability Act. Written informed consent
was waived.

For the current analysis we included only women who received BCS within 6
months. Women who received a mastectomy within 6 months or had incomplete
records on locoregional treatment, subsequent breast events or imaging were
excluded. Patient characteristics as obtained from the NCDB PUF ?° included age at
diagnosis; year of diagnosis; race; Hispanic ethnicity; Charlson-Deyo comorbidity
index; insurance status; summaries of educational attainment and household
income in each patient's area of residence; facility type; and metropolitan area
indicator. Tumor characteristics as abstracted through the NCDB Special Study
included method of DCIS detection; hormone receptor status (positive if estrogen
and/or progesterone- positive; negative if estrogen and progesterone-negative);
nuclear grade; presence of comedonecrosis; pathologic tumor size, and surgical
margin status on first BCS. Treatment characteristics included receipt of re-excision
surgery; receipt of radiation treatment within six months of surgery, and initiation of
endocrine therapy within 1 year of diagnosis.
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In the final study cohort, the only baseline covariate with any missing entries was
pathologic tumorsize (n=6). Missing entries as wellas NCDB PUF entries labeled as
“not available” or "unknown" were grouped into a single "unknown" category.

Imaging Exams

Imaging exams were recorded starting on the date of diagnosis and until the date
of the first distant recurrence, death, loss to follow-up or end of the study period
(November 2018), whichever came first. For each imaging exam, we collected the
following: time since diagnosis; reason for the exam: asymptomatic surveillance
(i.e., imaging in the absence of new symptoms), evaluation of new symptoms,
and evaluation of established diagnosis; laterality; and imaging modality
(mammography, MRI, and US).

Follow-up after diagnosis was categorized into discrete 12-month intervals,
starting at 6 months after diagnosis and up to the last period throughout which the
patient was free of a new breast cancer diagnosis. For each surveillance period, we
recorded the number and modality of asymptomatic surveillance exams received.

Ipsilateralinvasive breast cancer

Time to initial diagnosis of ipsilateral invasive breast cancer was abstracted from
patient records and right-censored at the time of death, loss of follow up or end
of study, whichever came first. For consistency, the following were included as
events: ipsilateral lymph node metastasis without preceding ipsilateral invasive
breast cancer, and distant metastasis without preceding invasive cancer or lymph
node metastasis (of either laterality). No censoring was applied at the occurrence
of ipsilateral DCIS, contralateral DCIS, or contralateral invasive breast cancer.

Outcome measures

The primary outcome measure was per-period receipt of any asymptomatic
surveillanceimaging, includingmammography, MRland US. The secondary outcome
measure was diagnosis with ipsilateralinvasive breast cancer.

Statistical Analysis

We reported patient, tumor and treatment characteristics with and without
weighting by survey design weights and we used the reverse Kaplan-Meier
method? to compute unweighted median (IQR) follow-up. The time difference
between surveillance imaging exams was visualized using Gaussian kernel density
estimators. In each of the ten 12-month surveillance periods, we characterized the
cross-sectional uptake of the different imaging modalities. The Cochrane-Armitage
test was used to ascertain trends in surveillance imaging during follow-up.?
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Women were classified based on their longitudinal imaging uptake over the first
five surveillance periods: consistent screeners if they had at least one surveillance
imaging study (of any modality) during each available period before an event; non-
screeners if they didn't receive any screening before an event; and inconsistent
screeners otherwise.

We modeled the longitudinal uptake of any asymptomatic surveillance imaging
using repeated measures multivariable logistic regression with generalized
estimating equations.? The models were adjusted for patient, tumor, and treatment
characteristics and weighted by the survey design weights; where applicable,
the "unknown” categories were included in the regression. We used a first order
autoregressive correlation structure to account for the clustering of repeated
visits over subsequent surveillance periods for each patient. We evaluated several
clinically plausible interactions, e.g., between radiation treatment and tumor size
and margin status. Because none of the examined interactions reached statistical
significance, the final model included main effects only.

To explore the relationship between surveillance imaging and a subsequentinvasive
cancer diagnosis, we used Kaplan-Meier estimators to estimate the weighted and
unweighted cumulative incidence of ipsilateral invasive breast cancer diagnosis
starting 12 months after receipt of BCS. Women with unknown endocrine therapy
status within the first year of diagnosis were excluded from the analysis. To compare
thediagnosisratesbetweenwomenwhodidanddid notreceive surveillanceimaging
within 12 months of BCS, we used inverse probability of treatment weighting-
adjusted Kaplan-Meier estimators and log-rank tests.?* The corresponding
propensity scores were calculated using a multivariable logistic regression model,
adjusted for patient, tumor, and treatment characteristics, and clustered by
reporting facility. We assessed covariate imbalances between the groups before
and after weighting using standardized mean differences (Supplementary Figure
S1). Absolute differences in cumulative rates of ipsilateral invasive breast cancer
diagnosis were calculated every 6 months, starting at 18 months after surgery and
up to 10 years; 95% Cls were calculated by bootstrap.?

All statistical analyses were performed with R version 4.1.0 (R Core Team 2021),
using the geepack (v1.3-2), longCatEDA (v0.31), PSweight (v1.15), and RISCA
(v0.9) packages. A P-value <.05 was considered statistically significant.
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Results

Characteristics of Study Cohort

The analytic cohort was comprised of 12,559 women (Figure 1); 8,989 of 12,559
(72%, unweighted) received radiation treatment in addition to BCS (Table 1).
Median age at diagnosis was 60 years (IQR 52-69) and median follow up was 5.8
years (IQR 4.0-7.9). Most women were of White (10,564 of 12,559, 84%) or Black
(1,371 of 12,559, 11%) race and had either government (5,155 of 12,559, 41%) or
private (7,042 of 12,559, 56%) insurance. Most DCIS was screen-detected (92%),
of non-high grade (55%) and hormone-receptor positive (82%). Weighted and
unweighted proportions were comparable across covariates (Table 1).

NCDB Special Study

Cohort (n=21,167) Exclusions

J 4,538 patients with mastectomy < 6 months post-DCIS
" | diagnosis

J 1,948 patients with no locoregional treatment < 6 months
'[ post-DCIS diagnosis

( 563 patients with unknown surgery type and/or unknown
| ipsilateral radiotherapy (including unknown timing)

f 94 patients with no surgery recorded, but ipsilateral
| radiotherapy recorded

J 67 patients with first surgery > 6 months, but ipsilateral
"|_radiotherapy < 6 months post-DCIS diagnosis

" subsequent breast event

(4 patients marked as having distant metastasis (without
prioripsilateral or contralateral subsequent breast event),
without recorded distant metastasis event time

( 539 patients with 2 1 image record in which it is not possible
7| to determine image laterality, or unknown if exam happened

[ 445 patients censored* within 18 months post-DCIS
~| diagnosis

( 410 patients for whom it is unknown if there was any ]

v
Final study cohort ’
(n=12,559)

Figure 1. Curation of final study cohort

DCIS: ductal carcinoma in situ, NCDB: National Cancer Database.

*Women were censored from a surveillance period if they died or had a new breast cancer diagnosis
before the end of the period.
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A total of 85,057 imaging exams were abstracted (Supplementary Table S1).
Mammography was the most prevalent imaging modality (82.8%), followed by
US (10.6%) and MRI (6.1%). Most imaging studies were coded as asymptomatic
surveillance imaging (78.0%), and most were bilateral (68.0%).

As illustrated by the distribution of inter-screen intervals for asymptomatic
surveillance exams of any modality (Figure 2A), both annualand biannual screening
patterns were identified.

Uptake of Surveillance Imaging

Only 9,3940f 12,559 (75%) of women underwentasymptomatic surveillance imaging
of any modalityin the first follow-up period between 6 and 18 months after diagnosis
(Figure 2B). The dominant screening modality in this period was mammography
alone (65.6%), followed by combination screening of mammography with either US
or MRI (7.4%). Throughout subsequent follow-up periods, mammography remained
the dominant screening modality. Uptake of surveillance imaging by any modality
decreased over time (P<.001), dropping to 5,562 of 8,199 (68%) women in the
fourthand 1,231 0f 2,095 (59%) women in the eighth follow-up period, respectively.

Overall, 6,469 of 12,559 (52%) of women were classified as consistent screeners,
4,185 (33%) as inconsistent screeners, and 1,905 (15%) as non-screeners (Figure
2C). Among the 9,373 women who received any surveillance imaging during the
first period, 6,458 (69%) were classified as consistent screeners over the first five
periods.

Factors Associated with Surveillance Imaging

Several sociodemographic factors were associated with uptake of surveillance
imaging, including race, ethnicity, and insurance status in the multivariable analysis
(Figure 3). Uptake was lower among Black women than White women (odds ratio
[OR], 0.80; 95% Cl: 0.74, 0.88; P<.001) and among Hispanic women than non-
Hispanic women (OR, 0.82; 95% Cl: 0.72, 0.94; P=.004), respectively. Women with
private insurance were more likely to receive imaging than women with government
insurance (OR, 1.31; 95% Cl: 1.22, 1.41; P<.001).
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Density

B

075~

Proportion

0.00-

N=12, 559

12,559

Each row represents anindividual, N

* Time difference (montﬁus)

30

Period 1 Period2 Period3 Period 4 Period5 Period6 Period7 Period8 Period9 Period 10
6-18months  19-30 months 31-42 months 43-54 months 55-66 months 67-78 months  79-90 months  91-102 months 103-114 manths 115-126 months

11, 882 10 021 8199 6436 4809 3371 2095

Period 1
6-18 months

Period 2 I Period 3 ‘ Period 4 I Period 5
19-30 months 31-42 months 43-54 months 55-66 months

Surveillance Period

Il = 1 surveillance image during period [l No surveillance image during period

Modality

Noimaging

Mammography only
Mammography and MRI
Mammography and ultrasound
Other combination

| Consistent screeners
n=6,469 (52%)

Inconsistent screeners
r n=4,185 (33%)

Non- screeners
n=1,905 (15%)
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Figure 2. Surveillance imaging.

Panel A: Distribution of elapsed time between surveillance imaging exams for the entire cohort,
represented with a kernel density plot; Panel B: Surveillance imaging by modality. For each period,
the number (N) of women with available follow-up is shown below the bar chart; Panel C: Screening
group classification based on surveillance imaging uptake in first five surveillance periods.
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Variable OR (95% CI)

Age at diagnosis [ref: 50-59]

<50 ol 0.83 (0.77-0.90)
60-69 |of 1.14 (1.06-1.23)
70-79 23 1.35 (1.22-1.49)
>79 le 0.82 (0.72-0.94)
Race [ref: White]

Black lo| 0.80 (0.74-0.88)
Other/unknown |-0-| 0.84(0.74-0.95)
Hispanic [ref: No]
Yes fe] 0.82 (0.72-0.94)
Unknown fe 1.00 (0.89-1.11)
Insurance status [ref: Government insurance]
Private insurance H 1.31 (1.22-1.41)
Not insured o~ 0.88 (0.71-1.09)
Unknown fe- 0.72 (0.58-0.90)
Radiation treatment within 6 months of surgery [ref: No]

Yes o 2.44(2.29-2.59)
Endocrine therapy initiated within 1 year of diagnosis [ref: No]

Yes lof 1.40 (1.32-1.49)
Unknown ——] 0.70 (0.43-1.14)
Mode of detection [ref: Clinical detection]

Screen detection |—.—| 1.28 (1.15-1.43)
Unknown e 0.57 (0.47-0.68)
Re-excision surgery within 60 days of surgery [ref: No]

Yes lof 1.17 (1.08-1.27)
Margins [ref: Negative]

Positive o 0.67 (0.61-0.73)

Unknown o] 0.69 (0.59-0.80)

[ I I 1

05 1 15 2 25

Figure 3. Predictors of surveillance screening over time. See Supplementary Figure S2 for full model
result.

Receipt of adjuvant therapy after BCS was the strongest predictor for surveillance
imaging, despite lower rates of recurrence anticipated for those who were treated
with adjuvant therapy. Women whoreceived adjuvantradiation treatment had higher
odds of receiving surveillance screening (OR, 2.44; 95% CI: 2.29, 2.59; P<.001) than
women treated with BCS alone. Similarly, women who initiated endocrine therapy
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within one year of diagnosis were more likely to undergo surveillance screening
than those who did not (OR, 1.40; 95% CI: 1.32, 1.49; P<.001).

Clinical variables associated with increased uptake of surveillance imaging
included screen-detection of DCIS (OR, 1.28; 95% CI: 1.15, 1.43; P<.001; compared
with non-screen-detection of DCIS) and receipt of re-excision surgery within 60
days (OR, 1.17;95%Cl: 1.08, 1.27; P<.001). The complete model results are found in
Supplementary Figure S2.

Early Surveillance Imaging and the Rate of Diagnosis with Ipsilateral
Invasive Breast Recurrence

Among the 12,519 women included in the recurrence analysis, 190 (2%)
were diagnosed with an ipsilateral invasive breast cancer during follow-up
(Supplementary Table 2). Among these 190 women, median time to event was
3.9 years (IQR: 2.5, 6.0) among women who received early surveillance imaging,
and 4.2 years (IQR: 3.0, 6.6) among those who did not. In the unadjusted analysis
there was no evidence of a difference in the rate of diagnosis between women who
did (n=8,821) or did not (n=3,694) receive surveillance imaging within 12 months
of BCS (log-rank test: P=.64; Figure 4A). In the inverse probability of treatment
weighting (IPTW)-adjusted analysis, the cumulative diagnosis rates diverged over
time, with a higher rate of diagnosis among women who did receive surveillance
screening in the first period than those who did not (Figure 4B). At 6 years after
diagnosis, the cumulative rates of diagnosis with ipsilateral invasive breast cancer
were 1.6% (95% Cl: 1.3, 1.9%) and 1.1% (95% Cl: 0.7, 1.4%) in those who did and
did not receive early surveillance imaging (rate difference: 0.5%; 95% CI: 0.1, 1.0%,
P=.03). Across the extended follow-up there was no detectable difference between
the two groups (IPTW-adjusted log-rank test: P=.08) (Fig 4C).
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Figure 4. Cumulative rate of ipsilateralinvasive breast cancer (ilBC) diagnosis in women who did and
did not receive early surveillance imaging. (A) The Kaplan-Meier curve indicates the unweighted
cumulative rate of iIBC diagnosis for women who did and did not undergo surveillance imaging
within 12 months of surgery (shaded period). (B) Asin A, but with adjustment for inverse probability
of treatment weights. (C) Absolute rate difference between the Kaplan-Meier curves in B, with
pointwise 95% confidence intervals (shaded).
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Discussion

Adherence to recommended annual surveillance imaging after diagnosis with
ductal carcinoma in situ (DCIS) has not been characterized in a contemporary
cohort. Here we retrospectively identified uptake and determinants of surveillance
in 12,559 women treated with breast conserving surgery (BCS) for primary DCIS.
Within 6 to 18 months after diagnosis, 75% of women received surveillance imaging
of any modality, and adherence to annual imaging decreased over time (P<.001).
Compared to White women, surveillance uptake was lower in Black (OR, 0.80,
P<.001) and Hispanic (OR, 0.82, P=.004) women. Six years after diagnosis, the rate
of detection with ipsilateral invasive cancer was lower in women who adhered to
annual screening in the first period (rate difference: 0.5%; P=.03).

Uptake of surveillance imaging in this cohort was lower than that reported in women
undergoing BCSfor DCISbetween 1990and 2001, and also lowerthan thatreported
inwomen treated for invasive breast cancer.2¢?” While the disparities in surveillance
imaging in our study mirror previous findings in women with a history of invasive
breast cancer,??® these disparities have been rarely documented in women with a
history of DCIS. In a previous study among private health plan members diagnosed
with DCIS between 1990 and 2001, Nekhlyudov and colleagues found similar
differences in surveillance uptake by age, but not by race and ethnicity." In a small
study comparing surveillance mammography between Latina and non-Latina white
women, Lopez and colleagues found lower uptake among Spanish-speaking but not
English-speaking Latinas compared with non-Latinas.

Surveillance disparities by race and ethnicity are particularly concerning because
they may reflect limited access to care, a long-standing and systemic inequity in
the U.S. healthcare system.? This is further complicated by racial disparities in
access to breast cancer diagnosis and treatment, and breast cancer screening
recommendations. These racial disparities put some women, particularly Black
women, at a disadvantage.®32 The complicated landscape of inequitable access to
care in the US means that not all women diagnosed with DCIS will be able to adhere
to recommended annual surveillance imaging.®

Given the heterogeneous uptake of surveillance imaging across patient groups,
it is critical to understand the downstream consequences of non-adherence to
clinical guidelines. Our findings suggest that invasive in-breast recurrences may be
found earlier in women who adhere to the guidelines. Indeed, thanks to successful
balancing of measured confounders, the differences in 6-year detection rates of
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ipsilateral invasive cancer were less likely due to differences in underlying risk
factors, and more likely due to more intense surveillance, which in turn increases
the chance of detecting an invasive recurrence earlier. Early screening was a
good proxy for adherence to annual screening (69% of early screeners were
consistent screeners thereafter), which suggests that the time to detection of
invasive recurrences may be shorter among women with DCIS who adhere to the
screening guidelines.

Interestingly, the differences in ipsilateral invasive breast cancer detection rates
only emerged when adjusting for potential confounders through inverse probability
weighting. A possible explanation for this may be that the underlying degree of
healthcare access drives both primary treatment and subsequent surveillance.
For example, while radiation treatment is associated with a lower risk of invasive
recurrence,®itwasalso strongly associated with more intense surveillance imaging
in our study, which in turn increased the rate of ipsilateral invasive breast cancer
detection. Due to these masking effects, adjustment for covariates related to health
care access was necessary to uncover the true relationship between surveillance
imaging and the detection of ipsilateral invasive breast cancer.

Our study has limitations. First, data fields collected through the National Cancer
Database Special Study were abstracted at participating facilities, where local
registrars performed in-depth review of medical records. This may have introduced
heterogeneity in accuracy and completeness of records. Second, we were unable to
abstract known risk factors for invasive breast cancer that may have played a role
insurveillance imaging uptake, including BRCA status, use of hormone replacement
therapy, and family history of breast cancer. Consequently, we were unable to
determine whether the use of supplemental MRI and US were medically indicated.
Third, a complete characterization of the relationship between surveillance
imaging and detection of ipsilateral invasive breast cancer is beyond the scope of
the current study.

In conclusion, our findings highlight individual- and system-level opportunities
to devise more targeted surveillance recommendations that reduce variability,
maximize health outcomes, and ultimately increase the value of care. In general,
over-utilization of cancer imaging has not been well documented,®® and may
constitute an important consideration in addition to identifying under-utilization of
surveillance, as we consider a more risk-based approach to surveillance imaging.
While the role of treatment in mitigating the risk of ipsilateralinvasive breast cancer
in women with DCIS is well documented, %4 the interplay between treatment,
surveillance and outcomes is complex, and further analysis is needed to determine
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why patients at a low risk for recurrence appear to have high adherence to imaging
surveillance. Assuch, ourstudy underscores the need formore intentional measures

to provide equitable systems-based approaches to imaging surveillance in women
following BCS for DCIS.
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Table 1. Demographic and Clinical Characteristics of Study cohort. Patient characteristics are
shown unweighted and weighted by sampling weights

Characteristic Unweighted N (%) Weighted %

Follow-up years (median, IQR) 5.8(4.0-7.9)
Radiation treatment within 6 months of surgery

Yes 8,989 (72 %) 67 %

No 3,570(28 %) 33%
Endocrine therapy initiated within 1 year of diagnosis

Yes 6,431 (51 %) 48%

No 6,093 (49 %) 51%

Unknown 35(0.3%) 0.3%
Age at diagnosis

<50 2,318 (19 %) 20%

50-59 3,642 (29 %) 30%

60-69 3,743 (30%) 29 %

70-79 2,171 (17 %) 16%

>19 685 (6%) 5%
Year of diagnosis

2008-11 6,140 (49 %) 51%

2012-15 6,419 (51%) 50 %
Insurance status

Government insurance 5,155 (41 %) 38%

Private insurance 7,042 (56 %) 58 %

Not insured 190 (2 %) 2%

Unknown 172 (1 %) 2%
Charlson-Deyo Comorbidity Index

0 9,639 (77 %) 78%

1 2,048 (16 %) 16%

22 872 (7 %) 6%
Race

White 10,564 (84 %) 81%

Black 1,371 (11 %) 13%

Other*/Unknown 624 (5%) 6%
Hispanic

No 11,354 (90 %) 90 %

Yes 590 (5 %) 5%

Unknown 615 (5%) 5%
Fraction of adults in residing in zip code who did not
graduate high school

<21% 10,867 (87 %) 87 %




Surveillance Imaging After Primary Diagnosis of Ductal Carcinoma In Situ | 73

Characteristic Unweighted N (%) Weighted %

221% 1,692 (14%) 13%
Median household income in residing zip code

<$48,000 4,725 (38 %) 33%

2$48,000 7,834 (62 %) 67 %
Metropolitan area with >250,000 residents

Yes 8,357 (67 %) 77%

No 4,202 (34 %) 23%
Facility type

Comprehensive Community Cancer Program 5,326 (42 %) 49 %

Academic/Research Program 2,004 (16 %) 30%

Community Cancer Program 3,570 (28 %) 9%

Integrated Network Cancer Program 1,398 (11%) 11%

Unknown 201 (2%) 2%
US geographic location

Midwest 1,985 (16 %) 15%

North East 3,869 (31 %) 25%

South 3,859 (31 %) 35%

West 2,645 (21 %) 22%

Unknown 201 (2 %) 2%

*Other race category includes: American Indian, Aleutian, or Eskimo, Asian Indian, Chinese, Fiji
Islander, Filipino, Guamanian, Hawaiian, Japanese, Kampuchean, Korean, Micronesian, Pacific
Islander, Pakistani, Samoan, Thai, Tongan, and Vietnamese. Information on NCDB PUF data fields is
found in?0.
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Table 2. Breast Cancer Characteristics. Patient characteristics are shown unweighted and
weighted by sampling weights

Characteristic Unweighted N (%) Weighted %

Hormone receptor status*

Positive 10,244 (82 %) 82 %

Negative 1,430 (11 %) 1%

Not ordered/done/unknown 885 (7 %) 6%
Mode of DCIS detection

Screening 11,550 (92 %) 92%

Palpation 519 (4%) 4%

Other (nipple discharge, skin or nipple changes) 286 (2 %) 2%

Unknown 204 (1 %) 2%
DCIS grade

Grade | 2,296 (18 %) 17 %

Gradell 4,591 (37 %) 38%

Grade Il 4,679 (37 %) 38%

Unknown 993 (8.0%) 7%
Presence of comedonecrosis

Present 4,020 (32 %) 31%

Absent 6,846 (55 %) 56 %

Unknown 1,693 (14%) 13%
DCIS size

<2cm 5,219 (42 %) 43 %

2-5¢m 3,153 (25%) 24%

>5¢m 1,878 (15%) 16%

Unknown 2,309 (18 %) 188 %
Margins

Negative 10,458 (83 %) 81%

Positive 1,770 (14.%) 16%

Unknown 331(3%) 3%
Re-excision surgery within 60 days of surgery

Yes 2,237 (18 %) 20%

No 10,322 (82 %) 81 %

DCIS: ductal carcinoma in situ, cm: centimeter, mm: millimeter
*Positive: estrogen and/or progesterone receptor-positive, negative: estrogen and progesterone
receptor-negative.
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Supplementary materials

Supplementary Table S1: Characteristics of Imaging exams

Characteristic N (%)
Reason for imaging
Asymptomatic surveillance imaging 66,314 (78.0)
Evaluation of new sign/symptom 10,647 (12.5)
Evaluation of established diagnosis 7,740(9.1)
Unable to determine 356 (0.4)
Imaging modality
Mammography 70,413 (82.8)
Breast US 8,985 (10.6)
Breast MRI 5192(6.1)
Other breast imaging study 468 (0.6)
Imaging laterality
Bilateral 57,837 (68.0)
Ipsilateral 21,158 (24.9)
Contralateral 6,003 (7.1)

N=607 women did not have any imaging exams recorded.
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Supplementary Table S2: Characteristics of recurrent ipsilateral invasive breast cancer

With early surveillance ~ Without early surveillance

- imaging' imaging'
Characteristic (N=6,825) (N=3,694)
n (%) n (%)
Total number of events 135(1.5) 55(1.5)
Time to recurrence in years (median, IQR)? 44 (1.4:9.7) 4.7(1.8-9.6)

Clinical characteristics

Breast cancer death without SLBE/DM recorded? 1(0.7) 2(3.6) 3
Distant Metastasis* 13(9.6) 3(5.5)

Grade | invasive breast cancer 14(10.3) 12(21.8)
Grade Il invasive breast cancer 59 (43.7) 14(25.5)
Grade Il invasive breast cancer 31(23.0) 17(30.9)
Grade IV invasive breast cancer 2(1.5) 0(0.0)
Cell type undetermined 15(11.0) 7(12.7)
Mode of detection

Patient (or partner or other) detected sign or symptom that 19 (14.1) 6(11.0)
prompted non-routine doctor visit

Physician detected during scheduled, routine visit 7(5.2) 4(7.3)
Detected on routine imaging study for cancer follow-up in the 88 (65.2) 35(63.6)
absence of symptoms

Incidental finding on unrelated other imaging 2(1.5) 0(0.0)
Unable to determine 19 (14.1) 10(18.2)

'Early surveillance imaging was defined as the receipt of surveillance imaging of any modality within
6 to 18 months after diagnosis.

2Among women who had an event

3If a breast cancer death or distant metastasis was recorded in the absence of a subsequent
locoregional breast event (SLBE) of either laterality or distant metastasis (DM), it was considered
anevent.

“If a DM was recorded in the absence of a subsequent locoregional breast event (SLBE) of either
laterality, it was considered an event.
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Supplementary Figure S1. Inverse probability weighting (IPW). (A) Kernel density estimate of the
propensity score distribution among women who did and did not receive early surveillance imaging
(ESI) between 6 and 18 months. (B) Standardized mean difference (SMD) of covariates between the
two groups (ESI: Yes, and ESI: No), before and after IPW. After weighting, all SMDs were below 0.1.
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Variable OR (95% Cl)
Radiation treatment within 6 months of surgery [ref: Yes]
No [} 0.41 (0.39-0.44)
Endocrine therapy initiated within 1 yr of diagnosis [ref: No]
Yes I 1.40 (1.32-1.49)
Unknown — 0.70 (0.43-1.14)
Age at diagnosis [ref: 50-59]
<50 ol 0.83 (0.77-0.90)
60-69 lof 1.14 (1.06-1.23)
70-79 ) 1.35 (1.22-1.49)
>79 I+ 0.82 (0.72-0.94)

Year of diagnosis [ref: 2008]

2009 [of 1.16 (1.06-1.26)
2010 g} 1.23 (1.12-1.35)
2011 I 1.19 (1.08-1.31)
2012 f 1.13 (1.02-1.25)
2013 gl 1.35 (1.20-1.51)
2014 e 1.36 (1.21-1.54)
2015 F—  1.96 (1.66-2.31)
Insurance status [ref: Government insurance]
Private insurance ] 1.31(1.22-1.41)
Not insured e 0.88 (0.71-1.09)
Unknown ke 0.72 (0.58-0.90)

Charlson-Deyo Comorbidity Index [ref: 0]
1

ol 1.07 (0.99-1.15)

22 I+ 0.89 (0.79-1.00)
Race [ref: white]

Black ol 0.80 (0.74-0.88)

Other/Unknown I+ 0.84 (0.74-0.95)

Hispanic [ref: No]

Yes gl 0.82 (0.72-0.94)

Unknown ] 1.00 (0.89-1.11)
Fraction of adults in residing in zip code who did not
graduate high school [ref: <21%)]

>21% of 0.91(0.83-0.99)
Median household income in residing zip code [ref: <$48,000]

2$48,000 o 1.00 (0.94-1.07)
Metropolitan area with >250,000 residents [ref: Yes]

No ol 1.05 (0.99-1.12)

Facility type [ref: Comprehensive Community Cancer Program]
Academic/Research Program el 1.17 (1.09-1.26)

Community Cancer Program M 0.95 (0.90-1.01)
Integrated Network Cancer Program i 1.00 (0.92-1.1)
Unknown agl 0.73 (0.59-0.89)
Hormone receptor status [ref: Positive]
Negative I 1.16 (1.06-1.27)
Not ordered/done/nknown lsf 1.01(0.92-1.11)
Mode of detection [ref: Screening]
Symptomatic ol 0.78 (0.70-0.87)
Unknown I 0.57 (0.47-0.68)
Grade [ref: I]
Grade Il lof 0.92 (0.85-1.00)
Grade lIl ol 0.83 (0.76-0.90)
Unknown ol 0.64 (0.57-0.72)
Comedonecrosis [ref: Absent]
Present o 0.97 (0.91-1.04)
Unknown ] 0.72 (0.67-0.78)
Lesion size [ref: <2cm]
2-5cm ol 1.01 (0.95-1.09)
>5 cm o 0.96 (0.88-1.04)
Unknown Ll 0.81(0.76-0.87)
Margins [ref: Negative]
Positive ] 0.67 (0.61-0.73)
Unknown o 0.69 (0.59-0.80)
Re-excision surgery within 60 days of surgery [ref: No]
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Simple Summary

Preferences for treatment strategies for low-risk ductal carcinoma in situ (DCIS),
a potential precursor of invasive breast cancer (IBC) including a new active
surveillance strategy, were elicited with a discrete choice experiment among
recently-diagnosed womenandoncologistsinvolvedinthe care of women with DCIS.
Patients exhibited strong preferences for active surveillance and seemed prepared
to accept much higher levels of 10-yearrisk of developing ipsilateralinvasive breast
cancer than oncologists. Both patients and oncologists showed a strong aversion
toward more extensive locoregional treatments (i.e., breast conserving surgery
followed by radiotherapy, and mastectomy), while both groups demonstrated a
strong preference toward shorter follow-up intervals.

Abstract

As ongoing trials study the safety of an active surveillance strategy for low-
risk ductal carcinoma in situ (DCIS), there is a need to explain why particular
choices regarding treatment strategies are made by eligible women as well as
their oncologists, what factors enter the decision process, and how much each
factor affects their choice. To measure preferences for treatment and surveillance
strategies, women with newly-diagnosed, primary low-risk DCIS enrolled in the
Dutch CONTROL DCIS Registration and LORD trial, and oncologists participating
in the Dutch Health Professionals Study were invited to complete a discrete choice
experiment (DCE). The relative importance of treatment strategy-related attributes
(locoregionalintervention, 10-year risk of ipsilateral invasive breast cancer (ilBC),
and follow-up interval) were discerned using conditional logit models. A total
of n =172 patients and n = 30 oncologists completed the DCE. Patient respondents
had very strong preferences for an active surveillance strategy with no surgery,
irrespective of the 10-year risk of iIBC. Extensiveness of the locoregional treatment
was consistently shown to be an important factor for patients and oncologists in
deciding upon treatment strategies. Risk of iIBC was least important to patients and
most important to oncologists. There was a stronger inclination toward a twice-
yearly follow-up for both groups compared to annual follow-up.
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Introduction

An active surveillance strategy has been proposed as a new treatment strategy
for women with grade | or Il primary ductal carcinoma in situ (DCIS), considered
a potential precursor of invasive breast cancer (IBC). Between 2014 and 2017,
three international, multicenter prospective randomized controlled trials (RCT)
evaluating the safety and feasibility of an active surveillance strategy as an
alternative to surgicalintervention for low-risk DCIS began. Women recruited to the
LORD trialinthe Netherlands (NCT02492607),'the LORIS trialin the United Kingdom
(NCT02766881),2 and the COMET trial in the United States (NCT02926911)%°
are allocated evenly between the active surveillance arm, and the surgical
interventionarm. Women in both arms are followed in the same fashion, with annual
mammography (bi-annualin COMET) for a period of up to 10-years post-diagnosis,
with ipsilateral invasive breast cancer (ilBC)-free rate as the primary endpoint. All
trials have a non-inferiority design, which specifies a clinically meaningful margin
for which active surveillance can be considered safe, in terms of the iIBC-free rate,
compared to surgicalintervention.

Enrolment into these trials was difficult due to strong treatment preferences
among eligible woman. Despite public awareness and communication
workshops to tackle informational asymmetries in the target population and
improve enrolment into the LORIS trial, by the date of the study's closing in
March 2020, only 181 of the targeted 932 women were recruited.®* Women
eligible for the LORD trial demonstrated strong treatment preferences,
declining enrolment when randomized to their non-preferred arm. This
phenomenon is widely reported for trials with randomization; a systematic
review and meta-analysis of partially randomized patient preference trials
revealed that more than 50% of refusal of randomization was due to patient
preference.” This challenge to recruitment may be especially true when no
novel treatment option is being offered that potentially improves survival
such as in the context of de-escalation trials. If active surveillance is the
novel strategy, eligible patients can always de-escalate their own treatment
on their own accord and in agreement with their treating oncologists. It is not
necessary to enroll into a trial to gain access to the desired treatment and
follow-up strategy, unless selecting a de-escalation strategy is informed by
risk-stratification using biomarkers not available outside a trial.

The active surveillance trials for DCIS are part of a growing trend toward de-
escalation of locoregional and systemic treatment for early breast cancer and
DCIS.® Given the context of already excellent long-term survival for treated DCIS,
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numerous studies have evaluated the role and added benefit of radiotherapy and
endocrine therapy following surgery.” ' While all studies have reported a reduction
of localrecurrence following use of radiotherapy or adjuvant endocrine therapy, not
one has demonstrated survival benefits from these treatments. Unlike the ongoing
active surveillance trials, these previous studies have focused on DCIS without
differentiating groups by future risk of iIBC, with the exception of the randomized
RTOG 9804 trial. This is the only trial that was restricted to low-risk DCIS, defined
by lesion size < 2.5 cm, low or intermediate grade, and negative margins > 3 mm,
and aimed to estimate the effect of omitting radiotherapy.’' This trial was open for
recruitment between July 1996 and July 2006 and was closed with less than 40% of
the originally planned 1790 women accrued.

To tackle difficulties recruiting women, the LORD trial changed from a RCT design to
a preference-based design in July 2020. In the COMET trial, the study design allows
for‘crossover'if a patient randomized to one arm opts for the other (e.g., if a patient
randomized to active surveillance opts for surgery in the absence of invasive breast
cancer, or vice versa). Rate of crossover is included as a study endpoint.*

Within the context of low-risk DCIS and apart from trial enrollment, there is a need
to explain why particular treatment choices are made and what factors enter into
the decision process to better inform shared decision-making processes between
patients and physicians. Furthermore, if an active surveillance strategy is deemed
safe and effective based on the findings of these studies in the future, incorporating
the patients' preferences in treatment decision making will serve to improve
treatment compliance and satisfaction. Awoman's preference for treatment strategy
may not only be informed by the extensiveness of the procedure itself, but also what
happens afterward: the follow-up regimen and possible outcomes including risk of
progression of disease or other impacts on self-image.

In light of the challenges posed by strong preferences that women with recently-
diagnosed low-risk DCIS seem to have regarding their treatment strategy, a discrete
choice experiment (DCE) was designed to discern their preferences for treatment
and follow-up strategies, while capturing the relative importance of treatment
characteristics and the acceptable trade-offs that they make between them. An
active surveillance strategy may only be deemed acceptable to bring into clinical
practice if it can be demonstrated in prospective trials that low-risk DCIS can safely
be monitored without causing excessilBC rates compared toconventionaltreatment.
Therefore, part of this aim was to measure how women weigh the importance of
risk of iIBC, relative to other aspects of a treatment strategy. By having health
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care professionals involved in the care of these women also complete the DCE, a
comparison of preferences can also be made between patients and oncologists.

Materials and Methods

Study Population: Patients and Oncologists

Between June 2019 and June 2020, women with low-risk DCIS who declined
enrolment into the LORD trial due to strong preferences for either study arm were
invited to participate in the Dutch prospective CONTROL DCIS Registration study. As
partof the study, participating women completed a baseline questionnaire including
DCE within one month of their enrollment, before possible active treatment. In
January 2021, the CONTROL DCIS Registration study was subsequently closed
because the LORD trial initially randomizing between active surveillance and
conventional treatment was amended to a patient-preference design, similar to
the CONTROL study. At closing, 28 (78%) of the women registered to the CONTROL
study had selected an active surveillance strategy instead of surgical intervention.
From July 2020 onward, newly recruited women to the amended LORD trial have
been invited to complete the new version of the baseline questionnaire including
the same DCE used for the CONTROL DCIS Registration. Women with completed
baseline questionnaires up to February 2021 were included in this analysis.

All eligible women were over 45 years old, diagnosed with primary low or
intermediate grade DCIS detected on screening mammography, residing in the
Netherlands. At the time of completion of the questionnaire, the women would have
chosen either an active surveillance strategy or surgical intervention, but may not
yet have undergone the full procedure in the latter option at the time of the baseline
questionnaire. The patient respondents included in this study were recruited from
30 hospitals across the Netherlands.

Between October 2019 and December 2020, health care professionals involved in
the care of women with DCIS in the Netherlands were invited to participate in the
online Health Care Professionals Study questionnaire.

Questionnaire Design for Patients and Health Care Professionals

Patients completing the baseline questionnaire of the CONTROL DCIS Registration
and LORD trial (preference-based design) were offered a paper or digital copy of
the questionnaire (in Dutch) that comprises questions about socio-demographic
characteristics, DCE questions, and health-related quality of life (HRQoL) items. An
information letterwasalsoincluded, outlining the purpose of the study and procedures.
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Health care professionals involved in the LORD trial received a personal invitation
emailto participateinthe online Health Professionals Study, and to recruit those not
involved in the LORD trial, an email invitation was distributed via the Dutch society
for surgical oncology, the Dutch society for radiation oncology and all regional
breastcancerworking groups affiliated with the Netherlands Comprehensive Cancer
Organization. The questionnaire investigated the participants’ own preference
for treatment, the impact of clinical characteristics on treatment preference, and
need for decision support tools. Surgical oncologists and radiation oncologists
completing the online questionnaire were invited to complete the same DCE as the
patients.

Approval for the CONTROL DCIS study and Health Care Professionals study was
obtained from the Netherlands Cancer Institute’'s institutional review board. The
Medical Ethics Committee of the Netherlands Cancer Institute approved the LORD
patient preference trial.

Intolerance of Uncertainty

In the questionnaire presented to patients, a series of socio-demographic and
health-related quality of life (HRQoL) items were included. The responses to the
Dutch version of the 12-item Intolerance of Uncertainty Scale (IUS-12) were used
for this analysis."”'® The IUS-12 assesses self-reported responses to uncertainty,
ambiguous situations, and future events. Twelve items are rated on a 5-point Likert
scale ranging from 1 (not at all characteristic of me) to 5 (entirely characteristic of
me), summing a total score with a maximum of 60 (higher scores indicate greater
uncertainty). Intolerance of uncertainty represents a predisposition toward
overestimating the chance of possible (but unlikely) undesirable outcomes in
uncertain circumstances, while also finding this chance threatening.'” A threshold
to demarcate women with “"low"” and "high” uncertainty based on the total score
was set at the median value resulting from the respondent population in order to
compare responses between women with “low" and "high” uncertainty.

Sesign of the Discrete Choice Experiment

DCEs provide a format to elicit choices in a structured way, making it possible to
statistically model binary (“either-or") choices. They are one of many stated-
preference methods in which respondents choose between alternatives in a
repeated series of choice tasks. Within each choice, a selection of attributes (e.g.,
features of the treatment) where varying possible “levels” are provided. The DCE
uses an experimental design that determines the presentation of specific attribute-
level combinations, out of many possible combinations. This makes it possible to
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compute the influence of changes in attribute-levels on choice for a treatment
strategy.”

Attributes and their associated levels that capture relevant features of treatment
strategies were identified through a review of the literature and expert elicitation.
Experts (psychosocial oncology experts (EB, EGE); oncology nurse (VS);
pathologist (JW); DCE experts (CGMGO, JAVT)) were asked to comment on and
complete the list of attributes and possible levels. The final selection was confirmed
via a series of interviews with health care professionals.?’ Treatment attributes
included locoregional treatment (levels: no surgery, breast conserving surgery +
radiotherapy, mastectomy), interval between follow-up mammography screening
appointments (levels: two years, one year, six months), and chance of ipsilateral
invasive breast cancer at 10 years (levels: 5%, 10%, 15%) (Table 1).

For each DCE question (i.e., “choice task"”), respondents would choose between
two hypothetical treatment strategy alternatives ("Option 1" and “Option 2") that
consist of a unique combination of different attribute levels, determined through
an experimental design. All participants were provided educational content on
the purpose of the DCE, emphasizing that the treatment strategies and outcomes
presentedwerehypotheticalsituations. The combination ofthe strategyalternatives,
attributes, and their levels resulted in 90 hypothetical scenarios, derived from a
fractional main effects experimental design. Unrealistic combinations of different
attribute levels were removed from the experimental design. Presenting all
scenarios to respondents would be too burdensome, so a subset of scenarios was
used. The R package AlgDesign version 1.2.0 was used to generate a D-efficient
design consisting of 36 hypothetical scenarios, divided into three versions of the
DCE consisting of 12 choice tasks each. Participants were randomized to receive
one of the three versions. An example of a choice task has been provided in the
online Supplementary Materials (Methods S1); design restrictions are described
in Methods S2.

Table 1. Attributes and their respective levels in the discrete choice experiment.

Attributes Levels

Locoregional treatment strategy No surgery; breast conserving surgery;
breast conserving surgery followed by
radiotherapy; mastectomy

10-year risk of ipsilateral invasive breast 5%; 10%; 15%
cancer (ilBC)

Surveillance mammography follow-up 6 months; 1 year; 2 years
interval

89




90

| Chapter 4

The minimum required sample size was determined to be n = 84, based on the rule
of thumb for conditional logit models proposed by Johnson and Orme, taking into
consideration the number of choice tasks, alternatives, and analysis cells.?22

Conditional Logit Model and Comparing Patient and Oncologist
Preferences

To estimate the relative importance of treatment-related features across all
respondents, separate conditional logit models for binary choice were built for
patients and oncologists. This technique isinformed by random utility theory, where
aregression model is used to relate choice (i.e., choice of treatment strategy) as a
function of the features of the choice (i.e., the attributes and respective levels).?
The attributes locoregional treatment, follow-up interval, and risk of subsequent
iIBC were included in the model as covariates using dummy coding. Resulting
co-efficients (B) were exponentialized to derive odds ratios. p-values < 0.05 are
considered as statistically significant. In a model with pooled data, an interaction
term for respondent type was included for all dummy-coded attribute-levels to
determine where preferences differed between patientsand oncologists. To test the
significance of the overall interaction between different attributes and respondent
type, the likelihood ratio test was conducted comparing models with and without
the interaction terms, with two degrees of freedom.

To understand the relative contribution of the attribute-level to the utility that
the respondent assigns to an alternative, importance weights were calculated
separately for patients and oncologists. Utility can be understood as the measure
of value or importance, and consequently important weights represent the relative
importance of each level. These importance weights are the resulting coefficients
(B) of the conditional logit models. The overall importance weight (0/W) of each
attribute (/) was calculated by dividing the range in regression coefficients of each
attribute i (i.e., the difference between the least and most preferred attribute
levels, maxC-minC), by the sum of the coefficient ranges of the three attributes
(maxC~minC).
maxC; — minC;

2y (maxC; — minC;) (1)

OIW attribute i

Scaled overall importance weights (as a fraction of 100) were then derived for
each attribute, together summing 100. Overall importance weights were calculated
separately for oncologists, patients, and for patient subgroups (women with “high”
and “low"” uncertainty intolerance, as determined by the IUS-12 cohort median
value, patients undergoing active surveillance, patients undergoing conventional
treatment, and women with "high” and "low/intermediate” educational attainment).
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A description of an effect-modifier analysis to study the extent to which certain
patient characteristics impacted the preferences of respondents is described in the
online Supplementary Materials (Methods S3).

Maximum acceptable risk was calculated for patients based on the resulting
coefficients from the conditional logit model. This can be understood as what extra
risk of ipsilateral invasive breast cancer at 10 years patients are willing to take for
getting no treatment compared to breast conserving surgery. This is calculated by
dividing coefficients to determine the change in risk of ipsilateral invasive breast
cancer that would offset the utility gain of the most preferred locoregional treatment
strategy.

All statistical analyses were performed with R version 3.6.1 (R Foundation for
Statistical Computing, Vienna, Austria). The R package mlogit version 1.1-1 was
used for the conditional logit models.

Results

Respondents

A total of 202 individuals completed the questionnaire including DCE by March
2021; 37 patients from the CONTROL DCIS registration, 135 patients from the LORD
trial, and 30 radiation and surgical oncologists from the Health Professionals Study
(Table 2). Patients had a mean age of 59 (range 45-77), and 95 (55.2%) were
engaged in paid labor (part-time or full-time). A total of 76.7% opted for no surgical
intervention for their primary low-risk DCIS. Responses on the IUS-12 uncertainty
intolerance scale ranged between 20 and 51, with the median value at 30. A total
of 70% of the oncologist respondents were female. More than 50% treated more
than 15 women with DCIS per year. Twenty oncologists (67%) specialized in surgical
oncology and the remaining in radiation oncology; all were employed at a range of
hospitals across the Netherlands (Table 2).

Importance of Treatment Characteristics

Table 3 shows the aggregate results of the discrete choice experiment for patients
and oncologists separately based on the conditional logit models. Model coefficients
arealsoplottedin Figure 1. The preferred locoregional treatment option for patients
and oncologists was no surgery, then breast conserving surgery, followed by breast
conserving surgery and radiotherapy. The least preferred option was mastectomy.
Afollow-upinterval of sixmonths was preferred by all respondents. Patients did not
assign large relative importance to any of the possible levels of iIBC risk whereas for
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Table 2. Patient and oncologist characteristics.

Characteristics Patients (n =172) Oncologists (n = 30)

N (%) N (%)

Age, years (median, range) 59 (45-77) N.A.
Sex

Female 172 (100%) 21 (70.0%)
Male 0 9 (30.0%)
Actual treatment selected

Active surveillance 132 (76.7%) N.A.
Conventional treatment 38 (22.1%) N.A.
Unknown 2 (1.2%) N.A.
Educational level

Low 37 (21.5%) 0
Intermediate 78 (45.3%) 0

High

57 (33.1%)

30 (100%)

Employment status

Employed (part-time or full-time)

95 (55.2%)

30 (100%)

Unemployed/pension 77 (44.8%) 0
Hospital type

Academic medical center 3(1.7%) 8 (26.7%)
General teaching hospital 105 (61.0%) 14 (46.7%)
Specialized oncology hospital 25 (14.5%) 5(16.7%)
General hospital 39 (22.7%) 3(10.0%)
Region of the Netherlands

North 3(1.7%) 3(10.0%)
East 60 (34.9%) 5(16.7%)
West 98 (57.0%) 17 (56.7%)
South 11 (6.4%) 5(16.7%)
Subspecialty

Surgical oncology N.A. 20 (66.7%)
Radiation oncology N.A. 10 (33.3%)
Number of patients with DCIS treated per year

2-5 patients N.A. 1(3.3%)
6-10 patients N.A. 7 (23.3%)
11-15 patients N.A. 3(10.0%)
16-20 patients N.A. 11 (36.7%)
>20 patients N.A. 8 (26.7%)
Years' experience treating patients with DCIS

2-5years N.A. 1 (3.3%)
6-10years N.A. 9 (30.0%)
>10 years N.A. 20 (66.7%)
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oncologists,ilBCriskwasaveryimportantfactor. There was astatistically significant
difference between the oncologists and patients in their preference of attributes
(likelihood ratio test on interaction between respondent type and attribute, p <
0.001) (Table 3). The test of interaction between respondent type and the attribute-
level 15% risk of iIBC was also statistically significant (p = 0.02). Oncologists and
patients were not statistically significantly differentin their preference for the other
attribute-levels for follow-up interval or locoregional treatment.

We determined what extra risk of ipsilateral invasive breast cancer at 10 years
patients were willing to take for getting no surgery compared to breast conserving
surgery. This calculation of maximum acceptable risk found that the additional
increase in risk (from the reference level of 5%) that exactly offsets the increase in
utility of having no surgery (i.e., not experiencing the side-effects) would be 11.2%.

Respondents: [l Patients [ Oncologists

0.5

Gainin

0.0

|
o
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utility

]
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portance weights
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3¢
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|
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5% 10% 15%
10-yearrisk of iIBC

No Surgery BCS BCS+RT Mastectomyl 6months  1year 2years

Extent of locoregional treatment ‘ Follow-up interval

Figure 1. Importance weights derived from the conditional logit model. Standard error bars shown
are an indication uncertainty in respondents’ preferences. Importance weights for each attribute-
level shown are a measure of relative preference. Moving from one attribute-level to an adjacent
attribute-levelis anindication of the relative gain or loss in utility, where utility is a representation of
the strength of preferences. BCS: breast conserving surgery; ilBC: ipsilateral invasive breast cancer;
RT: radiotherapy.
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Table 3. Stated preferences across all respondents based on the conditional logit model with

dummy coding.

Attribute Levels Patients
Coefficient (B) SE Exp (B)

Locoregional treatment

Breast conserving surgery (ref.)

No surgery 0.513* 0.111 1.67

Breast conserving surgery + radiotherapy -0.551* 0.102 0.58

Mastectomy -1.239* 0.185 0.29
10-year risk of ipsilateral invasive breast cancer

5% (ref.)

10% -0.229 0.122 0.79

15% -0.350 * 0.174 0.70
Interval surveillance follow-up

1year (ref.)

6 months 0.448* 0.110 1.56

2 years -0.429 * 0.103 0.65

Interaction Terms ®

Coefficient (B)

Attribute: Locoregional treatment * respondent type

Level: No surgery

Patient (ref.)
Oncologist -0.413
Level: Breast conserving surgery + radiotherapy
Patient (ref.)
Oncologist -0.082
Level: Mastectomy
Patient (ref.)
Oncologist -0.504
Attribute: 10-year risk of ipsilateral invasive breast cancer * respondent type
Level: 10% risk of iIBC
Patient (ref.)
Oncologist -0.734
Level: 15% risk of ilBC
Patient (ref.)
Oncologist -1.870
Attribute: follow-up interval * respondent type
Level: 6mo follow-up interval
Patient (ref.)
Oncologist —-0.045
Level: 2 year follow-up interval
Patient (ref.)
Oncologist 0.254
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Oncologists

Coefficient (B) SE Exp (B)
(ref.)
0.100 0.251 1.11
-0.632* 0.229 0.53
-1.743 * 0.371 0.18
(ref.)
-0.962 * 0.290 0.38
-2.219* 0.399 0.1
(ref.)
0.403 0.218 1.50
-0.175 0.235 0.84
SE Exp (B) p-Value
<0.001°
0.275 0.66 0.13
0.251 0.92 0.75
0.474 0.60 0.22
<0.001°
0.314 0.48 0.02
0.435 0.15 <0.001
<0.001°
iIBC: ipsilateral invasive breast cancer; ref.:
reference level; * Statistically significant
p-value < 0.05; ® Computed from model
0.245 0.96 0.85

using pooled data from all respondents, with

interaction term for respondent type. ® Based

on the likelihood ratio test comparing models

with and without the interaction terms, with 2
0.258 1.29 0.32 degrees of freedom.
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Influence of the Attributes on Patients’ and Oncologists’ Preference

Scaled overall importance weights for each attribute are shown in Figure 2.
These weights represent the relative influence of an attribute on the respondents’
preference for a treatment strategy. For patients, 10-year risk of iIBC was the least
important attribute dictating preference, whereas this was the most important
for oncologists (representing 14% vs. 50% of importance). For patients, the
locoregional treatment was the most important attribute dictating preference,
followed by follow-up interval. Heterogeneity in preferences exists among patient
subgroups. Women who chose aconventionaltreatmentstrategyinreallife assigned
a higher overall importance weight to 10-year risk of iIBC compared to women who
chose active surveillance (38% vs. 11%). Models were built separately for women
split by their scores in the bottom and top half of the intolerance of uncertainty
scale. Women with higher uncertainty intolerance scores seemed to attach higher
importance to follow-up interval slightly more than their counterparts on the other
side of the scale (20% vs. 17%). The relative importance of iIBC risk was the same
for both groups. When inspecting relative importance of attributes by education
level, the importance of locoregional treatment and follow-up interval was shown
to be nearly equal.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

Mean relative importance

Physlclans Patients Patients Patients Patients Patients Patients Patients
(n=30) (all) (low intolerance (high intolerance (active (conventional (high (low-intermediate
(n=172) of uncertainty)  of uncertainty) surveillance) treatment) education) education)
(n=86) (n=86) (n=132) (n=38) (n=57) (h=117)

Attribute: [lLocoregional treatment[ 10-yrrisk of iIBC [7 Follow-up interval

Figure 2. Overall relative importance weights for attributes (features) of treatment strategy.
Exploration of further patient subgroup stratifications are described in the online Supplementary
Materials (Methods S3).iIBC: ipsilateral invasive breast cancer.
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Discussion

The extensiveness of the locoregional treatment was consistently shown to be an
important factor for patients and their care providers in deciding upon treatment
strategies for low-risk primary DCIS. In our analyses, risk of ipsilateral invasive
breast cancer was least important to patients and most important to oncologists.
There was a stronger inclination toward a twice-yearly follow-up for both
oncologists and patients compared to annual follow-up.

We found that women in the Netherlands had very strong preferences for an active
surveillance strategy with no surgery, irrespective of the 10-year risk of iIBC. This
was also the case for our respondents who scored higher than the cohort's average
score (30) on the IUS-12 uncertainty intolerance scale. These women, known to
have a higher intolerance of uncertainty, were not dissimilar to their counterparts
with lower intolerance in assigning a comparatively small overall importance
weight to the risk of ilBC. For these women, the locoregional treatment, followed by
the interval between follow-up mammograms, were more important. It is possible
that the IlUS-12 uncertainty intolerance scale does not capture future breast cancer
risk tolerance in comparison to tolerance of risk attributed to other attributes (e.g.,
risk of infection or post-operative complications).?>?¢ Furthermore, the risk of ilBC
already remains rather low among these women with good-prognosis DCIS, and
they are being asked to evaluate arisk farin the future at 10 years. The women in our
study not only attached lower importance to future risk of breast cancer, but also
attached higherimportance to breast conservation through having no surgery. This
can be aligned with prospect theory, popularized by Kahneman and Tversky, which
posits that "people underweigh outcomes that are merely probable in comparison
with outcomes that are obtained with certainty”.?’ It is not yet understood how the
dimension of temporal distance to the risk in question factors into decision making
and preferences measured in DCEs, particularly for DCIS.?28 A study of intolerance of
uncertainty among men undergoing active surveillance for prostate cancer found
that intolerance of uncertainty had a significant relationship with the experience of
cancer-related symptoms?’. The women in our study were asymptomatic and their
DCIS was detected through the national breast cancer screening program, so they
remain physically unaffected by their diagnosis.

An important related consideration that likely factors into a patient's choice is
the understanding of one's personal risk of upstaging to invasive breast cancer;
this was not explicitly captured in the DCE design. Uncertainty still remains over
the proportion of patients with a core needle biopsy showing DCIS with "low-risk”
clinicopathologicalcharacteristics who actually have concurrentinvasive carcinoma
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in the breast. This uncertainty is now understood to have an impact on participation
in trials studying active surveillance. Aretrospective series based onasmallsample
of women who would have met eligibility criteria for active surveillance trials found
low upstaging rates (6-10%).3° All upstaged cases were good-prognosis invasive
carcinomas: all were node negative and HER2 negative. Furthermore, a proportion
of women with DCIS will have complete removal of the lesion at biopsy, and
subsequently experience a low upgrade rate (8.2%).3" A study in the Netherlands
addressed the issue of the reliability of preoperative biopsy, and identified several
factors that canaid in furtherrisk stratification of women being considered for non-
operative management.?? An important takeaway from these studies is that even
with possible upstaging, overall survival should not be significantly compromised.
Access to high-quality annual mammography is readily available, and invasive
carcinomas can be treated on time. Nevertheless, the prediction of upstaging of
DCIS to invasive disease remains an important area of ongoing research, and will
serve to identify the lowest achievable upstaging rate among women eligible for
clinicaltrials of active surveillance. This may in turn address some of the challenges
with trial accrual, and better inform the understanding of risk of upstaging.

We used a discrete choice experiment as a "“stated preference” method where
respondents were asked to choose between alternatives from among a set of
hypothetical scenarios generated from an experimental design.3® This can be
contrasted with the concept of “revealed preference” in which we observe actual
choices made by respondents in real life. The women included in our study were
participants in studies (the CONTROL DCIS Registration and LORD trial) that had a
preference-based design. Sixty-eight percent of our patient respondents selected
active surveillance as an alternative to surgical intervention in real life. Active
surveillanceisnotyetanaccepted treatmentstrategy according to European clinical
guidelines. Conventionaltreatment for DCIS mimics that of early breast cancer, with
breastconserving surgery being the preferred localtreatment option.® Results from
the ongoing prospective clinical trials for active surveillance will not be available
for at least five to 10 years, and recruitment into these trials remains challenging.
However, in the Dutch context, our study demonstrated that women diagnosed with
low- and intermediate-grade DCIS have already established strong preference and
desire to undergo active surveillance ahead of the results about safety and 10-year
risk of ipsilateral invasive breast cancer.

The non-inferiority design of the Dutch LORD trial is based on the assumption that
the 10-year ilIBC-free rate is 95% in the surgery group. The non-inferiority margin
was chosen at 3.168 on the hazard-ratio scale, corresponding toa 10-yeariiBC-free
probability of 85% in the active surveillance group.®®* As DCE scenarios presenting
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active surveillance were always associated with an increased risk of 5% or 10%
compared to the surgical treatment option, we found that these differences were
deemed acceptable by the patient respondents. Even when two surgical treatment
options were compared, patients had much stronger preferences for strategies with
less extensive procedures, irrespective of an associated increased risk. This pattern
was not seen among oncologist respondents; a difference of 10% in risk was not
deemed acceptable by oncologists on average.

This DCE is the first published study evaluating treatment preferences in women
with a recent diagnosis of DCIS. A DCE evaluating patient preferences for outcomes
following DCIS treatment was conducted in a healthy cohort of women in the United
States attending a comprehensive cancer screening mammography clinic.®® These
women were not diagnosed with DCIS, nor did they have a personal history of breast
cancer. That study found that respondents weighed breast cancer risk as the most
important factor, but this was closely followed by chronic pain and infection. Again,
this is in contrast with the patient respondents in our study who demonstrated that
10-yearilBC risk was the leastimportant factor. The extent to which women without
theexperience ofthediseaseinquestionrespondsimilarlytowomenwiththedisease
is known to be affected by scale heterogeneity, explained by differences between
groups due to familiarity with the disease.’’ In the online Supplementary Materials
(Methods S4, Figure S1), we provide an evaluation of scale heterogeneity between
the patients and oncologists in our sample to understand how similarly these
groups respond. We also note that differences in sample size between patients and
oncologists may have impacted the difference observed between these two groups.
These considerations are necessary to draw comparisons between preferences of
any two groups of individuals including women who have been diagnosed with DCIS
and those not, to understand the influence of psychological distance on accepting
treatment strategies with possible higher risk of a future iIBC event.3®

Conclusions

This study provided insights into the treatment strategy preferences of a large
cohort of women participating in a preference-based prospective study for low-
risk DCIS. These women, recently diagnosed with DCIS, assigned the greatest
importance to extensiveness of locoregional treatment and surveillance follow-
up interval. In stark contrast, risk of iIBC was the most important factor for
oncologists involved in the care of DCIS. The responses to the DCEs are reflected
in the women's actual treatment choices: the vast majority (68%) chose an active
surveillance strategy to manage their low-risk DCIS. The insights gained through
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this study about the concordant and discordant preferences for treatment strategies
between women and their oncologist may help to inform treatment decision making
processes as prospective trials aim to recruit more women. Finally, if an active
surveillance strategy is found to be a safe alternative to surgery, incorporating
patients’ preferences in treatment decision making will serve to improve strategy
compliance, satisfaction, and shared-decision making processes.
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Supplementary materials

Methods S1: Example of A Choice Task

Extent of the surgical Mastectomy with possible

procedure ¢ (immediate) reconstruction No surgery
Moderate side effects No side effects

Extent of the

irradiation ‘ No irradiation No irradiation

Frequency of follow-

up appointments » Annual (once yearly) Biannual (twice yearly)

Chance of developing

invasive ipsilateral 5in 100 women 15 in 100 women

breast cancer V\!ithin (5%) (16%)

10 years following the

DCIS diagnosis

QUESTION:

Which treatment (O OPTION A d OPTION B

option do you prefer?

In the experiment, respondents are presented with a series of questions in which
they are asked to choose a preferred alternative from a set of hypothetical treatment
profiles. These treatment profiles vary by levels of treatment factors, shown here
andin Figure 1 of the main manuscript.

Our experimental design resulted in 36 choice tasks, and we divided these into
three blocks. Each individual was randomized to complete one of the three blocks,
containing 12 choice tasks. One example choice task is shown above.

Methods S2: Design Restrictions

To ensure the presentation of hypothetical scenarios with a closer representation of
what would be seenin the real-world, this study used restrictions in the DCE design.
In the presentation of treatment strategies, the option with a more invasive local
intervention was always associated with a lower chance of iIBC at 10 years. Choice
tasks always compared different locoregional treatments; as such, the “no surgery”
level of the locoregional treatment attribute was never associated with the "5%"
level of the risk of iIBC attribute.
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Methods S3: Assessing Patient Heterogeneity with Effect-Modifier
Analyses

A series of multivariable mixed logit models were built including responses from
patients only. To study the extent to which certain patient characteristics impacted
the stated preferences of respondents, an effect-modifier analysis was conducted
by including interaction terms for age, highest level of education completed, and
employment status. Nested random effects for respondent ID and hospital were
included to account for correlation among the multiple questions answered per
individual, as well as the possible correlation for respondents treated in the same
hospital. We found no statistically significant interactions for age (< vs >50 years)
or employment status. A multivariable mixed logit with random effects only for
respondent ID included an interaction term for hospital type (“Specialized oncology
hospital, Y/N"). This was also not statistically significant.

We did however find that compared to women with low/intermediate educational
attainment, women with a high level of education demonstrated aversion to
mastectomy (coefficient —0.38, p value 0.04), and preference towards breast
conserving surgery with radiotherapy (coefficient 0.27, p value 0.004), compared to
breast conserving surgery alone. Overall importance weights stratified by high and
low/intermediate educational attainment are shown in Figure 2.

Methods S4: Analysis of the Scale Factor

The assumption of homogeneous utility weights requires that unobservable
components of utilities should be mutually independent and homoscedastic.! The
potential for preference and scale heterogeneity in responses for the total sample
and by subgroups (i.e., oncologists and patients) should be therefore measured
and accounted for. As it is likely that variances differ between datasets derived from
women with DCIS and oncologists, attribute-level estimates (i.e., preferences)
between both groups cannot be directly compared without first considering scale
factor differences using the Swait and Louviere test.? Preference differences
between patients and oncologists may differ due to real difference in preference
or due to scaling. The latter comes from more or less certainty one has over their
preferences, in other words, the scale factor can be understood as a measure of
the psychological distance that individuals from different groups (e.g., patients
and oncologists) have towards given events. This is due to the perfect confound
between the mean and variance of the betas.

To compute the Swait and Louviere test, the log likelihoods derived from the
conditional logit models for both groups’ datasets were collected (L1 and L2). The
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attribute-level codes for one dataset were multiplied by a possible scale factor,
then the two datasets were combined to derive a pooled log likelihood (Lp). These
steps were repeated for a range of possible scale factors, until a log likelihood
representing the model with the best fit was found. This is compared with the log
likelihoods derived from the separate models from each group, then compared
with the chi-square value of the number of parameters in the model (K) plus 1
(representing degrees of freedom), as outlined in the following formula®*:

A= —27[L, — (Ly + Ly)] < x?

Following the steps of the Swait & Louviere test, the hypothesis of equal attribute
level estimates was rejected (p < 0.05). When varying the scale parameter from 0
to infinity, the corresponding maximal log likelihood differed significantly with the
sum of the separate log likelihoods of the two models (patients and oncologists).
Therefore it can be concluded that irrespective of the value of the scale parameter,
there is always a difference between patients and oncologists in their preferences.
Due to the contrast in sample sizes between groups, it is important to consider that
the results of the Swait & Louviere test may produce different findings with a larger
sample of oncologists.

Coefficients from the patient and oncologists models are also plotted in Figure S1
(referred to as the Swait and Louviere plot). Corresponding to the slope of the line
fitted through the points the figure suggests that coefficients between the models
differ by a scalar of approximately 0.45.

y=-0453+112x R*=049

.
0.0 -
.
.
k] .
5’ 10 [Breast conserving surgery + radiotherapy .
g ' 10% risk of IBG
o
*| Mastectomy
2.0 -
15% risk of iIBC
-3.0 -
-1.0 -0.5 0.0 0.5

Patients
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Figure S1. 1 Swait and Louviere plot of coefficients derived from conditional logit models for patients
and oncologists. iIBC: ipsilateral invasive breast cancer; mo: month; y: year.

References

1. McFadden D. Conditional Logit Analysis of Qualitative Choice Behavior. In P. Zarembka (ed.),
Frontiers in Econometrics; Academic Press: New York: 1973; pp. 105-142.

2. Swait J, Louviere J. The role of the scale parameter in the estimation and comparison of
multinomial logit models. J Mark Res 1993; 30(3): 305-14.

3. Vass CM, Wright S, Burton M, Payne K. Scale heterogeneity in healthcare discrete choice
experiments: A primer. Patient 2018; 11(2): 167-73.

4. Veldwijk J, Groothuis-Oudshoorn CGM, Kihlbom U, et al. How psychological distance of a
study sample in discrete choice experiments affects preference measurement: A colorectal
cancer screening case study. Patient Prefer Adherence 2019; 13: 273-82.







Chapter5

An early economic evaluation of
active surveillance for low-risk DCIS

D. Byng'?, M. Schaapveld,’ E. H. Lips,® F.H. van Duijnhoven,*J. Wesseling,3*
W.H. van Harten,"?" V.P. Retél,"?" Grand Challenge PRECISION Consortium

Division of Psychosocial Research and Epidemiology, The Netherlands Cancer Institute-Antoni
van Leeuwenhoek Hospital, Amsterdam, The Netherlands

2Health Technology and Services Research Department, Technical Medical Centre, University of
Twente, Enschede, The Netherlands

Division of Molecular Pathology, The Netherlands Cancer Institute-Antoni van Leeuwenhoek
Hospital, Amsterdam, The Netherlands

“Division of Surgical Oncology, The Netherlands Cancer Institute-Antoni van Leeuwenhoek
Hospital, Amsterdam, The Netherlands

*Department of Pathology, Leiden University Medical Center, Leiden, The Netherlands

Submitted



110 | Chapter5

Abstract

Aims: Perform early economic evaluation comparing active surveillance (AS) to
surgery for women with low-risk DCIS, a precursor of invasive breast cancer.

Materials & Methods: 10-year incremental costs (€) and quality-adjusted life
years (QALYs) were compared between a simulated cohort of women undergoing
breast conserving surgery * radiotherapy, and a cohort with a low-risk subgroup
undergoing AS using a semi-Markov model. Scenario and headroom analyses
evaluated a better-performing biomarker to select low-risk women for AS.

Results: AS resulted in lower costs and survival, but higher QALYs (+0.40). Scenario
analyses maintained survival outcomes and maximized QALYs.

Conclusions: AS for low-risk DCIS is cost-effective, but a better-performing
biomarker to select low-risk women can maximize quality-adjusted outcomes.
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Future Perspective: Women with primary DCIS who have a low-risk of experiencing
subsequent invasive breast cancer will benefit from an active surveillance strategy
instead of active locoregional treatment. Accurate biomarkers for DCIS surgery de-
escalation are still in the exploration phase, but early economic evaluations have
revealed promise in terms of cost-effectiveness and in the willingness of women to
undergo active surveillance.

Summary Points:

e We characterize the costs and quality-adjusted health outcomes associated with
(non)-interventional strategies for women with primary low-risk DCIS using a
semi-Markov model for early cost-effectiveness modeling.

e We explore two bio-marker based strategies for selecting low-risk women who
couldoptforanactivesurveillance strategy. Firstly, we use standard pathological
information on DCIS grade (low-to-intermediate) and estrogen-receptor-
positive status, similar to the eligibility criteria of ongoing prospective clinical
trials for active surveillance. In the scenario analysis, models used information
on COX-2 protein expression and breast adipocyte size to select low-risk women
to forgo surgery.

e Forgoing surgery among these women resulted in significant gains in quality of
life, despite an expected elevated rate of ipsilateral invasive breast cancer and
somewhat reduced life years on average.

e This early economic evaluation demonstrated that introducing an active
surveillance option to select women with low-risk features can be a cost-
effective alternative to immediate surgery and adjuvant radiotherapy.
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Background and objectives

Active surveillance (AS) is a disease management strategy that allows for the
routine monitoring of a given condition for signs of progression. The aimis to uphold
quality of life and avoid interventional treatment and related side-effects unless
warranted following a progression of the condition. Anow widely accepted strategy
for some men with low-risk prostate cancer,” AS is currently being evaluated as an
alternative to surgical resection in (ongoing) clinical trials for women diagnosed
with low-risk primary ductal carcinoma in situ (DCIS), a potential precursor of
invasive breast cancer (IBC), in the LORD (LOw Risk DCIS), LORIS (LOw Risk dclS),
and COMET (Comparing an Operation to Monitoring, With or Without Endocrine
Therapy) studies.?®

The motivationtobringASintoclinicalpractice forDCISstemsfromanunderstanding
about the heterogeneous risk of subsequent ipsilateral IBC (ilBC) following a
diagnosis of primary DCIS.¢ For women with low-risk DCIS features, including low-
to-intermediate grade and estrogen receptor [ER]-positive status, their risk of
progression to iIBC remains low’ enough to make them an ideal group to consider
the option of AS. As these women make up approximately 50% of screen-detected
DCIS,® the impact on the healthcare system could be considerable.

With a high prevalence of DCIS (representing 20-25% of all screen-detected 'breast
cancers') the present costs of treatment to the healthcare system are substantial.’
The current standard of care dictated by professional guidelines in Europe and the
United States recommend surgical resection of the lesion, possibly followed by
radiotherapy and endocrine therapy for all DCIS."®™" Treatment-related morbidity
and the related impact on health-related quality of life among the many women
now living with a diagnosis of primary DCIS has already motivated the movement
towards de-escalation strategies for adjuvant therapy.’? Multigene assays such as
the Oncotype DX DCIS score and DCISionRT are used to select women who could
forgo radiotherapy after BCS.’*'* While these have been clinically validated, neither
option has been found to be cost-effective.’>' For “"good-risk” patients defined
by the Radiation Therapy Oncology Group (RTOG) 9804 study (> 60 years, ER-
positive, tumor extent 2.5 cm, low-to-intermediate grade, and margins = 3 mm),
adjuvant radiotherapy and tamoxifen use were associated with reduced ipsilateral
breast recurrence over the long-term follow-up period.”® However, despite the risk-
reducing effect of bothradiotherapy and tamoxifen, observation after BCS was found
to be the most cost-effective option for women with these “good-risk” features.’?
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Recent DCIS cohort studies have identified further promising prognostic factors
which have strong associations with developing subsequent ilBC: human epidermal
growth factor receptor (HER2) overexpression (odds ratio (OR) 1.56; 95%
confidence interval (95% ClI), 1.05-2.31), high cyclooxygenase (COX)-2 protein
expression (OR 2.97; 95% CI, 1.72-5.10), presence of periductal fibrosis (OR 1.44;
95% Cl,1.01-2.06), and large breast adipocyte size (OR 2.75; 95% Cl, 1.25-6.05) .22
DCIS with both high COX-2 expression and large breast adipocytes was associated
with a 12-fold higherrisk (OR 12.0; 95% Cl, 3.10-46.3) for subsequent iIBC.?

With an increasing understanding of the heterogeneous nature of DCIS, the
possibility to further select women who can safely forgo locoregional treatment
based on these features or markers is promising. While these prognostic factors
await specification and validation in larger clinical studies, BCS will remain the
minimum accepted approach for all women with DCIS.

In the Netherlands, women with newly diagnosed DCIS with low-risk features
participating in a discrete choice experiment demonstrated strong preferences
to forgo BCS and adjuvant therapy altogether, opting instead for AS despite the
current minimal clinical evidence to support the safety and feasibility of such a
strategy.” Results from prospective AS trials will however not be available for
at least 10 years. Using mathematical modelling techniques, real-world cancer
registry data, and DCIS patient-derived quality of life and preference information,
the objective of this paper is to simulate possible patient- and health-system level
impacts of introducing an AS strategy. In addition, we can simulate scenarios using
different possible biomarkers to improve the selection of women eligible for AS.
This early economic model can inform future research and policy and foreshadow
the likely drivers of cost-effectiveness associated with presumed trial outcomes.
Furthermore, the maximum possible cost for a hypothetical perfect biomarker
solution can be modeled.
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Methods

Comparators

The base-case model compares two strategies for all women with screen-detected
primary DCIS (Figure 1). The first strategy (Strategy A) consists of standard
immediate surgical treatment for all DCIS following European clinical guidelines,
consisting of breast conserving surgery with (75%) or without (25%) radiotherapy,
followed by annual surveillance mammography for 5 years post-diagnosis.® The
comparator strategy (Strategy B) similarly focuses on all women with screen-
detected DCIS, while using standard pathological information to identify a subset
of women at low-risk for progression to ipsilateral invasive breast cancer. Standard
pathological information on the DCIS grade (low-to-intermediate) and ER-positive
status, similar to the eligibility criteria in the LORD trial, is used to identify low-risk
women. These women are considered eligible to forgo surgery and opt for an active
surveillancestrategyconsistingofclinicalfollow-upandsurveillance mammography
for 10 years post-diagnosis. Based on observed patterns of enrolmentinto the LORD
trial and previously reported Dutch registry data, we assumed 50% of all women
with screen-detected primary DCIS have low-risk features and would be eligible for
the active surveillance strategy.®

Setting and location

The decision model is set in the Netherlands and takes on a Dutch healthcare
perspective considering only direct medical costs. A 10-year time-horizon was
chosen to limit the dependency on assumptions, given lack of availability of head-
to-head trial or real-world data on the comparative effectiveness of surgery vs.
active surveillance. This time horizon was further substantiated by the evidence that
the use of adjuvant RT is only associated with lower risk of iIBC in the first decade
after DCIS diagnosis, with lower risks of second breast events over time.?2° The
persistence of the treatment effect of surgery on survival beyond 10 years is also
not known.? It is expected that in 10-years time, technological advancements will
have been made which can more accurately select women for active surveillance.

Choice of model

A multi-state modeling approach was used to simulate the disease process after
diagnosis with primary DCIS. This approach is based on a continuous-time semi-
Markov model.?’?® The use of Markov models to conduct economic evaluations in
healthcare settings is widespread, but may be more appropriate to model disease
processes for chronic, long-term illnesses given the use of constant unvarying
transition probabilities and the memoryless “clock-forward” property.? For our
purposes modeling DCIS, we use a semi-Markov model which employs a clock-
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reset approach.?® History, or time spent in a given state is measured, allowing
transition probabilities between states to be time-dependent. Survival times from
which transition probabilites are derived are treated as continuous variables. Such a
model also allows for the consideration of population heterogeneity and competing
event and mortality risks.?’

The semi-Markov multi-state model was built with five health states: (1) iIBC-free;
(2) iIBC within five years of DCIS diagnosis; (3) iIBC more than five years post-DCIS
diagnosis; (4) death after iIBC; and (5) death without experiencing iIBC (Figure 2).
The iIBC health state was split into two to capture the different possible biological
processes relating to a subsequent iIBC. This decision was due to the observed
difference in frequency of events (hazard rate) in the first 5 years, compared to
after 5 years.?32 Two all-cause death states are modeled, occurring either after an
intermediate iIBC event, or without any intermediate event.

Radiationtherapy [—
Post-treatment
surveillance
STRATEGY A: . follow-up
Immediate surgical ———— Breast conserving
9 surgery
treatment
Radiationtherapy
Breast conserving
surgery
STRATEGY B: Post-treatment
Option for active — surveillance
surveillance follow-up
Active surveillance

Figure 1. Strategies explored in the economic evaluation

The base-case model compares two strategies for all women with screen-detected primary DCIS.
Strategy A consists of standard immediate surgical treatment for all DCIS, consisting of breast
conserving surgery with (75%) or without (25%) radiotherapy, followed by annual surveillance
mammography for 5 years post-diagnosis. The comparator strategy (Strategy B) similarly focuses on
all women with screen-detected DCIS, while using a biomarker to identify a subset of women at low-
risk for progression to ipsilateralinvasive breast cancer. 50% of the cohort would be eligible for active
surveillance based on low-risk characteristics (estrogen receptor positive DCIS grade I/11). 75% of
women treated with breast conserving surgery will undergo adjuvant radiation therapy.
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Ipsilateralinvasive
breast cancer <5 years

Death (all causes)
afterinvasive breast
cancer

Progression-free Ipsilateralinvasive
survival breast cancer > 5 years

Death (all causes),
no progression to
invasive breast
cancer

Figure 2. Multi-state model

A graphic representation of the semi-Markov model, also known as a multi-state model, used to
simulate the disease process after a primary DCIS diagnosis. Women begin at the progression-free
survival state, and can transition to ipsilateral invasive breast cancer (ilBC) within, or after 5 years, or
eventually transition to death without experiencing anilBC.

Target population and subgroups

The source population of this study was a retrospective cohort of screening-age
women diagnosed with primary DCIS derived from the Surveillance, Epidemiology,
and End Results Program (SEER) cancer registry database. The purpose of using
such a population-based cancer registry for information on treatment uptake, DCIS
clinicopathological characteristics, and outcomes was to ensure a representative
cohort of women who would be considered for a AS strategy, with a representative
distribution of characteristics. Furthermore, a large subgroup of untreated women
was only feasible to derive from SEER, and not from Dutch registry sources. Using
the SEER cancerregistry database, we identified N=31,068 women aged 45-75 at the
time of DCIS diagnosis. Women with low-risk characteristics (low-to-intermediate
grade, ER+) were identified as the low-risk subgroup.

InordertoensurethatsubsequentilBCs were abstracted correctly asnew primaries,
we selected women who were diagnosed with DCIS from 2007 onwards, given the
changesin SEER coding rules that required registrars to record subsequentinvasive
breast cancer following DCIS as a new primary cancer and not a locoregional
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invasive recurrence.® In the selected cohort, women were diagnosed up to and
including 2016. The cohort included women who were treated for their DCIS with
breast conserving surgery, with or without radiotherapy, as well as women who did
not undergo immediate treatment with surgery.

This cohort is a subset of a larger previously-reported DCIS cohort; covariate
selection and missing data imputation steps are described elsewhere.3? DCIS
treatment is modeled based on patterns of care for surgery and radiotherapy
observed in SEER for this cohort.

Treatment strategy outcomes

In this decision model, treatment outcomes for women undergoing surgery are
based on patient-level outcomes observed directly in the SEER cohort. Conditional
transition probabilities were computed by building Cox proportional hazards models
stratified by transition to compute cumulative transition hazards transformed into
conditional transition probabilities using the Aalen-Johansen estimator.®* State
occupation probabilities at different time points following DCIS diagnosis could be
derived from these values. State occupation and transition probabilities are derived
separately for women with low-risk (low-to-intermediate grade, ER+) and normal/
high risk DCIS characteristics who underwent surgery. To model outcomes for the
subset of women opting for the active surveillance strategy, patient-level iIBC
outcomes observed in SEER for the subgroup of untreated women with low-risk
characteristics were modeled. The remaining transition probabilities from the iIBC
states and for all-cause death were taken from the surgery group. Data preparation
and multi-state modeling was done using the R package mstate version 0.2.11.

Health-related quality of life

Health-related quality of life (HRQoL) and utility measurements were derived from
two studies evaluating health-state and treatment preferences among women with
DCIS. Utilities were derived from a study which quantified preferences for managing
(low-risk) screen detected DCIS using the EQ-5D-5L approach among women with
a personal history of DCIS.3 This is the only study published to-date which has
derived utility values direcly from women with DCIS. A utility decrement for salvage
mastectomy was derived from a cost-effectiveness study on adjuvant treatment
for low-risk DCIS reported by Ward et al.” It is assumed that the utility weights
associated with progression remain the entire occupancy time in a given state, up to
the full time horizon of 10 years.®
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Estimating resources and costs

In this model, we assumed that all women surgically-treated for their DCIS will
undergo breast conserving surgery and 75% of these women will undergo adjuvant
radiotherapy. Women who experience an invasive breast cancer event after their
DCIS diagnosis, who were previously treated with breast conserving surgery with
or without radiotherapy, are treated with salvage mastectomy, (immediate) breast
reconstruction with implant, and adjuvant chemotherapy in line with to European
and American clinical guidelines on locoregional recurrence following DCIS.":36-38
Women following the active surveillance strategy who experience a subsequent
invasive breast cancer are primarily treated with breast conserving surgery,
adjuvant radiotherapy and chemotherapy.

Associated healthcare utilization and surgical costs were based on Dutch costs
derived from a previously published population-based cost-utility analysis of four
common surgical treatment pathways for breast cancer in the Netherlands.* This
analysis followed a large, representative cohort of women, and included the cost
of the surgical intervention, outpatient visits, admission days, diagnostics-related
resources, and costs of complications during the treatment. Chemotherapeutic
costs for women who experience an invasive breast cancer event are based on a
previously published Dutch cost-effectiveness model for women with early-stage
breast cancer.? All costs were reported in 2020 Euros, with any adjustments made
using the Consumer Price Index.

Deterministic analysis

Total costs and quality-adjusted life years (QALYs) were discounted at 4.0% and
1.5%, respectively, according to the Dutch Guidelines for the Conduct of Economic
Evaluations in Health Care.*’ The incremental cost-effectiveness ratio (ICER) was
calculated as the difference in costs divided by the difference in QALYs between the
cohortincluding an active surveillance strategy, and the cohort following standard
interventional treatment.

Sensitivity analyses

One-way sensitivity analyses were performed to assess robustness of model
outcomes. Costparameterswereindividuallyassessedatthe minimumand maximum
values of their range (Table 1) to identify those most influential on incremental
costs. Utility parameters were similarly assessed based on the accompanying upper
and lower bounds of the reported 95% confidence interval to identify influence over
incremental QALYs.
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Table 1. Base-case model parameters

Cost Base Cost (EUR)  Range (EUR) Distribution ~ References

Breast conserving surgery, 9,636 1,227-12,045 Gamma Kouwenberg et al. 2021
including re-excision

Whole breast radiotherapy 7,606 5,704-9,508 Gamma Kouwenberg et al. 2021
Salvage mastectomy 9,553 7,165-11,941 Gamma Kouwenberg et al. 2021
Immediate implant-based 19,554 14,666-24,442  Gamma Kouwenberg et al. 2021
reconstruction following

mastectomy

Chemotherapeutic treatment™ 16,600 12,450-20,750 Gamma Retel et al. 2020
Mammography 91.97 68.98-114.96 Gamma CZ Healthcare Insurance.

Tarieventool.

Accessed November 28, 2021.
https://www.cz.nl/
service-en-contact/zoek-tarieven

Utility Base Estimate Range Distribution  References
Breast conserving surgery alone  0.768 0.696-0.848 Beta Bromleyetal. 2019
Breast conserving surgery with ~ 0.729 0.592-0.837 Beta Bromleyetal. 2019
radiotherapy

Active surveillance 0.879 0.848-1.000 Beta Bromleyetal. 2019
Progressed DCIS to invasive 0.622 0.388-0.745 Beta Bromleyetal. 2019
breast cancer

Utility decrement of receiving 0.180 0.080-0.250 Beta Ward et al. 2021
salvage mastectomy

All oncologic surgery costs include non-OR, outpatient, admission, diagnostics, and plastic surgery
costs.
*Includes chemotherapy costs, infection-prevention medication, outpatient stay costs.

Probabilistic analyses

Probabilistic analyses were used to simultaneously assess the uncertainty of
all inputs by randomly drawing cost and utility parameter values from assigned
distributions. Beta distributions were used for utilities, and gamma distributions
were used for costs. Five thousand Monte Carlo simulation iterations were used. The
results of the simulations are illustrated in an incremental cost-effectiveness plane,
which visualizes the extent to which including an option for active surveillance is
more or less effective and expensive compared to standard immediate interventional
treatment. The effectiveness of active surveillance is shown separately as
incremental life years and as QALYs gained/lost among all women with DCIS.

Cost-effectiveness acceptability curves (CEACs) were plotted to illustrate the
impact of uncertainty on the outcomes, given a range of possible willingness to
pay (WTP) thresholds per QALY gained. In the Netherlands, a threshold of €80,000
per QALY is standard for severe diseases, for preventive strategies a lower WTP
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level of € 20.000 is used.“? Across the Monte Carlo simulation iterations, we report
incremental discounted costs, life years, QALYs and accompanying 95% credential
intervals (CI) for each strategy.

Scenario analysis

Scenario analysis models used information on COX-2 protein expression and breast
adipocyte size to select low-risk women to forgo surgery, based on the case-control
study of Almekinders et al.?2 According to the study, women with low COX-2 protein
expression and with lower relative area of breast adipose tissue (adipocyte area’®")
had a cumulative incidence of iIBC similar to the general population. While the study
population received BCS only, following expert consultation, the scenario analysis
assumes no added value of surgery, and that ilBC incidence remains similar to the
general population.

In this scenario analysis, these women (representing ~10% of the screen-detected
DCIS population) would be eligible to forgo surgery. Under an active surveillance
strategy their risk of iIBC is assumed to remain the same (i.e. BCS is assumed to
have no effect), and are therefore considered low-risk. Normal-risk women would
be treated with BCS only. Using data on a a subset of screening-age women from
the study,?? we derived transition probabilities for the DCIS to iIBC states for the
low-risk subgroup (those with low COX-2 protein expression and adipocyte area’>™")
and for the remaining normal-risk DCIS population. All other transition probabilities
to the remaining health states were derived from the base-case model, using only
dataonwomen treated with BCS. Acomparison is made to a standard-care strategy,
where all women are treated with BCS regardless of risk, and 75% receive adjuvant
radiotherapy.

Comparison of low-risk patients by biomarker

In order to better visualize and compare the variability across Monte Carlo
simulations, probabilistic results and cost-effectiveness planes are reported
separately for the two subsets of women eligible for AS: (1) low-risk women based
on strategy B in the base-case model (low-to-intermediate grade, ER+) and (2)
low-risk women based on the scenario analysis (low COX-2 protein expression and
adipocyte area’™"). Incremental QALYs per patient in each biomarker scenario are
reported.

Headroom analysis for hypothetical perfect biomarker to select low-
risk women

A headroom analysis*® was conducted to estimate the maximum cost for which a
(new) biomarker can be brought to market while maintaining the cost-effectiveness
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of its use. This analysis focuses on the biomarkers defined in the scenario
analysis: COX-2 protein expression and breast adipocyte size. They are considered
'hypothetically perfect’ because outcomes in the low-risk group are assumed to
mirror the treated population, as illustrated by Almekinders et al.?? As this scenario
analysis simulated a biomarker with optimal diagnostic accuracy, we used the
results to conduct a headroom analysis to determine the maximum possible cost for
a hypothetical perfect biomarker solution that would accurately select women who
could forgo surgery (assumed to be 10% of entire cohort). For the cost of the new
technology to remain cost-effective, the headroom is assessed as the net reduction
of costs associated with the strategy, plus the societal WTP threshold for a QALY
multiplied by the maximum QALY gain across the entire cohort.*3*

Headroom = (Net reduction of healthcare costs)
+ (WTP threshold) x (Additional QALYs generated)

Analyses were performed using Microsoft Excel, version 2019 (Microsoft, Redmond,
WA) and R (R Project, Vienna, Austria). This report conforms to the Consolidated
Health Economic Evaluation Reports standards statement.*

Results

Base-case model

Table 2 presents results from the base-case model with 100,000 simulated DCIS
patients for each strategy. When an active surveillance strategy is introduced for
all low-risk (low-to-intermediate grade and ER+) patients as an alternative to
immediate surgery, a QALY gain of 0.4 is achieved for the entire DCIS cohort, with
an accompanying average per patient cost saving of 6,353 € over the time horizon.
Without adjustment for utilities, this strategy results on average in a limited loss of
life years (-0.06, 95% CI -0.26 t0 0.16).

The Monte Carlo probabilistic sensitivity analysis demonstrated that introducing an
active surveillance strategy produced higher net benefits (i.e. was cost-effective)
in 95.7% of the 5,000 model simulations at the 80,000 € WTP threshold, and 99.3%
at the 20,000 € WTP threshold (Figure 3). This is similarly illustrated in the cost-
effectiveness plane in Figure 4A. All model simulations showed a decrease in
incremental costs when introducing AS, while 93% of the simulations showed
an increase in incremental QALYs. The trend of improved effectiveness was less
apparent when considering life years alone: 69% of the simulations showed a
decrease in incremental life years (Figure 4B).
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Figure 3. Cost-effectiveness acceptability curve (base-case analysis)

Percentage of time each strategy is cost-effective at varying willingness to pay thresholds are
represented. The red line represents the percentage of time the standard immediate surgery
(Strategy A) is cost-effective, the blue line for the active surveillance strategy (Strategy B).
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Figure 4. Cost-effectiveness planes (base-case analysis)

Cost-effectiveness planes in the base-case analysis. Each dot on the graph represents the results
of the 5,000 Monte Carlo simulation iterations for the probabilistic sensitivity analysis of introducing
an active surveillance strategy for women with low-risk DCIS (ER+ and low-/intermediate-grade)
compared to standard surgical intervention. In panel A, effectiveness is represented by incremental
quality-adjusted life years, and panel B by incremental life years. Points shown in blue represent
simulations in which introducing an active surveillance strategy resulted in overall absolute health
benefits across the simulated cohort.



An early economic evaluation of active surveillance for low-risk DCIS | 123

Breast conserving surgery

Radiotherapy

Chemotherapy

Immediate breast reconstruction

Salvage mastectomy

Mammography

T T T T

-7,500€ -7,000€ -6,500€ -6,000€ -5500€ -5,000€

Incremental Costs

m 97.5th percentile  m 2.5th percentile

Figure 5A. One-way sensitivity analysis for costs

Tornado diagram showing one-way sensitivity analysis of base-case incremental costs to variations
in parameters. Parameters are varied one at a time by the 2.5 and 97.5th percentile of their assigned
distribution. Ranking is based on size of effect on incremental costs of introducing an active

surveillance strategy.
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Figure 5B. One-way sensitivity analysis for utilities

Tornado diagram showing one-way sensitivity analysis of base-case incremental quality-adjusted
life years (QALYs) to variations in input parameters. Parameters are varied one at a time by the 2.5
and 97.5th percentile of their assigned distribution. Inputs are ranked by size of effect on incremental

QALYs of introducing an active surveillance strategy.
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Figure 5A shows that for all cost inputs, not one drives cost-effectiveness of the
active surveillance strategy. Breast conserving surgery, followed by radiotherapy
does however have the largest influence over incremental costs. With decreasing
costs of each surgical treatment type, the incremental cost savings for the strategy
including active surveillance obviously lessens. Conversely, as more women
would experience an ilBC in Strategy B, lowering the cost of chemotherapy would
also increase the cost savings for this strategy. In Figure 5B, varying all utilities
individually by their lower and upper bounds would still result in a QALY gain for
Strategy B. Notably, the utility associated with invasive breast cancer did not have
an impact on the cost-effectiveness of introducing an AS strategy.

Scenario Analysis

The results of the scenario analysis are visualized in Figure 6. A de-escalation
strategy whereby 10% of women are selected for active surveillance based on a
different definition of low-risk status (low COX-2 protein expression and adipocyte
area’") and the remaining undergo BCS, is cost-effective compared to BCS with or
without radiotherapy for all women. Compared to the base-case analysis, there is
more apparent uncertainty in the model inputs which is indicated by the dispersion
of the results of the simulation iterations across the two lower quadrants of Figure 6.
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Figure 6. Cost-effectiveness planes (scenario analysis)

Cost-effectiveness planes in the scenario analysis. The graph shows the results of the 5,000 Monte
Carlo simulation runs for the probabilistic sensitivity analysis of introducing an active surveillance
strategy for women with low-risk DCIS (defined by low COX-2 protein expression and lower relative
area of breast adipose tissue) compared to standard surgicalintervention. In panel A, effectiveness is
represented by incremental quality-adjusted life years, and panel B by incremental life years. Points
shown in blue represent simulations in which introducing an active surveillance strategy resulted in
overall absolute health benefits across the simulated cohort.
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Comparison of low-risk patients by biomarkers

Figure 7 shows the results of the Monte Carlo simulation iterations for each of
the low-risk subgroups explored in the base-case and scenario analyses. 92.8%
of model runs resulted in incremental QALY gains for low-risk women defined by
low-to-intermediate grade, ER+ DCIS. The model using low COX-2 expression
and adipocyte area’" to define low-risk status had greater parameter uncertainty
due to the smaller available dataset.?? However, 97.0% of model runs resulted
in incremental QALY gains for this group of low-risk women. As a group, women
following the scenario analysis strategy gained 1.02 QALYs (95% Cl, -0.05 to 1.98),
while women in the base-case strategy gained 0.81 QALYs (95% Cl, -0.26 to 1.70).
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Figure 7. Cost-effectiveness planes for low-risk subgroups only

Cost-effectiveness planes showing the results of shows the results of the 5,000 Monte Carlo
simulation runs for the probabilistic sensitivity analysis, using only data on women identified as low-
risk. All strategies show cost-savings. Simulations for which an active surveillance strategy resulted
in gains in incremental quality-adjusted life years (panels Aand C) and incremental life years (panel
B and D) are shown in blue. The greater the variation of simulation points is an indication of the
uncertainty in the parameter inputs used.
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Headroom Analysis

The use of the hypothetical perfect biomarker to select women for the active
surveillance strategy was expected to yield an average cost savings of €7,076 and
0.23 incremental QALYs per patient based on the scenario analysis for the total DCIS
cohort (Table 2).

Headroom = €7,076 + €20,000 x 0.23
Assuming that this biomarker strategy could reliably select 10% of the DCIS cohort
as low-risk, the headroom available for this strategy was calculated as €6,227 for a

WTP threshold of €20,000. This is the maximum unit cost for which this biomarker
strategy can be brought to market while remaining cost-effective.

Table 2. Probabilistic results

Strategy Incremental Incremental life  Incremental ICER costs per
costs, 95% Cl years, 95% CI QALYs, 95% CI QALY

Base case: Whole DCIS cohort, 10-year  -6,353 € (-8,811,  -0.06(-0.26,0.16)  0.40(-0.15,0.87)  -15981¢
time horizon. Simulation based on SEER -3,966 €)
data.

Strategy A: Standard surgical
intervention (BCSRT) for all women

Vs.
Strategy B: Women with ER+, Grade I/
11 DCIS (50% of whole cohort) undergo

AS; remaining undergo standard surgical
intervention (BCS£RT)

Scenario analysis: Whole DCIS cohort, ~ -7,076€(-11,978,  0.00(-0.49,0.48) ~ 0.23(-0.30,0.76) ~ -31,071€
10-year time horizon. Simulation based ~ -2,427 €)
on SEER data and Almekinders et al.

Strategy A: Standard surgical
intervention (BCS<RT only) for all women

Vs.

Strategy B: Women with Low COX2 /
Adipocyte area™" Quartile 1 DCIS (10%
of whole cohort) undergo AS; remaining
undergo standard surgical intervention
with BCS only
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Discussion

DCISis a potential precursor to invasive breast cancer. At present, nearly all women
with DCIS are treated in the same manner as early breast cancer as itis not possible
to reliably predict who may progress to invasive disease. Due to this uncertainty
many women with harmless DCIS are treated. This early economic evaluation
demonstrated that introducing an active surveillance option to select women with
low-risk features can be a cost-effective alternative to immediate surgery and
adjuvant radiotherapy. Women with low-to-intermediate grade, ER+ DCIS make
up approximately 50% of screen-detected primary DCIS. In this analysis, forgoing
surgery resulted in significant gains in quality of life, despite an expected elevated
rate of iIBC and somewhat reduced life years in this group.

The results of this and other published studies'??*“ on locoregional treatment for
DCIS highlight the potential for a range of de-escalation strategies. However, the
analyses presented here are limited by the use of data from different sources and
different country settings. SEER data was chosen to model outcomes after DCIS
given the volume of data available and the rigorous coding rules set forth in 2007
requiring subsequent ilBC to be recorded as new primaries. Despite the availability
of data from retrospective DCIS cohorts in the Netherlands,“’“® SEER data has been
used extensively to model the natural disease history of DCIS**% and the impact of
DCIS treatment, and was therefore chosen for this study. Nevertheless, this study
remains an early cost-effectiveness analysis which may have limited generalizability
and applicability at this time.

We observed substantial variation in incremental QALYs across simulation
iterations. This can be reflective of the variation in preferences regarding benefits
to be gained from undergoing active surveillance. The overall positive impact of
quality-adjustment does become particularly apparent in the one-way sensitivity
analysis (Figure 5B). Even when applying the lowest value associated with the
2.5 percentile of the utilities' assigned distributions, resulting incremental QALYs
always remained greater than 0.1. These results may foreshadow the forthcoming
results of the Dutch LORD study if the 10-year risk of iIBC remains within the pre-
specified non-inferiority threshold.

Whether active surveillance will eventually become an acceptable alternative to
surgery still remains uncertain. While half of women with screen-detected primary
DCIS would be eligible based on the low-risk criteria of the base-case model,
women's preferences and their access to regular surveillance imaging will dictate
whether such a strategy is suitable to them. A discrete choice experiment among
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Dutch women with newly diagnosed low-risk DCIS found very strong preferences
for an active surveillance strategy with no surgery, irrespective of the 10-year risk
of iIBC.2 This preference was also highly related to the desire for consistent follow-
up with annual mammography.

A biomarker which selects a more defined group of women who stand to gain no
benefit from surgical intervention could alleviate some of the uncertainty and
variation around the benefits of an active surveillance strategy. We used a scenario
analysis to explore how such a hypothetically perfect biomarker could be used in
combination with a de-escalation strategy for all women with screen-detected
primary DCIS. The biomarker is considered ‘perfect’ because ilBC rates in the low-
risk group would match a healthy population, as demonstrated by Almekinders
et al.?2 The scenario analysis showed a higher QALY gain among this group: 1.02
incremental QALYs compared to 0.81 QALYS among the low-risk group defined in
the base case analysis.

In this scenario analysis, a smaller proportion of women (10%) were selected
for active surveillance based on COX-2 expression and small adipocyte size,
and the remaining women underwent de-escalation to BCS only. The choice
of modeling this prevalent de-escalation strategy was intended to address the
questions surrounding overtreatment across all women with DCIS. Incremental
life years remained unaffected in the scenario analysis, reflecting results from
previously published observational cohort studies and randomized controlled trials
demonstrating that while RT may reduce rates of local recurrence, it provides no
improvement of overall-, distant-metastasis-free, or cancer-specific-survival.>'"
Previously published cost-effectiveness analysis of adjuvant RT for low-risk DCIS
similarly demonstrated cost savings fora BCS only strategy; adding RT would result
in negligible QALY gains at significant costs.'"2°

One benefit of conducting early cost-effectiveness analyses is that it creates
an opportunity to understand the potential of new strategies under the most
optimistic assumptions. We performed a headroom analysis based on a simulation
of the impact of a hypothetical perfect biomarker using COX-2 and adipose area
information. If this biomarker information could indeed accurately select a group
of women who could forgo surgery without negatively impacting life years, the
potential downstream effects are significant. For such a biomarker-based strategy
to remain cost-effective at a WTP threshold of €20,000, the upper ceiling price for
this could be set at €6,227.
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A major shift in contemporary thinking about disease management for DCIS is
underway.'%%¢57 Existing literature detailing the heterogeneous nature of DCIS now
supports a more individualized approach based on individual risk of progression
to invasive breast cancer. But before active surveillance is brought into clinical
practice, robust evidence from the LORD, LORIS, and COMET trials must first
confirm the safety of this approach. This study contributes to the knowledge base
on DCIS management, and supports the continuation of research on identifying and
validating biomarkers that can select women to safely forgo surgery.
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Highlights

e The 70-gene signature is cost-effective compared with clinical assessment
alone

e Minimalsurvival differences are balanced against quality of life gains

* Results are consistent amongst the five studied countries

Abstract

Background

The clinical utility of the 70-gene signature (MammaPrint®) to guide chemotherapy
use in T1-3N0O-1MQ0 breast cancer was demonstrated in the Microarray in Node-
Negative and 1 to 3 Positive Lymph Node Disease May Avoid Chemotherapy
(MINDACT) study. One thousand four ninety seven of 3356 (46.2%) enrolled patients
with high clinical risk (in accordance with the modified Adjuvant! Online clinical-
pathological assessment) had a low-risk 70-gene signature. Using patient-level
data from the MINDACT trial, the cost-effectiveness of using the 70-gene signature
to guide adjuvant chemotherapy selection for clinical high risk, estrogen receptor
positive (ER+), human epidermal growth factor 2 negative (HER2-) patients was
analysed.

Patients and methods

A hybrid decision tree-Markov model simulated treatment strategies in accordance
with the 70-gene signature with clinical assessment versus clinical assessment
alone, over a 10-year time horizon. Primary outcomes were quality-adjusted life
years (QALYs), country-specific costs and incremental cost-effectiveness ratios
(ICERSs) for six countries: Belgium, France, Germany, Netherlands, UK and the US.

Results

Treatment strategies guided by the 70-gene signature result in more QALYs
compared with clinical assessment alone. Costs of the 70-gene signature strategy
were lower in five of six countries. This led to dominance of the 70-gene signature in
Belgium, France, Germany, Netherlands and the US and to a cost-effective situation
inthe UK (ICER £22,910/QALY). Annualnational costsavings were €4.2M (Belgium),
€24.7M (France), €45.1M (Germany), €12.7M (Netherlands) and $244M (US). UK
budgetincrease was £8.4M.
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Conclusion

Using the 70-gene signature to safely guide chemotherapy de-escalation in clinical
high risk patients with ER+/HER2- tumours is cost-effective compared with using
clinical assessment alone. Long-term follow-up and outcomes from the MINDACT
trial are necessary to address uncertainties in model inputs.
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Introduction

Genomic profiling is a crucial tool to inform prognosis and support treatment
decisions in the adjuvant setting. The recognition that patients with early breast
cancer may be overtreated necessitated reliable prognostic tools to aid in therapy
de-escalation. De-escalation simultaneously addresses the prioritisation of a
patient's quality of life and reduces the strain on healthcare systems by avoiding
high-cost treatments offering no additional or very limited benefit to a patient’s
survival.

The phaselllEORTC 10041/BIG 3-04 Microarrayin Node-Negativeand 1 to 3 Positive
Lymph Node Disease May Avoid Chemotherapy (MINDACT) trial (NCT00433589)
was an international, prospective, randomised study evaluating the clinical utility
of the 70-gene expression signature (MammaPrint®) combined with clinical-
pathological criteria for selection of patients for adjuvant chemotherapy in breast
cancer.” The trial enrolled patients with histologically-confirmed invasive breast
cancer, with operable T1-3 disease and up to three positive lymph nodes. Five-
year median results demonstrated that forgoing adjuvant chemotherapy in patients
with high-risk clinical-pathological features, but whom are low-risk according to
the 70-gene signature, does not compromise relapse and survival outcomes. The
short- and long-term treatment-related adverse events of chemotherapy could be
avoided, given the rate of distant metastasis free survival (DMFS) at five years that
was 94.7% (95% confidence interval: 92.5%-96.2%), which remained above the
pre-determined non-inferiority threshold of 92.0%.

Thisstudyreportsacost-effectivenessanalysis of treatmentstrategies guided by the
70-gene signature versus treatment decisions based on clinical risk assessment for
a target group of patients with ER+/HER2- breast cancer considered to be clinically
high risk. The use of genomic signatures is recommended for this subset of patients
by national and international clinical guidelines, such as those arising from the St.
Gallen Consensus Conference, European Society for Medical Oncology (ESMO) and
American Society of Clinical Oncology.?* Patient-level data were sourced from the
MINDACT trial to modelrelapse and survival outcomes overaten-year time horizon.
This was the most clinically relevant horizon, given the availability of 5-year follow-
up data from the MINDACT trial, and the large risk-reducing effect of adjuvant
chemotherapy within the first five years.® As treatments, test adherence and costs
vary widely across countries, analyses are conducted separately for five European
countries participating in the MINDACT trial and the US.
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Patients and Methods

Model description

A hybrid decision tree-Markov cohort model was constructed. Three mutually
exclusive health states were defined as follows: distant metastasis free survival
(DMFS), distant metastasis and death (Fig. 1). Costs for six countries (Belgium,
France, Germany, Netherlands, United Kingdom and the United States) were
applied separately in the model. For all countries, a healthcare perspective was
adopted. The model was constructed with a ten-year time horizon and six-month
cycle length. Total costs and quality-adjusted life years (QALYs) were discounted
at country-specific rates (Table S1). The model compared two strategies: (1)
treatment strategies guided by the 70-gene signature in combination with clinical
assessment and (2) treatment strategies guided by clinical assessment alone.

The primary outcome of interest, incremental cost-effectiveness ratios (ICERs),
was calculated by dividing incremental costs by incremental QALYs. The ISPOR
Guidelines for Good Modelling Practices and Cost-Effectiveness Alongside Clinical
Trials were used for building the model.¢ The model was programmed in Microsoft
Excel, version 2010 (Microsoft, Redmond, WA).

(A) Decision Tree (B) Markov model

No Chemotherapy
(]

MammaPrint® “High Risk"

.
-

Chemotherapy H Local

MammaPrint® Strategy ) '

recurrence

No Chemotherapy

MammaPrint® “Low Risk”

Early Breast Cancer

13, NO-L, MO _.
€

R+, HER2-
Clinically "High Risk” (mAOL)

Distant
metastasis-
free
(DMFS)

Distant
metastasis

No Chemotherapy

Current Practice

Chemotherapy

Figure 1. Hybrid decision tree-Markov model. The hybrid (A) decision tree/(B) Markov model
structure used to estimate costs, clinical outcomes and quality-adusted life years of using
MammaPrint® compared with current practice (clinical risk assessment using the modified Adjuvant!
Online [mAOL]) in patients with ER+, HER2- early breast cancer. In the decision tree, a square node
represents the decision node at entry, the filled circles are chance nodes, and the squares with the
letter M represent Markov nodes.
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Population

The MINDACT trial used the modified version of Adjuvant! Online as a clinical-
pathological assessment for all patients enrolled in the study. Based on this
assessment, all patients were assigned a binary 'high’ or ‘low’ clinical risk score.!
For our studied patient population and base-case cost-effectiveness analysis, we
used data on all patients identified as 'high risk’ with ER+/HER2- tumours (n=2297)
(Table 3). Therefore we compared two simulated populations and their associated
treatment strategies: (1) patients assessed as clinically 'high risk’ with ER+/HER2-
tumours who do not undergo genomic profiling, with adjuvant treatment decisions
based solely on clinical-pathological characteristics; (2) patients assessed as
clinically 'high risk’ with ER+/HER2- tumours who undergo genomic profiling with
the 70-gene signature, with adjuvant treatment decisions based on their clinical and
genomic risk.

Probabilities

Survival probabilities and extrapolations

Using patient-level data on clinically 'high’ risk individuals with ER+/HER2- tumours
from the MINDACT study, two event end points were evaluated in the model: DMFS,
defined as time until the first distant metastatic recurrence or death from any cause,
and overall survival (0S), defined as time until death from any cause. Patients were
censored at last examination date, if no event was experienced. Survival and hazard
rates foreachriskand treatmentallocation group, based upontheintention-to-treat
population, were modelled with three different parametric survival distributions
(Weibull, Gompertz, exponential) to estimate rates for the observed five-year
follow-up periodand forextrapolationtotenyears. Thesesurvivaldistributionswere
fitted to 1000 bootstrapped samples to obtain standard errors of the survival and
hazard rates. The Weibull survival distribution was selected for the full extrapolated
model based upon the known treatment effect of chemotherapy beyond five years.®
Interval-specific conditional survival probabilities and associated standard errors
were used as the transition probabilities for each cycle of the model. Analyses
were conducted with Stata, version 13. A detailed description and visualisation of
the parametric modelling approach, including conditional survival probabilities are
shown in Supplementary Methods 1, Tables S2-S3, and Fig. S1.

Other probabilities

In accordance with the ESMO guidelines, the parameters in the base-case model
reflect the standard treatment pathway of patients with early breast cancer.? If
current national treatment guidelines deviate from the ESMO guidelines, these were
captured as country-specific treatment assumptions (Table 1, and Supplementary
Methods 2-3).Adherence to chemotherapy recommendations guided by the 70-gene
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signature was based uponreal-world values for a patient cohort with predominantly
ER+/HER2- tumours reported by Kuijer et al.” These patients demonstrated 95%
adherence towards the 70-gene signature test results. Adherence following the
clinical risk assessment alone was based on expert opinion used by the National
Institute for Health and Care Excellence diagnostics assessment program (in 77%
of clinical high-risk patients, chemotherapy is recommended) .®

Health effects

Health-related quality of life (HRQol) was modelled by assigning utilities to the
different health states. Baseline clinical-genomic subgroup-specific health state
utility values were drawn from a study which captured patient well-being specific
to receiving the results of their clinical and gene expression profile. These were
measured with the three-level EuroQoL (EQ-5D-3L) amongst 800 enrolled patients
in the MINDACT trial (Supplementary Methods 4).? This baseline utility value was
used for the first six-month cycle for all patients in the DMFS state. In the second
cycle, patients remaining in the DMFS state revert to the utility value reported by
Lidgren et al.’® For patients receiving adjuvant chemotherapy, HRQoL decrements

drawn from Campbell et al.”"were applied for the first three cyclesin the DMFS state
toreflectthe negative impacts of chemotherapy (i.e. chemotherapy-related adverse
events) on underlying HRQoL during and immediately following chemotherapy. The
utility value for the experience of acute myeloid leukaemia as a rare late-effect
chemotherapy-related adverse event (cumulative ten-year probability of 0.0049'2
was also applied to patients in the DMFS state and drawn from Younis et al.’ Utility
values for the distant metastasis state were also drawn from Lidgren et al.™

Costs

Costs of the 70-gene signature were provided by Agendia NV. This included
transport, local specimen processing and value-added tax. Treatment costs were
obtained from multiple sources: national drug databases, literature and from
governmental white papers on coverage decisions for the 70-gene signature. All
direct medical costs relevant to the treatment and disease pathway (from initial
treatment to death) for ER+ patients are considered, including costs of endocrine
treatment and local/regional recurrence which are not expected to differ between
strategies; all are listed in detail in Table S4. European country costs are expressed
in 2017/18 Euros, UK costs are expressed in 2017/18 pound sterling and US costs
are expressed in 2017/18 dollars.

Probabilistic analysis

Costand utility parameter values were randomly drawn from assigned distributions.
Five thousand Monte Carlo simulation iterations were used. The results of the
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simulation are illustrated in an Incremental Cost-Effectiveness plane. To show
decision uncertainty, cost-effectiveness acceptability curves (CEACs) are
presented.” CEACs show the probability that a strategy has the highest net
monetary benefit, given a range of willingness-to-pay (WTP) thresholds. Astrategy
is deemed cost-effective depending on how much society is willing to pay for a
gain in effect (i.e. per QALY gained). The World Health Organization has previously
proposed a WTP threshold of one to three times annual gross domestic product
per capita, although some countries follow other approaches to determining an
appropriate threshold which may be more conservative.”™ We assumed an average
WTP threshold of €30,000 for Europe, £20,000-£30,000 for the UK and $50,000-
$100,000 for the US.

Sensitivity and scenario analyses

To test the robustness of model outcomes, a series of sensitivity analyses were
performed. Cost and utility parameters were individually assessed at the 2.5 and
97.5th percentile of their assigned distribution to identify those most influential on
incremental costs and incremental QALYs. Two alternative parametric distributions
(exponential and Gompertz) were used in the modelling and extrapolation of DMFS
and 0S. To model the possibility that patients return to the same quality of life as
the general population, we apply country-specific population utility norms for the
distant metastasis free state, based off the values reported by Janssen et al.'

Finally, because adherence to guidelines can vary widely (e.g. from 40 to 99% in
the Netherlands),"”” a two-way table was constructed varying the chemotherapy
adherence proportions under both treatment strategies to demonstrate how this
impacts costs, QALYs and ICERs. In a scenario analysis, disease-free survival was
used as an alternative health state to DMFS to capture locoregional recurrences
(Supplementary Methods 6).

Budget impact based on costs per population

In the countries examined in this study, early-stage breast cancer (stage | and Il)
comprises approximately 90% of breast cancers diagnosed, with ~70-75% of these
cases being ER+/HER2- by clinical-pathological assessment.'®2® Total costs for
the 70-gene signature strategy were therefore multiplied by the current country-
specific annual incidence of eligible patients in the target group. For Belgium this
amounted to an incidence of 4000/year?!, for France 20,000/year??, for Germany
24,000/year?, for the NL 5000/year?, for the UK 19,000 patients/year', and for the
UsS 85,000/year."
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Model validation

The cost-effectiveness model was validated using the Assessment of the Validation
Status of Health-Economic decision models? tool (described in Supplementary
Methods 5) and evaluated by two external experts.

Results

Mean results of the base-case analysis

The 70-gene signature-guided strategies gained 0.02 QALYs for all countries,
compared with strategies guided by clinical assessment alone (Table 2). The total
trajectory costs per patient amounted to the following: €39,571 vs. €40,626 in
Belgium; €36,002 vs. €37,237 in France; €43,483 vs. €45,361 in Germany; €41,582
vs. €44,130 in the Netherlands; £13,711 vs. £13,268 in the UK; and $104,400 vs.
$107,269 in the US (Table 2).

Probabilistic analyses

The 70-gene signature-guided strategies were cost-effective compared with
clinical assessment-guided strategies in all countries, given the WTP thresholds
of €30,000/£30,000/$30,000 (Table 2). The probability that the 70-gene signature
produced higher net benefit than clinical assessment alone using this threshold was
72% for Belgium, 75% for France, 79% for Germany, 85% for the Netherlands, 54%
for the UK and 64% for the US (Fig. 2, Fig. S2).
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Figure 2. Cost-effectiveness acceptability curves. The solid line represents the probability of a
treatment strategy guided by the 70-gene signature to be cost-effective (Y-axis), given a series of
within-country willingness-to-pay thresholds as displayed on the X-axis. The dashed line represents
the same but for a treatment strategy guided by clinical risk assessment only.

Sensitivity analyses

One-way sensitivity analyses did not affect the cost-effectiveness of the 70-gene
signature-guided treatment strategies. Fig. 3 and S3 show the value of the test
utilities, chemotherapy costs and 70-gene signature costs to be the biggest drivers
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of cost-effectiveness. The different parametric distributions used to extrapolate
outcomes to 10 years did not change the cost-effectiveness result. Application of
country-specific population utility norms led to a lower incremental QALY for all
countries, except for the UK and US which saw a higher incremental QALY (Table
S8). Finally, the two-way adherence analysis which was tested on the German
model revealed that when 99% of clinical high-risk cases receive chemotherapy,
adherence to treatment strategies guided by the 70-gene signature among clinical
high/genomic low cases should be at least 70% to remain cost-effective. If the
proportion of chemotherapy given in clinical high-risk cases drops to 50%, then the
adherence towards the 70-gene signature low-risk result should be at least 90%
(Table S5).

Clinical High/Genomic Low no ChT
Clinical High/Genomic Low ChT
First 6 mo ChT (decrement)
Month 6-12 ChT (decrement)

Month 12-18 ChT (decrment)

Utility Inputs

Acute myeloid leukemia
Distant metastasis free state
Distant metastasis state

Clinical High/Genomic High

0.0025 0.0075 0.0125 0.0175 0.0225 0.0275 0.0325

Incremental QALYs
W 97.5 percentile 7 2.5 percentile

Figure 3. One-way sensitivity analysis of utility input effect on incremental quality-adjusted life years.
The model for Germany is used as an example. The sensitivity of the incremental quality-adjusted
life years gained under the treatment strategy guided by the 70-gene signature (X-axis) is tested by
varying the utility inputs (displayed on the Y-axis) by their respective values in the 2.5th and 97.5th
percentiles. ChT, chemotherapy; QALYs, quality-adjusted life years.

Budget impact based on costs per population

The 70-gene signature led to annual cost savings ranging from €4.2M in Belgium,
€24.7Min France, €45.1M in Germany, €12.7M in the Netherlands and $244M in the
US. A budget impact of £8.4M was seen for the UK. The variation in costs and cost
savings can be attributed to the size of the target population in each country and
differences in country-specific treatment guidelines and costs.
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Discussion

Based on MINDACT data, for patients with ER+/HER2- tumours deemed to be
clinically high risk in accordance with Adjuvant! Online, treatment strategies guided
by the 70-gene signature saved costs in five of six countries, gained QALYs and were
cost-effective in all six countries, given country-specific WTP thresholds. Several
considerations should be made in interpreting the results of our analyses. The
real-world use of and adherence to the 70-gene signature can differ widely from
recommendationsoutlinedinclinicalguidelines. Thishasbeen highlightedinarange
of publications.”?2¢ Provided that a country closely follows guidelines for adjuvant
chemotherapy use in clinical 'high' and ‘intermediate’-risk patients, adopting the
70-gene signature and adhering to its recommendation to avoid chemotherapy in
‘genomic-low’ patients, this will prove to be cost-effective. To demonstrate this in
a sensitivity analysis, we varied chemotherapy prescription rates (which may vary
according to patient and provider preferences) and analysed the impact on cost-
effectiveness. Another important consideration is chemotherapy-specific costs,
which were found to be the biggest driver of incremental costs. In countries where
chemotherapy costs are low (such as the UK), the 70-gene signature strategy might
be cost-effective up to a WTP threshold of £30,000 but no longer dominates. The
UK was the only country in our study where the 70-gene signature strategy was
cost-effective but not cost-saving. In a study of the performance of the UK National
Health Service compared with other high-income countries (including France,
Germany, the Netherlands and the US), the UK demonstrated the lowest per capita
healthcare spending.?”’ This is certainly reflected in the comparatively lower cost
inputs used in our UK model (Table 1). Although reliable and up-to-date inputs from
published literature were difficult to obtain, subsequently introducing uncertainty
into our model parameters and outcomes, it is obvious that in a health system with
overall lower costs, potential gains will be accordingly lower.

Five-year median follow-up data was available from the MINDACT trial. Using a
parametric modelling approach, we extrapolated this over a ten-year time horizon.
This was important for two reasons: (1) to address regulator decision-making
requirements and (2) to predict a more complete recurrence impact of the 70-gene
signature-guided strategy. Although the 70-gene signature was designed to predict
the chance of breast cancerrecurrence within five years after surgery, our modelled
population of clinical 'high-risk’ patients typically experiences recurrence events
within ten years. Furthermore, the risk-reducing effect of adjuvant chemotherapy
occurs within the first five years. At 10 years and beyond, the absolute risk of breast
cancer mortality for ER+ patients previously treated with endocrine therapy remains
low. Therefore, there is low absolute benefit from chemotherapy in this population,
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despite the continued response after 10 years. For ER+ patients, this effect cannot
easily be parsed out from the patient’s receipt of endocrine therapy.® It is for these
reasons that a ten-year time horizon was used in our analysis, instead of the typical
guideline-prescribed lifetime horizon, while also avoidingunnecessary introduction
of uncertainty into the model. The standard errors applied in the later cycles of our
model are larger, an indication of the uncertainty for the extrapolated period after
5years.

The strength of this article lies in the use of patient-level data from the MINDACT
RCT. This is the best available evidence to model recurrence and survival outcomes
and theirimpact on cost-effectiveness with a high level of accuracy.®?8 Test utilities
directly measured from a sample of MINDACT patients were also integrated into
our model.? This information reflects differences between subgroups immediately
following receipt of personalised recurrence risk information.

Previous cost-effectivenessanalysesfound thesametrend of the cost-effectiveness
of the 70-gene signature compared with clinical risk assessments. Despite small

differences in recurrence rates between strategies, HRQoL gains and cost savings
were apparent.?’3% This however is contested by other studies which found that the
70-gene signature was not cost-effective or that uncertainty was too high to draw a
conclusion 3%

The current analysis confirms findings of cost-effectiveness from earlier analyses
but is set apart as the first cost-effectiveness modelling study of the 70-gene
signature incorporating data stemming from a prospective RCT. With this data, we
demonstrate how minimal expected survival differences in life years are offset by
HRQoL gains, with patient outcomes proving to be similar in both strategies. Cost
differences vary across countries; some countries see considerable cost savings
per patient when using the 70-gene signature in guiding treatment decisions. In a
patient-centred simulation, Caruana et al.** similarly demonstrate the significant
deterioration of HRQoL due to chemotherapy side-effects for MINDACT patients.
In both analyses, patients forgoing chemotherapy gain more QALYs. The minimal
clinically important difference (MCID), i.e. the smallest benefit of value to patients,
was not investigated and defined for the EQ-5D index-derived utilities used this
study. It is possible that the observed gain in QALYs (an average of 0.02) may be
smaller than a pre-defined MCID.3:3¢

Interpreting the results of the MINDACT trial calls for personalised decisions
tailored to the individual patient. For women with ER+/HER2- tumours, the rate
of breast cancer-specific survival without distant metastasis remains favourable.
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However, observed recurrence differences within MINDACT may mean more to
one patient than to another in the real-world, and Cardoso et al.” note that risk-
benefit considerations mustinvolve shared decision-making between physician and
patient. Despite the seemingly small loss in life years which is counterbalanced by
gains in quality of life, it is possible that QALYs do not capture the heterogeneity
of preferences for patients regarding a chance of a loss in survival time. From a
health systems perspective, our model provides information for country-wide
policy decision-making. In this perspective, risk-benefit decisions must be weighed
against 'average’ (sub)groups of patients to decide if the 70-gene signature is
suitable to bring into practice.

At the time of writing, the national health authorities of a number of the European
countries studied in this analysis have not extended coverage over the 70-gene
signature. These authorities have argued that, following the publication of 5-year
medianresultsofthe MINDACT trial',uncertaintyremainsovertheevidenceofclinical
utility using the 70-gene signature to de-escalate adjuvant chemotherapy.?3.38
Furthermore, costand quality of life inputsrequired for cost-effectiveness modelling
stem from outdated publications. Aside from the recurrence and survival outcomes
drawn directly from the MINDACT trial, modelling the full impact of the 70-gene
signature on quality of life and country-specific costs will continue to be riddled
with uncertainty. These conclusions will likely remain until longer-term follow-up
from the MINDACT trialis provided, accompanied by robust utility and cost evidence
for this patient population. Future research into uniform cost data collection would
be of value, for this study in particular related to chemotherapy costs, treatment-
related adverse events and distant metastasis.

Conclusion

With the available evidence, these country-specific models demonstrated that
adjuvant chemotherapy strategies guided by the 70-gene signature can save
healthcare expenditures over ten years and offer a modest gain in quality-adjusted
long-term survival. This information provides clinicians and policy makers with
additional evidence of the clinical and economic value of the 70-gene signature for
clinical high-risk patients with ER+/HER2- breast cancer in Europe and the US.
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Table 1: Model input parameters

Parameters Mean SE Distribution  Source

Survival probabilities: See Supplementary Table 52 (DMFS), Supplementary Table $3 (0S)
Probabilities long-term treatment-related adverse events

Acute myeloid leukemia 0.00025 0.0001 Beta Wolff etal. 2015

Congestive heart failure 0.037 0.001 Beta Boekel etal. 2018%

Utilities

C-high/G-low/chemotherapy 0.828 0.036 Beta MINDACT trial, Retel et al. 2013’
C-high/G-low/no chemotherapy 0.838 0.039 Beta MINDACT trial, Retel et al. 20137
C-high/G-high 0.832 0.021 Beta MINDACT trial, Retel et al. 2013’
Distant metastasis free state’ 0.824 0.002 Beta Lidgren etal. 2007™

Distant metastasis state 0.685 0.004 Beta Lidgren etal. 2007

Disutility chemotherapy (first 6 months) -0.067 0.004 Beta Campbelletal. 2011"

Disutility chemotherapy (6 to 18 months) ~ -0.019 0.004 Beta Campbelletal. 2011™

Acute myeloid leukemia 0.260 0.040 Beta Younis ea 2011

Costs? BE (€) FR (€) DE (€) NL () UK (£)* Us (%)
MammaPrint® 2,675 1,850 2,675 2,675 2,375 4,200
Endocrine therapy total* 1,150 550 1,440 1,194 284 459
Tamoxifen, Al, GnRH analogues 337 - 546 381 21 351

PB, calcium, vitamin D, DEXA scan 813 - 893 813 263 108
Chemotherapy total® 11,627 9,821 14,314 16,600 5,440 43,307
Chemotherapy 3,004 - 8,579 10,226 4,265 -
Chemotherapy administration 2,367 - 1,039 3,094 -

Anti-emetics 459 - 935 108 20

Prophylactic G-CSF 2,142 - 3,123 2,535 834

Short-term treatment-related AE 2,995 426 637 637 321

Monitoring/follow-up first year® 151 44 107 151 214 733
Monitoring/follow-up years 2-10° 87 441 53 87 120 733
Local/regional recurrence 18,359 18,359 18,359 18,359 15,164 21,659
Distant recurrence® 26,992 26,992 26,992 26,992 4,949 125,152
Acute myeloid leukemia® 31,259 31,259 31,259 31,259 28,468 35,044
Congestive heart failure® 3,710 3,710 3,710 3,710 3,378 7,458

'Country-specific population utility norms are applied in a sensitivity analysis (Supplementary
Appendix Table S8)

’A Gamma distribution was used for costs in the probabilistic sensitivity analysis; details on country
specific treatment utilization assumptions and references are listed in Supplementary Methods 2-3
and Supplementary Table 4.

*One-off costs.

“Per 6-month cycle, for 5 years. Extended tamoxifen up to 7 years use applied for 25% of patients in
the DMFS state.

*Per 6-month cycle.

*Between 2017-2018, the British pound sterling (£) had an average annual exchange rate of 1.1359 to
the Euro (€) according to the European Central Bank.

Abbreviations: AE: adverse events; G-CSF granulocyte-colony stimulating factor; DEXA scan: dual
energy X-ray absorptiometry scan; Al: aromatase Inhibitors, PB: Prophylactic bisphosphonates,
DMEFS: Distant metastasis Free Survival: 0S: overall survival
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Table 3: Patient characteristics

Summary of clinical-pathological characteristics of the Clinical High Risk, ER+, HER2- MINDACT
patients (N=2297). Chemotherapy assignment according to randomization.

Characteristic Clinical High/ Clinical High/ Clinical High/ AU Clinical High,
Genomic Low, Genomic Low, Genomic High,  ER+ HER2-
ER+,HER2-no  ER+, HER2-, ER+, HER2- (N=2297)
chemotherapy ~ chemotherapy  (n=895) N(%)
(n=693) (n=709) n(%)
n(%) n(%)
Age (years) <35 years 10 (1.4) 5(0.7) 29(3.2) 44(1.9)
35 to <50 years 222 (32.0) 239 (33.7) 310 (34.6) 771 (33.6)
50to 70 years 455 (65.6) 455 (64.2) 550 (61.5) 1460 (65.6)
>70 years 6(0.9) 10(1.4) 6(0.7) 22 (1.0)
Tumor size (cm) <1 18(2.6) 18(2.5) 13(1.5) 49(2.1)
>1t02 265(38.2) 274 (38.6) 401 (44.8) 940 (40.9)
>2t05 381(55.0) 390(55.0) 468 (52.3) 1239 (53.9)
> 29 (4.2) 27 (3.8) 13(1.5) 69 (3.0)
Lymph node status Negative 352 (50.8) 364 (51.3) 593(66.3) 1309 (57.0)
Positive
N1 228(32.9) 239 (33.7) 189 (21.1) 656 (28.6)
N2 76(11.0) 73(103) 72(8.0) 221(9.6)
N3 35(5.0) 30 (4.2) 40 (4.5) 105 (4.6)
N4+ 2(0.3) 2(0.3) 1(0.1) 5(0.2)
na. - 1(0.1) - 1(0.04)
Tumor grade Grade 1 49(7.0) 41(5.8) 11(1.2) 101 (4.3)
Grade 2 454 (65.5) 461(65.0) 292 (32.6) 1207 (52.5)
Grade 3 184 (26.6) 200(28.2) 589 (65.8) 973 (42.4)
Undefined 6(0.9) 7(1.0) 3(0.3) 16(0.7)
Adjuvant treatment ~ ETonly 597 (86.1) 96(13.5) 41 (4.6) 734(32.0)
received' ET+ChT 75(10.8) 576 (81.2) 810 (90.5) 1461 (63.6)
ChT only 0(0.0) 7(1.0) 21(2.3) 28(1.2)
No adjuvant treatment 10 (1.4) 8(1.1) 4(0.4) 22 (1.0
Missing 1(0.1) 8(1.1) 11(1.2) 19(0.8)
Country? Belgium 91(13.1) 91(12.8) 99 (11.1) 281(12.2)
France 241 (34.8) 236 (33.3) 286 (32.0) 763(33.2)
Germany 106 (15.3) 109 (15.4) 111 (12.4) 326 (14.2)
Netherlands 174 (25.1) 163 (23.0) 246 (27.5) 583 (25.4)
United Kingdom 9(1.3) 13(1.8) 19(2.1) 41(1.8)
Other? 72(3.1) 97 (4.2) 134 (5.8) 303 (13.2)

'Actual adjuvant treatment received; n=21 patients have missing ChT treatment information; n=50
patients have missing ET treatment information.

?It is assumed that the distribution of clinical pathological characteristics are balanced within the
country populations as a result of the randomization procedure.

*Other countries included Italy, Spain, Switzerland and Slovenia.
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Supplementary materials

Supplementary Methods 1: Extrapolation of time-to-event endpoints
using a Weibull distribution

Weibull hazard function: h(t)=p A t*
Weibull survival function: S(t)=e™t?

Parameter is the same for all groups but is different for each group.

DMFS outcome:

p=1.438

Group Clin high-Gen low-ACT: A =0.00012807
Group Clin high-Gen low-no ACT: A =0.00014862
Group Clin high-Gen high: A=0.00027045

0S outcome:

p=1.539

Group Clin high-Gen low-ACT: A =0.00003603
Group Clin high-Gen low-no ACT: A =0.00004692
Group Clin high-Gen high: A =0.00008395
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Supplementary Methods 2: Treatment Assumptions

Treatment assumptions applied for all country populations are described below.
Country-specific deviations from these treatment assumptions are described in
detailin the Country Specific Assumptions and Sources section.

Chemotherapy

Chemotherapy treatment assumptions are unique to each country, and are
based on the country’s most commonly utilized regimens for early breast cancer
patients. These are described in the Country Specific Assumptions and Sources
section. Beyond chemotherapy drug acquisition, chemotherapy regimens captured
administration and monitoring costs. This included port implantation, laboratory
tests per cycle of chemotherapy, blood panels, human resources, echocardiogram,
and outpatient stay costs.

Endocrine therapy

Based on the MINDACT trial population, it was assumed that 40% of patients were
pre-menopausal, and 60% post-menopausal. Costs were calculated as follows:
pre-menopausal patients were to receive Tamoxifen (20 mg QD) plus gonadotropin-
releasing hormone (GnRH) analogues (3.6 mg implant every 28 days) for ovarian
functionsuppression (OFS) forfive years. Post-menopausal patients were toreceive
2.5 years of Tamoxifen (20 mg QD), followed by 2.5 years of aromatase inhibitors (1
mg QD). We assumed that 25% of patients in the DMFS state received extended
tamoxifen to 7 years. At present, the optimal duration of extended endocrine therapy
inadjuvant settingsis currently uncertain; we acknowledge that studies are going to
determine appropriate treatment schedules up to 10 years of use.

Anti-emetics

Patients treated with an anthracycline combined with cyclophosphamide are
assumed to have been offered a four-drug combination of an NK1 receptor
antagonist (aprepitant 125 mg oral on day one, 80 mg oral on days 2-3), a 5-HT3
receptor antagonist (ondansetron 8 mg TID day one), dexamethasone (12 mg oral
day one, 8 mg oral days 2-4), and olanzapine (10 mg oral day one, 10 mg oral days
2-4).

Prophylactic G-CSF

Updated guidelines have concluded that patients with >20% risk for febrile
neutropenia should be offered primary granulocyte-colony stimulating factor
(G-CSF). As such pegfilgrastim, a pegylated formulation of G-CSF was assumed
to be wused prophylactically alongside anthracycline-based chemotherapy
regimens. It is now known that continued use of primary G-CSF prophylaxis during
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all chemotherapy cycles is warranted." Therefore, it was assumed that patients
undergoing anthracycline-based chemotherapy would receive G-CSF prophylaxis
foran average of 4 cycles.

Bisphosphonates and screening for fracture risk

Prophylactic bisphosphonates are used for prevention of bone mineral density loss
resulting from systemic therapy (e.g. endocrine therapies and GnRH analogues
for OFS). A consensus guideline from a European Panel recommends the use
of zoledronic acid 4 mg intravenously every six months or clodronate 1600 mg
orally daily for three to five years in premenopausal women on adjuvant ovarian
suppressionand postmenopausalwomen atintermediate or high risk of recurrence.?
Additionally, daily intake of calcium (1000 mg) and vitamin D (800 international
units) is recommended. Therefore, we assume pre-menopausal patients receive
Zolendronic acid (4 mg IV every 6 months for five years) in addition to calcium and
vitamin D supplementation. Post-menopausal patients receive clodronate (1600
mg oral daily for five years) plus calcium and vitamin D supplementation. As this
populationis at high fracture risk, they are assumed to undergo additional screening

using physical exams, the fracture risk assessment tool (FRAX), and, as needed, a
dual-energy x-ray absorptiometry (DXA) for evaluation of BMD.?

Short-term treatment-related adverse events

Probability of experiencing grade Il and IV treatment-related adverse events
requiring hospitalization were considered. This included neutropenic infection,
thrombocytopenia, anemia, nausea/vomiting, emesis, diarrhea, stomatitis,
thrombosis, neuropathy, pain, myalgia, and infection.

Long-term treatment-related adverse events

Acute myeloid leukemia (AML) was considered a possible long-term chemotherapy-
related adverse event. The cumulative probability of AML provided in the Wolff et al.
publication was used to calculate the yearly rate of AML over 10 years.® AML costs
were applied "one off” and were derived from Wang et al.*

Congestive heart failure (CHF) was also considered in the model at the final cycle. A
cumulative incidence of 0,037 was applied in the final cycle of the progression free
state,® as well as one-off costs for treatment of CHF derived from Biermann et al.¢

Monitoring and Follow-up Care

For the first year of follow-up, patients were assumed to have received two
outpatient consultations and one mammography. For subsequent years (years 2 to
10), patients had one annual outpatient consultation and mammography.
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Local Regional Recurrence

It was assumed that 3.7% of patients who entered the distant metastasis state had
also experienced one loco-regional recurrence (LRR) beforehand, for which they
received the same best available treatment, independent of the kind of adjuvant
treatment originally received for the primary tumor. This assumption was based
upon the proportion of MINDACT patients in the target group of clinical high, ER+/
HER2- patients who were known to experience LRR before distant metastasis
during the observed 5-year median follow-up period. In support of this assumption,
it has also been demonstrated that Luminal A (ER+/HER2-) patients have the lowest
rate of LRR compared to other molecular subtypes.”® Costs for LRR were adapted
from the de novo economic model reported in the 2013 HTA report by Ward et al.’
which derives costs associated with LRR from Karnon et al.’® Among patients who
did not experience distant metastasis in the target group, the cumulative incidence
of LRR was 1.2%. Costs for this small group of patients were not accounted for in
the model.

Distant Recurrence and Palliative care

The treatment pathway for distant recurrence included diagnostic tests to confirm
distant recurrence, drug acquisition costs, disease management, and end of life
care. The treatment pathway considered adjuvant treatments which are standard of
care for metastatic breast cancer in women with ER+/HER2- tumors. Applications
of costs and treatment assumptions for the European countries (Belgium, France,
Germany, and the Netherlands) were the same, based upon the chart review
published by Jerusalem et al. 2015." UK costs for recurrence and end of life care
were based upon those reported by Thomas et al,'? inflated to 2015/16 values using
the Hospital and Community Health Services (HCHS) pay and prices inflation index.
US costs were based on the publication of Montero et al. 2012
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Supplementary Methods 3: Country-Specific Treatment Assumptions
and Sources

Belgium:

Healthcare utilization and costs were taken from the Belgian Health Care Knowledge
Centre rapid assessment report, "MammaPrint® test for personalized management
of adjuvant chemotherapy decisions in early breast cancer”.'® Chemotherapy
regimens are those which are most commonly used in Belgium in the MammaPrint
target population. The cost of chemotherapy used in this analysis is weighted by
the proportions of patients receiving each chemotherapy regimen, as well as other
relevant costs including catheter, administrative costs, and clinical biology. The
two most frequently used chemotherapy were EC—->Paclitaxel in 42.7% of target
population patients (four cycles cyclophosphamide and epirubicin, followed by 12
cyclesofPaclitaxel) and FEC—>docetaxelin20.1% (threecyclesof Cyclophosphamide,
epirubicin and flourouracil, followed by a further three of Docetaxel). The KCE
report also considered the costs of prophylaxis and management of common

chemotherapy-related adverse events, including prophylaxis anti-emetics,
neutropenia prophylaxis, management of neutropenia, and hospitalization costs for
non-neutropenia AEs. Endocrine therapy costs were not included in the KCE report
so were subsequently collected from Belgium-specific cost-effectiveness analyses
of Tamoxifen and Aromatase Inhibitors.™

France:

The majority of costs for France were provided by the investigators of Optisoins01, a
French, multicenter, prospective study, and later checked following their publication
in 2019.'%"7 Optisoins01 was an observational study conducted in France in 2014-
2016 with early-stage breast cancer patients. The evaluation reflected the main care
pathway of early breast cancer patients treated with initial surgery from hospital
and health-insurance perspectives. Cost data were collected from patients prior to
surgery, after surgery, during and after adjuvant therapy, in- and outpatient care till
1 year follow-up. With regards to G-CSF use, it was assumed that 15% of patients
receiving chemotherapy were treated prophylactically with G-CSF as was observed
in the Optisoins01 study. Costs were drawn from Tilleul et al. which noted that of
the breast cancer patients that receive G-CSF: most receive Pegfilgrastim (66%),
33% Lenograstim and 17% Filgrastim. The total exceeds 100% because patients can
receive multiple G-CSF."®
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Germany:

For Germany, cost and utilization data based on a publication of Lux et al.” was used.
Costs associated with chemotherapy were based on the most commonly utilized
regimen in Germany. This is an anthracycline- and taxane-containing regimen of
four cycles of epirubicin (90mg/2 BSA, d1, g21d) and cyclophosphamide (600 mg/
m2 BSA, d1, q21d), followed by 12 cycles of paclitaxel (80 mg/m? BSA, d1, g7d).
Hospital fees and consultation fees for two quarterly visits over a 6 month treatment
period were also included. Concomitant and supportive therapies included
uromitexan, ondansetron, dexamethasone, aprepitant, clemastine, ranitidine, and
pegfilgrastim. Costs for treatment of short-term Grade IlI/IV treatment-related
toxicities were also captured. Adjuvant endocrine therapy for a standard initial
duration of five years was considered according to the German Arbeitsgemeinschaft
Gynakologische Onkologie (AGO) 2018 guidelines.?? Allunit costs were sourced from
the German national formulary Rote Liste® for endocrine therapy, chemotherapy
and concomitant medications.?' Calculations for unit costs of diagnostic tests, side
effects, treatment administration and monitoring were adapted from the the Lux
paper, which used a price year of 2016. Costs were inflated to price year 2017/18 for
inclusion into the model.

The Netherlands:

For the Netherlands, cost data from national databases such as the handbook for
costing studies in the Netherlands from the National Healthcare Insurance board
(ZorglInstituut Nederland) and the online pharmacotherapeutic cost database
www.medicijnkosten.nl were used for medications.???* Chemotherapy regimens
consisted of paclitaxel (80mg/m?), docetaxel (75mg/m2), doxorubicin (50mg/m?),
cyclophosphamide (500mg/m?), used in three different regimens. Three cycles of
fluorouracil-epirubicin-cyclophosphamide followed by three cycles of docetaxel
(T) is the most used regimen (50% according to clinical experts).

Another used regimen is doxorubicin-cyclophosphamide (AC) once every
3 weeks for four cycles, followed by docetaxel once every 3 weeks for four
cycles (used in 25% of cases).

And doxorubicin-cyclophosphamide (AC) once every 3 weeks for four cycles,
followed by paclitaxel once weekly for twelve cycles (used in 25% of cases).

On the basis of both European Union recommendations? and US National
Comprehensive Cancer Network guidelines,”® preferable anthracycline based
chemotherapyregimensinclude subcutaneous Pegfilgrastim forfourtosixcycles.
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United Kingdom:

For the United Kingdom, costs and treatment assumptions were adapted from the
de novo economic model reported in the 2013 HTA report by Ward et al’ and from
the value of information analysis based upon the OPTIMA prelim trial reported by
Halletal.2017.%

Forendocrine therapy (ET), five regimens were considered: Tamoxifen for five years,
Anastrozole for five years, Letrozole for five years, Tamoxifen for two years plus
Exemestane for the final three years, Tamoxifen (or other ET regimes) for five years.
Itis assumed that patients receive one of four adjuvant chemotherapy regimens: (1)
FEC 100-T (3+3 cycles, assumed to be given to 25% of patients); (2) TC (4 cycles,
assumed to be given to 20% of patients); (3) FEC75 (6 cycles, assumed to be given
to 45% patients) and FEC100-Pw (3+3 cycles, assumed to be given to 10% patients).
A weighted mean cost of chemotherapy acquisition, delivery and toxicity is derived
from this. It was assumed that 25% of patients treated with chemotherapy receive
Filgrastim as prophylactic G-CSF (maximum 3 cycles) for the secondary prevention
of febrile neutropenia. All costs were inflated to a price level of 2017/18.

United States:

Current National Comprehensive Cancer Network guidelines list 12 acceptable
regimens for ER+/HER2- breast cancer and costs of chemotherapy display
significant variability.?® For US chemotherapy regimens, estimated regimen costs
were provided through Blue Cross Blue Shield (California).?” Healthcare Common
Procedure Coding System codes were used to define patients’ chemotherapy
regimens.”® Docetaxel & cyclophosphamide (TC) and dose-dense doxorubicin
& cyclophosphamide + paclitaxel (ddAC+P) represent the most commonly used
regimens with 46% and 12% of patients treated as such, respectively. Healthcare
Common Procedure Coding System codes were used to capture endocrine therapy
costs for Blue Shield Blue Cross. Xie et al.?” was an additional source for endocrine
therapy costs, and were obtained using the wholesale acquisition cost. In case of
a drug with multiple package sizes, the price of the largest package was used. The
intended dose consumed was estimated based on Food and Drug Administration
drug labels.
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Questionnaire used for cost parameters (France and United States)

Cost inputs were collected through a questionnaire distributed to Prof.dr. Roman
Rouzier, Institut Curie, Paris, France and Blue Cross Blue Shield, California, US.
Costs for France were later updated according to the publication of Hequet et al.
2019.77

Costs (euros/dollars)

Unit costs Mean costs Source

MammaPrint list price

Endocrine therapy
List proportion of patients receiving each regimen

Tamoxifen (Nolvadex®) 20 mg tablets

Anastrozole (Arimidex®) 1 mg tablets

Goserelin (Zoladex®) 3.6 mg implant

Chemotherapy total (incl:)*

Chemotherapy
List proportion of patients receiving each regimen
I.e. Combination of:
Paclitaxel...(25%)
FEC 50/500 (50%)
Etc.

Chemotherapy administration and monitoring costs
(e.g. portimplantation, blood panels, etc.)

Anti-emetics/nausea

Aprepitant (Emend®) 125 mg oral

Ondansetron 8 mg

dexamethasone

olanzapine

Prophylactic GCSF (Pegfilgrastim, Neulasta)
List proportion of patients receiving this.

Bisphosphonates and monitoring

zoledronic acid 4 mg (IV)

clodronate 1600 mg (oral)
DEXAscan

Treatment-related grade Il and IV adverse events
requiring hospitalization (neutropenic infection,
thrombocytopenia, anemia, nausea/vomiting, emesis,
diarrhea, stomatitis, thrombosis, neuropathy, pain,
myalgia, and infection)

Trastuzumab

Monitoring/follow-up first year
Mammography
Outpatient physician visit
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Costs (euros/dollars)

Monitoring/follow-up subsequent years
Mammography
Outpatient physician visit

Recurrence (distant +loc/reg)
Treatment local/regional
Treatment distant

End of life care

Congestive heart failure
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Supplementary Methods 4: Test-Utility measurements alongside the
MINDACT trial

Utilities regarding receiving two risk profiles (clinical and genomic) were measured
by means of the EQ-5D-3L amongst the first 800 enrolled patients in the MINDACT
study, of which a total of n=347 were included in the QoL study.*® The EQ-5D-3L
descriptive system comprises the following five dimensions: mobility, self-care,
usual activities, pain/discomfort and anxiety/depression. Each dimension has three
levels: no problems, some problems, and extreme problems. From the following
EQ-5D health states, as defined by the EQ-5D descriptive system, a single summary
index was obtained by applying a formula that attaches values to each of the levels
in the five dimensions. Subsequently, the general population-based value set of
the Netherlands was used (because it concerned Dutch patients) to reflect the
preferences of local taxpayers and potential receivers of healthcare in that specific
country.®

These particular utility values capture patient well-being specific to receiving the
results of their clinical and gene expression profile. This utility information reflects
the real differences between subgroups immediately following the receipt of their
personalized recurrence riskinformation and the accompanying advice surrounding
systemic treatment. These test utility values do not reflect the actual experience of
chemotherapy and the chemotherapy-related adverse events. We use these "test-
utilities” as an alternative baseline utility value at the start of the 6 month cycle. As
such, we must also apply the Campbell et al.* decrement for chemotherapy-related
adverse events for the first 6 months.

We assume that these differences between subgroups are important to capture in
the first 6 months, but that patients in the disease free state have returned to the
valuesreported by Lidgren et al.®¥ by the start of the 12 month cycle. Thisisindeed a
unique approach to cost-utility analyses, which we believe provides added value and
detailed informationin ananalysis exploring the use of genomic profilesin oncology.
Patient quality of life is impacted throughout various stages of their disease course,
and we provide an additional step here in capturing this. These “test-utility” values
do notand should not be required to capture chemotherapy-related adverse events
as well. Therefore we must also apply the Campbell et al. decrement.3?
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Test Utilities
95%
Mean Confidence N SE Source

interval
C-low/G-low 0.853 0.823-0.884 109 0.015 Retel etal. 2013%
C-low/G-high/no chemotherapy 0.873 0.795-0.951 70 0.035
C-low/G-high/chemotherapy 0.872 0.826-0.918 12 0.022
C-high/G-low/chemotherapy* 0.828 0.755-0.902 17 0.036
C-high/G-low/no chemotherapy™ 0.838 0.757-0.920 25 0.039
C-high/G-high* 0.832 0.790-0.874 25 0.021
C-low/G-no** 0.795 0.732-0.859 33
C-high/G-no** 0.766 0.711-0.820 56

*Used in the current model.
**No genomic profile possible or performed.
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Supplementary Methods 5: Validation of the model

We validated the model by means of the AdViSHE model, Assessment of the
validation status of Health-Economic decision models.?*

A1/ Face validity testing (conceptual model)

The model has been judged by three experts: one associate professor health economics from the University of Twente, the
Netherlands, one Affiliate Assaciate Professor, Fred Hutchinson Cancer Research Center, University of Washington, and one
consultant.

Justification for considering these experts were that they are leading experts in the field, and have ample experience is judging health
economic models. All experts agreed with the model.

A2/ Cross validity testing (conceptual model)

The model has been compared to other models found in the literature. The model in fact is based on former models on the cost-
effectiveness of the MammaPrint, all based on the advanced modeling course material from the University of York, UK and University
of Maastricht, the Netherlands.

B1/ Face validity testing (input data):

Several clinicians and clinical geneticists has been involved in judging the appropriateness of the input parameters. Medical
oncologists, surgical oncologists from several high standard, European cancer institutes.

B2/ Model fit testing:

Survival and HRQoL data were based on the MINDACT trial. Extrapolation by means of parametric survival distributions was performed
by one of the co-authors, a trained oncology statistician (KJ).

C1/ External review:
The model has been examined by the above mentioned (A1) experts. With one of the experts, all formulas of the Markov model were
checked, the adherence and the conditional survival formulas.

C2/ Extreme value testing:
The model has been run for extreme sets of parameter values; e.g. treatment costs, test costs, survival probabilities, utilities.

C3/ Testing of traces:

Due to the close involvement of many clinicians and other experts in the field, the structure of the model has been tested many times.
The choice of the structure was based on a true reflection of the real world (we adjusted the randomization structure, as this is not
how the MammaPrint will be used in clinical practice)

C4/ Unit testing:
There was a project sheet defined beforehand, this was checked by the experts. The most important submodules of the model were
checked by the experts; e.g. adherence, formulas and macros.

D1/ Face validity testing (model outcomes):

The involved clinicians and clinical/molecular geneticists have been asked to judge the outcomes of the model. We have had several
rounds of feedback and discussion, using an iterative approach. All outcomes were checked separately, the total costs, (quality
adjusted) life years, ICER and budget impact.

D2/ Cross validation testing (model outcomes):

The model outcomes have been compared to the outcomes of other models that address similar problems. The utility data is in general
comparable with other publications, however there is limited evidence on the HRQoL with versus without chemotherapy. Especially
the cost data and outcomes for the several countries is variable. The ranges are high within countries, however the trends of high or
low costs in specific countries are present: the US presents often with the highest costs, followed by the Netherlands and Germany,
France, Belgium and the UK. The latter tends to have the lowest costs for the total treatment pathways.

D3/ Validation against outcomes using alternative input data:
The model outcomes have been compared to the outcomes obtained when using alternative input data, e.g. for other utility data and
cost data.

D4/ Validation against empirical data:
The model includes already empirical data. It has been validated with former model based data.

E1/ Other validation techniques:
Other validation technique which was applied was naive benchmarking ("back-of-the-envelope” calculations), to check if the results
were reasonable.
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Supplementary Methods 6: Scenario analysis using DFS

Inascenarioanalysis, Disease Free Survival (DFS) was used as an alternative health
state to DMFS (data not shown). Within this endpoint, progression captures events
such as loco-regional recurrences, contralateral invasive breast cancer, invasive
second (non-breast) primary cancer, and ductal carcinoma (in addition to distant
metastasis and death).

In our base-case model we chose the time-to-event endpoint of DMFS to create our
health states. As the 70-gene signature is used to guide adjuvant chemotherapy
treatment decisions, DMFS is the most relevant endpoint because we are solely
concerned with the effect of chemotherapy on two major, related events: distant
metastases and death. There is currently debate on which trial endpoint is most
relevant, with some arguing in favor of DFS.3%% We maintain the argument that
DFS includes many events that are not relevant to measuring the beneficial effect
of adjuvant chemotherapy on overall survival: e.g. local recurrence, DCIS, and
secondary cancers.

Using DFS as a health state did not change the conclusion in four out of six countries.
For France and the UK, the incremental QALYs remained positive, however the
balance between costs (due to more events) and effects was less favorable for the
70-gene signature strategy.
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Supplementary Table S1: Country-specific annual discount rates

Belgium¥ Germany®  France¥ The Netherlands”? United Kingdom®  United States

Costs discount rate 0.030 0.030 0.040 0.040 0.035 0.030

Outcomes (Life

Years) discount rate* 0.015 0.030 0.040 0.015 0.035 0.030

(Bi-annual rates are applied for each 6-month cycle in the model).

Supplementary Table S2: Conditional probabilities: Distant
Metastasis Free Survival (ITT), Weibull distribution

Survivalprobabilities (DMFS) according to clinical/genomic risk groups and chemotherapy allocation.
Intention-to-treat (ITT) population used. Weibull distribution applied.

Clinical High/Genomic Low, Clinical High/Genomic Low, Clinical High/Genomic High,
ER+, HER2-, no chemotherapy ER+, HER2-, chemotherapy ER+, HER2-
(n=693) (n=709) (n=895)
Month E?;ﬁ:‘:;is;:; Standard Error g:;ﬁ:':;;:;:; Standard Error [I:?;:TII ;::at:'): Standard Error
0 1.0000 - 1.0000 - 1.0000

6 0.998145 0.000932 0.998401 0.000849 0.996625 0.001703
12 0.996753 0.001008 0.9972 0.000951 0.994095 0.001717
18 0.995881 0.00103 0.996449 0.000989 0.992513 0.001591
24 0.995189 0.001089 0.995852 0.001049 0.991258 0.001511
30 0.994599 0.001196 0.995343 0.001139 0.990188 0.001525
36 0.994077 0.001345 0.994892 0.001257 0.989241 0.001647
42 0.993605 0.001526 0.994485 0.001401 0.988385 0.001863
48 0.99317 0.001732 0.99411 0.001564 0.987599 0.002152
54 0.992766 0.001956 0.993761 0.001742 0.986868 0.00249
60 0.992388 0.002193 0.993435 0.001933 0.986182 0.002863
66 0.99203 0.002441 0.993126 0.002134 0.985535 0.00326
72 0.991691 0.002697 0.992833 0.002342 0.984921 0.003675
78 0.991367 0.00296 0.992553 0.002557 0.984336 0.004103
84 0.991057 0.003228 0.992286 0.002777 0.983776 0.004542
90 0.990759 0.0035 0.992029 0.003002 0.983237 0.004989
96 0.990472 0.003777 0.991782 0.003231 0.982719 0.005443
102 0.990195 0.004057 0.991543 0.003464 0.982219 0.005903
108 0.989928 0.00434 0.991311 0.003699 0.981736 0.006368
14 0.989668 0.004625 0.991087 0.003938 0.981267 0.006837

120 0.989416 0.004914 0.99087 0.004179 0.980812 0.00731
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Supplementary Table S3: Conditional probabilities: Overall Survival
(ITT), Weibull distribution

Survival probabilities (0S) according to clinical/genomic risk groups and chemotherapy allocation.
Intention-to-treat (ITT) population used. Weibull distribution applied.

Clinical High/Genomic Low, ER+, Clinical High/Genomic Low, ER+, Clinical High/Genomic High, ER+,

HER2-, no chemotherapy HER2-, chemotherapy HER2-
(n=693) (n=709) (n=895)
Month E?;::Tll ;Lsat:;: Standard Error I;?;f.:?f ;::at:;: Standard Error g?;ﬁ:‘l';:::; Standard Error
0 1.0000 - 1.0000 - 1.0000
6 0.999482 0.000424 0.999601 0.000378 0.999069691 0.00084519
12 0.99884 0.000558 0.999107 0.000511 0.997917205 0.001039264
18 0.998341 0.00062 0.998723 0.00058 0.997021588 0.001072142
24 0.997902 0.000682 0.998385 0.00064 0.996234367 0.00106972
30 0.997501 0.000772 0.998076 0.000709 0.995514888 0.001080673
36 0.997127 0.000903 0.997788 0.000798 0.994843516 0.001147248
42 0.996773 0.001083 0.997515 0.000914 0.994209044 0.001300636
48 0.996435 0.00131 0.997255 0.001059 0.993604129 0.001551688
54 0.996111 0.001585 0.997006 0.001235 0.993023718 0.001895067
60 0.995799 0.001903 0.996765 0.001441 0.992464082 0.002320316
66 0.995496 0.002263 0.996532 0.001678 0.991922446 0.002818306
72 0.995202 0.002663 0.996306 0.001943 0.991396628 0.003382595
78 0.994916 0.003104 0.996085 0.002237 0.990884724 0.004008963
84 0.994637 0.003583 0.99587 0.002559 0.990385486 0.004694697
90 0.994364 0.004101 0.99566 0.002909 0.989897572 0.005438035
96 0.994097 0.004657 0.995454 0.003285 0.989420044 0.006237805
102 0.993836 0.005252 0.995253 0.003689 0.988951992 0.007093197
108 0.993579 0.005886 0.995055 0.004119 0.988492792 0.008003596
114 0.993326 0.006559 0.99486 0.004576 0.988041645 0.008968496

120 0.993078 0.00727 0.994669 0.005059 0.987598038 0.009987423
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Supplementary Table Sé: Clinical assessment tools
Reclassification risk results of n=5,402 Luminal A (ER+/HER2-) patients from the MINDACT trial

Intermediate

Low (Chemotherapy not High

recommended) (Cheremc(::':t::%::;y be (Chemotherapy recommended) Missing
mAOL 3105 - 2297
MammaPrint 4040 - 1362
PREDICTNHSv2.0'2 4655 587 134 26*
PREDICTNHSv2.0"* 3658 1009 709 26*
NCCN/ASCO? 35 4190 177

*26 patients were missing information on tumor grade, and were not able to assign an 10y overall
survival probability using PREDICT v2.0.
'The Cambridge Breast Unit (UK) uses the absolute 10-year survival benefit from chemotherapy to
guide decision making foradjuvant chemotherapy as follows: <3% chemotherapy not recommended;
3-5% chemotherapy discussed as a possible option; >5% chemotherapy recommended.
ZAbsolute benefit of 2" generation chemotherapy, according to Cambridge Breast Unit definition
above.
SAbsolute benefit of 3" generation chemotherapy, according to Cambridge Breast Unit definition
above.

Notes: Inthe MINDACT trial,* all enrolled patients were assigned a binary risk score of "high" or “low”
according to the modified Adjuvant! Online clinical assessment tool. A low clinical risk was defined
as: "the 10-year probability of breast-cancer-specific survival without systemic therapy of more than
88% among women with estrogen receptor (ER)-positive tumors and more than 92% among women
with ER-negative tumors, to account for the 4-percentage-point average absolute benefit of adjuvant
endocrine therapy for ER-positive tumors.”

All patients in the MINDACT trial with Luminal A (ER+/HER2-) tumors (n=5,402) were assigned a 10
year survival probability according to the PREDICT NHS v2.0 clinical assessment tool. Information on
age atdiagnosis, mode of detection, tumorsize, tumor grade, number of positive nodes, ER status, HER2
status, and Ki67 status was taken from the MINDACT trial, and used within this algorithm to predict
the probability of breast cancer overall survival at 10 years (https://www.evidencio.com/models/
show/759). The PREDICT v2.0 algorithm calculates individual benefit of adjuvant hormone therapy
automatically for all patients with ER+tumours, and adds this to the 10 year probability of survival.
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Important notes regarding data availability:

e The PREDICT v2.0 modeldefines Ki67 positivity as greater than 10 percent of tumour cells staining
positive. However, the MINDACT trial sets this Ki67 positivity threshold at 214 %.

e The PREDICT model has the possibility to include whether or not a patient was screen detected or
symptomatic or unknown. As the MINDACT dataset does not include this information, all patients
have been set to “unknown".

e The mAOL cut off looks at 10y probability of "breast cancer specific survival” according to the
Cardoso paper. In their protocol, they simply refer to it as “survival probability”. PREDICT v2.0
referstoitas "breast cancer overall survival”.

e TheNHSrecentlyreleased aversion 2.1 (atthe time of publication), in which the original algorithm
of the 5and 10 year survival remained the same as the PREDICT 2.0 version. One new calculation
was added inversion 2.1 and comprises the additional benefit of using bisphosphonates according
to post-menopausal status.

Chemotherapy recommendation according to NCCN/ASCO was also determined for the n=5402

patients. All node-positive patients are recommended adjuvant chemotherapy. All node-negative

patients with tumors <0.5 cm are not recommended adjuvant chemotherapy. Node-negative patients
with tumors >0.5 cm may be recommended adjuvant chemotherapy.
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Supplementary Table S7: Markov trace for Years 0, 5, 10 (State
occupancies, representing number of simulated patients in each
state during given year)

Table S7(a). Genomic strategy

State 1: Distant

Year Cycle Metastasis Free State 2: Progressed

State 3: Death

Survival Disease
0 1 3369.00 0.00 0.00
5 1 3117.39 120.52 131.08
10 7 272439 257.82 368.85

Table S7(b). Clinical strategy

State 1: Distant State 2: Progressed

Year Cycle Metastasis Free . State 3: Death
. Disease
Survival
0 1 3369.00 0.00 0.00
5 1 3119.29 120.19 129.52
10 Al 2729.11 251.85 382.04

NOTE: These values are based off the simulated population outcome data, and are not representative
of outcomes reported in the MINDACT trial. A Weibull parametric survival model using hazard
functions derived from MINDACT trial sample data on clinical "high" risk patients with ER+/HER2-
tumors was used to impute transition probabilities for the Markov trace.

Supplementary Table S8: Sensitivity analysis of country-specific
population utility norms

EQ-5D index value

population norms by age group

and total population (European  Old Incremental QALY
Country VAS value set), Age group (based on utility of distant

55-64 metastasis-free state: 0.824)

New Incremental QALY
(Deterministic analysis)

(Janssen et al. 2019)¥

Belgium 0.881 0.018 0.016
France 0.804 0.020 0.020
Germany 0.881 0.019 0.018
Netherlands 0.869 0.018 0.017
United Kingdom 0.804 0.019 0.020

United States 0.776 0.019 0.020
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Supplementary Figure S1: Visual inspection of parametric survival
modeling (DMFS and 0S)

The following figures provide a graphical representation of all the considered distributions (Weibull,
Gompertz, and Exponential), with the accompanying Kaplan-Meier curve for the first 5 years of
observed MINDACT data. This has been done to visually inspect the fit of the parametric distributions
to the KM curve during the observed period (0-5 years) and the extrapolated period to 10 years, for
DMFS (Figures S1[a-c]) and OS (Figures S1[d-f]) separately.
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Supplementary Figure S2: Cost-effectiveness planes for clinical high

risk, ER+/HER2-
Each quadrant indicates whether a strategy is more or less expensive and
more or less effective. The scale for the Y-axes are according to the country-

specific currency.
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Figure S2(c): Germany
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Figure S2(e): United Kingdom
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Supplementary Figure S3: One-way sensitivity analysis of cost input
effect on incremental costs (Germany, €)

Chemotherapy & administration
MammaPrint®
Distant recurrence & palliative care

Endocrine therapy & bisphosphonates

Acute myeloid leukemia

Congestive heart failure

Cost Inputs

Monitoring (Year 1)
Monitoring (Year 2-10)

Local recurrence

€-3.200 €-2.700 €-2.200 €-1.700 €-1.200 €-700

Incremental Costs

W 97.5 percentile 2.5 percentile
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Highlights

e Patients who received no AST had a 2.5% lower 8-year DMFI rate than that
observed in matched patients who received ET.

e Slightly more locoregional recurrences and contralateral breast cancers were
observed in patients who received no AST.

* These effects and side-effects of ET should be discussed with patients even ata
very low risk of distant metastasis.

Abstract

Background

Adjuvant systemic treatments (AST) reduce mortality, but have associated short-
and long-term toxicities. Careful selection of patients likely to benefit from AST is
needed. We evaluated outcome of low-risk breast cancer patients of the EORTC
10041/BIG 3-04 MINDACT trial who received no AST.

Patients and methods

Patients with estrogen receptor-positive, HER2-negative, lymph node-negative
tumors <2 cm who received no AST were matched 1: 1 to patients with similar tumor
characteristics treated with adjuvant endocrine therapy (ET), using propensity
score matching and exact matching on age, genomic risk (70-gene signature) and
grade. In a post hoc analysis, distant metastasis-free interval (DMFI) and overall
survival (0S) were assessed by Kaplan-Meier analysis and hazard ratios (HR)
by Cox regression. Cumulative incidences of locoregional recurrence (LRR) and
contralateral breast cancer (CBC) were assessed with competing risk analyses.

Results

At 8 years, DMFI rates were 94.8% [95% confidence interval (Cl) 92.7% to 96.9%] in
509 patients receiving no AST, and 97.3% (95% CI 95.8% to 98.8%) in 509 matched
patients who received only ET [absolute difference: 2.5%, HR 0.56 (95% CI 0.30-
1.03)]. No statistically significant difference was seen in 8-year OS rates, 95.4%
(95% C1 93.5% to 97.4%) in patients receiving no AST and 95.6% (95% CI 93.8% to
97.5%) in patients receiving only ET [absolute difference: 0.2%, HR 0.86 (95% ClI
0.53-1.41)]. Cumulative incidence rates of LRR and CBC were 4.7% (95% Cl 3.0%
to 7.0%) and 4.6% (95% CI 2.9% to 6.9%) in patients receiving no AST versus 1.4%
(95% C10.6% t02.9%) and 1.5% (95% C1 0.6% to 3.1%) in patients receiving only ET.
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Conclusions

In patients with stage | low-risk breast cancer, the effect of ET on DMFI was limited,
but overall significantly fewer breast cancer events were observed in patients who
received ET, after the relatively short follow-up of 8 years. These benefits and side-
effects of ET should be discussed with all patients, even those at a very low risk of
distant metastasis.
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Introduction

The era of personalized medicine in breast cancer focuses on escalating treatment
in patients with a high risk of developing distant metastasis or death and de-
escalatingtreatmentin low-risk patients, aiming to avoid under- and overtreatment,
respectively.”? Several gene signatures have proven to be successful in identifying
a subgroup of patients for whom de-escalation of treatment by omitting adjuvant
chemotherapy can be considered.’** The use of gene signatures for deciding on
administration of adjuvant chemotherapy has been included in international breast
cancerguidelines.2%” For low-risk, early-stage breast cancer patients with estrogen
receptor-positive (ER+) disease, who have noindication for adjuvant chemotherapy,
adjuvant endocrine therapy (ET) is the standard choice of treatment.?’ In all ER+
breast cancers, ET reduces the risk of breast cancer death by ~30%.8 Where
adherence rates to ET are relatively high in the setting of clinical trials, the
adherence rates in clinical practice are relatively poor; only 50% of breast cancer
patients successfully complete 5 years of therapy.”'® As expected, side-effects of
ET contribute to non-adherence, but low recurrence risk perception is also a factor.’
Frequently reported side-effects are vasomotor symptoms such as hot flashes and
night sweats, musculoskeletal symptoms such as arthralgia and osteoporosis and
vulvo-vaginal symptoms such as vaginal dryness or discharge and dyspareunia.™

The increasing understanding of the biological heterogeneity of breast cancer and
the identification of molecular subtypes and gene-expression signatures results in
a continuing refinement of prediction algorithms in early-stage breast cancer.?2 The
online PREDICT tool is frequently used by clinicians to determine the 'baseline’ risk
at diagnosis and the added benefit of AST."2'3 In the national guideline for breast
cancer treatment in the Netherlands, for patients aged 35 years or older with ER+,
HER2-negative (HER2-), lymph node-negative (NO) breast cancer with a Bloom
and Richardson grade 1T tumor €2 cm or a grade 2 or 3 tumor <1 cm, the omission of
all AST can be considered.14 In international guidelines and national guidelines of
other countries, these patients would typically be advised to start ET.27.1518

Inthe randomized, phase Il MINDACT trial, treatment allocation and randomization
were based on risk stratification. Standard clinical-pathological characteristics
were used to determine clinical risk and the 70-gene signature MammaPrint was
used to determine genomic risk.>* Patients identified as low risk by both methods
did not receive chemotherapy as per study design. These patients were treated
according to local guidelines, with most ER+ patients receiving ET.3* However, there
isalsoagroup of patients in MINDACT who received no AST. As the Netherlands was
the largest recruiter for the MINDACT trial, and their national guideline permits the
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omission of allAST in a subgroup of low-risk patients, the majority of the patientsin
MINDACT who received no AST came from the Netherlands.

The aim of the study was to evaluate the survival of breast cancer patients who
participated in the MINDACT trialand did notreceive any type of AST and to compare
their outcomes to those patients with similar characteristics who did receive ET.

Methods

The MINDACT trial

This study is a downstream project with an exploratory subgroup analysis of
patients included in the MINDACT trial (EORCT 10041/BIG 3-04). Women aged 18-
70 years with histologically proven operable invasive breast cancer (T1-3N0-1M0)
were enrolled in the MINDACT trial between 2007 and 2011.%“ Treatment allocation
and randomization were based on clinical and genomic risk. A low clinical risk was
defined as a 10-year probability of breast cancer-specific survival without AST of
>88% for women with ER+ tumors. Clinical risk was determined by Adjuvant! Online
(modified from version 8.0 including HER2 status), based on tumor size, hormone
and HER2 receptor status, grade and nodal status. In brief, in ER+/HER2- patients,

clinical risk in MINDACT was defined as low for NO patients with grade 1 tumors
<3 cm, grade 2 tumors <2 cm and grade 3 tumors <1 cm and for node positive
patients only if the tumor was grade 1 <2 cm. Genomic risk was based on the 70-
gene signature (MammaPrint®) 34 Clinical-pathological characteristics, treatment
characteristics and outcome data for this study were obtained from the EORTC
10041/BIG 3-04 MINDACT trial database. The cut-off date for the follow-up in this
analysis was 26 February 2020; the median follow-up was 8.6 years.* The MINDACT
trial was approved by the ethics committees of all participating sites, and all patients
gave written informed consent. Ethics approval was also obtained for the analysis
presented in this study.

Patients and matching

According to the Dutch national guidelines, the omission of AST can be considered
in a subgroup of patients with clinical low-risk breast cancer.’™ For the purpose of
this analysis, patients with ER+/HER2—- NO tumors, with a tumor size <2 cm, were
selected from the MINDACT trial database. In this subgroup, 509 patients received
no AST (neither chemotherapy nor endocrine therapy nor trastuzumab). These
patients could have genomic low- or high-risk tumors.
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Using propensity score and exact matching, we aimed to identify a group of patients
treated with adjuvant ET with similar tumor characteristics to the patients who
received no AST.19 In the subgroup of patients with ER+/HER2- NO tumors <2
cm, patients were matched 1 : 1 based on the propensity score, age (<50 versus
>50 years), genomic risk according to the 70-gene signature (low risk versus high
risk) and grade (Supplementary Methods). This resulted in a matched group of 509
patients who received only ET. As we pre-selected patients with tumors <2 cm,
we did not further match on exact tumor size to increase the number of possible
matches. Type of breast and axillary surgery were not included as variables for
matching as the impact of differences in the type of surgery on local recurrence and
15-year breast cancer mortality is limited.?

Statistical analysis

The primary endpoint for this study was distant metastasis-free interval (DMFI),
defined as the time from enrolment until first distant metastasis or breast cancer-
related death (including death from unknown cause). Secondary endpoints included
overall survival (0S), defined as the time until death from any cause, and breast
cancer-specific survival (BCSS), defined as the time until breast cancer-related
death. For the primary analysis, all endpoints were assessed in a time-to-event
analysis according to the Kaplan-Meier method, and compared for adjuvant systemic
therapy (no AST versus only ET) with the log-rank test. Accompanying hazard ratios
(HR) were calculated using a univariate Cox proportional hazards model. Data for
patients who had no eventatthe cut-off date were censored at the time of last disease
assessment for DMFl and at the last follow-up date for 0S and BCSS.

Two secondary analyses were planned; in the first analysis, the estimated benefit of
ET according to the PREDICT tool (PREDICT Breast V2.1, The Winton Centre for Risk
& Evidence Communication, Centre for Mathematical Sciences, Cambridge) was
calculated for all patients who received no AST, based on their clinical-pathological
characteristics. In the second analysis, the cumulative incidence functions for
locoregional recurrence, contralateral breast cancer (CBC) and distant metastasis
were estimated, and sub-distribution HR were estimated in a competing risk
model according to the Fine and Gray method.?"22 For the time to first locoregional
recurrence, distant metastasis or any death without locoregional recurrence were
considered competing risks. For the time to first CBC, any death without CBC was
considered a competing risk. For the time to first distant metastasis, any death
without distant metastasis was considered a competing risk. For an additional
exploratory analysis, a breast cancer-free interval (BCFI) endpoint was compiled
specifically for this study, which was not included in the MINDACT protocol. The
STEEP criteria were used for defining this endpoint, BCFI was defined as the time



Outcome without any adjuvant systemic treatment in stage | 193

from enrolment until first distant metastasis, locoregional recurrence, CBC or
breast cancer-related death (including death from unknown cause), and analyzed
in a time-to-event analysis.?®

A statistically significant finding was defined as a two-sided P value < 0.05. As this
is a post hoc analysis, all analyses are underpowered and attention should go to
the 95% confidence intervals (Cls) when interpreting the results. All analyses were
carried out using SPSS (version 25.0) and R (version 3.6.3). The R 'Matchlt' package
was used for the propensity score and exact matching, and the ‘cmprsk’' package
was used for the competing risk analyses.

PREDICT

The PREDICT tool (PREDICT Breast V2.1) was used to calculate the estimated 0S and
BCSSforpatientswhoreceivednoAST."2"3The estimatesforsurvivaland benefitof ET
were obtained from 1000 bootstrap samples using the percentile method to account
for skewness. Estimations were based on the clinical-pathological characteristics
availablein the MINDACT database. Ki-67 was available for 87% of patients for whom
central pathology review was carried out on their primary tumor sample. For the
remaining patients, Ki-67 was coded as unknown. Furthermore, method of detection

was notincluded in the MINDACT database. For this analysis, patients aged >50 years
were assigned to have screen-detected tumors, and patients aged <50 years to have
clinically detected tumors. Sensitivity analyses assigning all patients aged >50 years
to have clinically detected tumors did not change the conclusions.

Results

Patient and tumor characteristics

Patientsand tumor characteristics of the patients who received no AST and matched
group of patients who received only ET are described in Table 1. All patients had
ER+/HER2- NO tumors. In both groups, 95% of patients had a genomic low risk,
76% of patients were older than 50 years, and 65% and 34% of patients had grade 1
and 2 tumors, respectively. Of the 509 patients, 508 patients (99.8%) who received
no AST and 504/509 patients (99%) who received only ET were defined as clinical
low risk. All patients had tumors <2 cm, but a statistically significant difference was
seen between tumors <1 cm and 1-2 cm. In patients who received no AST, 43% had
tumors <1 cm, compared to 26% in patients who received only ET (P < 0.001). As
expected, a large percentage of patients who received no AST (87%) were from
the Netherlands, with the other patients in both groups represented by six other
European countries.
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Survival outcomes according to adjuvant systemic therapy received
Figure 1 shows the outcomes for DMFI, 0S and BCSS for all patients (n = 1018)
stratified by adjuvant systemic therapy received (no AST versus only ET). The DMFI
rates at 8 years were 94.8% (95% Cl 92.7% to 96.9%) for patients who received no
ASTand 97.3% (95% CI1 95.8% to 98.8%) for patients who received only ET [absolute
difference at 8 years: 2.5%, HR 0.56 (95% C1 0.30-1.03)].
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Figure 1. Kaplan-Meier analysis of (A) distant metastasis-free interval (DMFI), (B) overall survival
(0S) and (C) breast cancer-specific survival (BCSS) stratified by adjuvant systemic treatment (AST)
received. Median follow-up was 8.6 years for this cohort. Estimates are reported at 8 years because
at that time point there were still a sufficient number of patients at risk. Kaplan-Meier curves are
displayed until 10 years of follow-up due to the high level of censoring beyond this time point. Shading
around the curves shows 95% confidence intervals.
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0S rates at 8 years were 95.4% (95% Cl 93.5% to 97.4%) for patients who received
no AST, and 95.6% (95% CI 93.8% to 97.5%) for patients who received only ET
[absolute difference at 8 years: 0.2%, HR 0.86 (95% C10.53-1.41)].

BCSSrates at 8 yearswere 99.1% (95% Cl 98.2% to 100%) for patients who received
no AST, and 99.4% (95% CI 98.6% to 100%) for patients who received only ET
[absolute difference at 8 years: 0.3%, HR 0.58 (95% C10.20-1.69)].

A summary table with the survival estimates for all endpoints is provided in
Supplementary Table S1. Due to the difference in proportions of tumors <1 cm
and 1-2 cm between groups, DMFI was evaluated according to tumor size, but no
statistically significant difference in DMFI was seen in both groups (log-rank P =
0.94 and P=0.49, respectively) (Supplementary Figure S1).

Estimated benefit of ET according to PREDICT in patients receiving
no AST

For all patients who received no AST, the estimated OS and BCSS without adjuvant
systemic therapy and the added benefit of ET were assessed using the PREDICT
tool. The results are summarized in Supplementary Table S2. The estimated OS rate
for the 509 patients without AST according to PREDICT was 91.6% at 8 years and
80.0% at 15 years. The estimated BCSS rate without AST according to PREDICT was
97.2% at 8 years and 94.1% at 15 years. The estimated added benefit of ET for this
group was 0.86% at 8 years and 1.65% at 15 years according to PREDICT.

Cumulative incidence of locoregional recurrence, contralateral
breast cancer and distant metastasis according to adjuvant systemic
therapy received

During the entire follow-up period, 27 patients had a locoregional recurrence, 31
patients had a CBC and 23 patients had distant metastasis in those who received no
AST, compared to 8, 8 and 11 patients who received only ET, respectively. Figure 2
showsthe cumulativeincidence of locoregionalrecurrence, CBCand distant metastasis
in both groups. The cumulative incidence of locoregional recurrence at 8 years was
4.7% (95% CI3.0% to 7.0%) in patients who received no AST and 1.4% (95% C1 0.6% to
2.9%) in patients who received only ET [sub-distribution hazard ratio (SHR): 0.30; 95%
Cl1 0.14-0.66]. The cumulative incidence of CBC at 8 years was 4.6% (95% Cl 2.9% to
6.9%) in patients who received no AST and 1.5% (95% CI1 0.6% to 3.1%) in patients who
received only ET (SHR: 0.26; 95% CI 0.12-0.56). The cumulative incidence of distant
metastasis at 8 years was 3.9% (95% Cl 2.3% to 6.0%) in patients who received no AST
and 2.0% (95% CI 1.0% to 3.6%) in patients who received only ET (SHR: 0.48; 95% ClI
0.24-0.99). Figure 3 shows the outcome for BCFI, combining locoregional recurrence,
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CBC, distant metastasis and breast cancer-related death into one composite endpoint.
At 8 years, BCFl rates were 86.5% (95% CI 83.3% to 89.8%) in patients who received
no AST and 94.8% (95% C192.7% to 97.0%) in patients who received only ET [absolute
difference at 8 years: 8.3%, HR 0.37 (95% CI1 0.24-0.57)].
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Figure 2. Cumulative incidence of (A) locoregional recurrence, (B) contralateral breast cancer and
(C) distant metastasis for the no-AST and only-ET group.

AST, adjuvant systemic treatment; CBC, contralateral breast cancer; ET, endocrine therapy; LRR,
locoregional recurrence.
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Figure 3. Kaplan-Meier analysis of breast cancer-free interval (BCFI) stratified by adjuvant systemic
treatment (AST) received. Median follow-up was 8.6 years for this cohort. Estimates are reported at 8
years because at that time point there were still a sufficient number of patients at risk. Kaplan-Meier
curves are displayed until 10 years of follow-up due to the high level of censoring beyond this time
point. Shading around the curves shows 95% confidence intervals.
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Discussion

In this study, patients with ER+/HER2- N0 <2 cm tumors who received no AST had an
8-year DMFI rate of 94.8% which was 2.5% lower than that observed in a matched
group of patients who received ET. After a relatively short follow-up of 8 years, no
statistically significant difference was observed in 0S and BCSS between patients
who received no AST or only ET. According to PREDICT,'?'® the estimated benefit
of ET on OS and BCSS for the group of patients who received no AST was <2% up
to 15 years. However, the cumulative incidence of locoregional recurrences and
contralateral breast cancers at 8 years was ~3% higher in patients who received
no AST compared to patients who received ET, contributing to an 8.3% difference in
BCFl at 8 years when considering all breast cancer events together.

Breast cancer recurrences are understood to occur at a steady rate up to 20 years
after diagnosis in early-stage breast cancer patients with ER+ disease who were
treated with 5 years of ET.?* The Early Breast Cancer Trialists' Collaborative Group
(EBCTCG) overview demonstrated that among patients with NO tumors <2 cm, the
annual rate of distant metastasis or any breast cancer event was between 1% and
2% up to 20 years post diagnosis.24 The overview emphasizes the clinical problem
of late recurrences, specifically in ER+ breast cancer. This phenomenon should be

considered alongside any attempt to de-escalate treatment.

The follow-up in our study does not allow for conclusions about long-term
consequences of omitting ET altogether. However, if the occurrence of distant
metastasesisanearlierindicatorand surrogate for 0S, we can expecta continuation
of the trend we see for distant metastasisin ouranalysis.?> Severalstudiesin historic
cohorts have reported excellent long-term BCSS in subgroups of low-risk patients
with ER+/HER2- NO disease who received no AST. Although these cohorts were
limited in size (range 44-124 patients), these studies suggest an excellent long-
term survival without AST in a number of breast cancer patients.?¢%

Breast cancer patients with ER+/HER2- disease have lower rates of locoregional
recurrences compared with other subtypes,33% and patients with ER+ disease
treated with ET have lower rates of any breast cancer recurrence than patients who
receive no ET.34 In studies reporting on relatively similar subgroups of ER+/HER2-
patients asin our study, the cumulative incidence of locoregional recurrence ranges
from 0.8% to 2.2% at ~5 years®23%to 9% at 10 years in an older trial.*’

Studies from general breast cancer populations show that the cumulative incidence
of CBCisaround 0.4% peryear.®**3 Furthermore, multiple studies show that systemic
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therapies reduce the risk of CBC.33"%%In our study, we observed a higher cumulative
incidence of both locoregional recurrences and CBCs in patients who received no
AST. This is within the range mentioned for locoregional recurrence, but higher
for CBC. The incidence rates of both locoregional recurrence and CBC in patients
receiving ET in our study are somewhat lower than that reported in the literature.
This could be due to highercompliance to ET in this well-monitored prospective trial,
and the selectivity of patient populations in clinical trials. Nevertheless, this study
confirms that in addition to lowering the risk of progression to distant metastases,
ET also reduces the incidence of locoregional recurrences and contralateral
breast cancers in these low-risk patients. While locoregional recurrences and
contralateral breast cancers have a limited impact on survival compared to distant
metastases,®”“ treatment is required and this has a demonstrably negative impact
on most dimensions of health-related quality of life.*'

Studies on adjuvant ET in breast cancer show an effect of similar magnitude across
all subgroups with ER+ disease.® However, the impact of treatment on the relative
risk of progression or recurrence may not be as meaningful to an individual patient,
for whom the change in absolute risk is more relevant. This was reflected by the
very low estimated added benefit of ET according to PREDICT for the group of no
AST patients in our study. While patients derive limited benefit from ET, they are
exposed to its side-effects, which are often underestimated. The most frequent
side-effects of ET can be categorized into three groups: (i) vasomotor symptoms,
including hot flashes and night sweats are reported in 35%-40%; (ii) vulvo-vaginal
symptoms, including dyspareunia, vaginal dryness, vaginal bleeding and vaginal
discharge are reported in 20%-40%; and (iii) musculoskeletal symptoms, including
arthralgia and osteoporosis, leading to a higher incidence of bone fractures, are
reported in 30%-60%."" Rare but serious side-effects of ET include endometrial
cancer, venous thromboembolism and fractures and are reported in 0.5%-6% of
patients. Generally, higherincidences of toxicities are reported in patients receiving
aromatase inhibitors compared to tamoxifen, and the addition of ovarian function
suppression also increases symptoms.' Treatment with ET and its side-effects have
a considerable impact on the patients’ quality of life, when compared with patients
who receive no ET, contributing to poor adherence.”''4243 |n patients with a very low
risk of distant recurrence and a limited expected benefit of ET, the benefits of the
treatment may not outweigh its harms. Ultimately, it is the decision of the patient
who, after being informed on the risks and the expected clinical benefit of the
considered treatments as well as their harms, should decide whether the benefits
outweigh the harms and if the risk without treatment is acceptable.
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The follow-up time in this study is not long enough for a complete assessment of
DMFI, 0S and BCSS, and is a limitation in evaluating this group of women with low-
risk breast cancer. However, we circumvent the ethical constraints of long-term
trials randomizing patients to ET or no AST. Using propensity score matching to
selecta control group of patientsreceiving ET is the best possible approach for such
an analysis. There is an imbalance in the country of enrolment between patients in
both groups, due to differences in national treatment guidelines, but as expected
there was no difference in survival based on country (data not shown). There
is also an imbalance in tumor size between both groups, with larger tumors (1-2
cm) in patients receiving ET. However, we observed no differences in DMFI based
on tumor size in both groups. DMFI was chosen as the primary endpoint for this
analysis as this was the only endpoint prespecified in the MINDACT protocol that
included only breast cancer-related events. However, DMFI does not include other
breast cancer-related events that are important for the evaluation of ET, which is a
limitation. Therefore, the incidence of locoregional recurrences and contralateral
breast cancers was evaluated separately, and included in the exploratory BCFI
composite endpoint, to assess all breast cancer-related events and the impact
of ET. As these were post hoc analyses, we had limited power, but the number of
patients in our study is larger than in the historic cohorts reporting on populations
who did not receive AST and represents outcomes for a cohort treated according to

contemporary guidelines.

In conclusion, with 8.7 years median follow-up, a subgroup of patients with stage |
ER+/HER2-, low-risk breast cancer who received no AST had a good 8-year DMFI
rate, although a slightly better outcome and lower rates of locoregional recurrence
and contralateral breast cancer were observed in patients who received ET.
Considering the natural history of ER+/HER2-breast cancer and the projected long-
termsurvivaleffectsof ET, the observed effect ofadjuvantET aswellthe side-effects
should be discussed with patients even at a very low risk of distant metastasis.
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Table 1. Patient and tumor characteristic for patients who received no AST and the matched*
group of patients who received only ET.

No AST Only ET
(n=509) (n=509) p-value’
N (%) N (%)
Age (years)*
<35 4(1%) 8 (2%) 0.053
35-50 120 (24%) 116 (23%)
50-70 385 (76%) 379 (75%)
270 0 6(1%)
Genomic risk’
Low risk 484 (95%) 484 (95%)
High risk 25 (5%) 25 (5%)
Clinical risk
Low risk 508 (99.8%) 504 (99%) 02
High risk 1(0.2%) 5 (1%)
Risk category*
C-Low/G-Low 483 (95%) 479 (94%) 03
C-Low/G-High 25 (5%) 25 (5%)
C-High/G-Low 1(0.2%) 5(1%)
Type of breast surgery
Breast conserving surgery 424 (83%) 474 (93%) <0.0001
Mastectomy 85 (17%) 35 (7%)
Type of axillary surgery
ALND 25 (5%) 70 (14%) <0.0001
SLNB 484 (95%) 439 (86%)
Tumor size
<lem 219 (43%) 131(26%) <0.0001
1-2¢m 290 (57%) 378 (74%)
Lymph node status
Negative 509 (100%) 509 (100%)
Tumor type
Ductal 414 (82%) 423 (83%) 05
Lobular 46 (9%) 50 (10%)
Mixed 32 (6%) 21 (4%)
Other 17 (3%) 15 (3%)
Tumor grade*
1 329 (65%) 329 (65%)
2 172 (34%) 172 (34%)
3 7(1%) 7(1%)

Undefined 1(0.2%) 1(0.2%)
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No AST Only ET
(n=509) (n=509) p-value’
N (%) N (%)
ER status
Positive 509 (100%) 509 (100%)
PR status
Positive 423 (83%) 457 (90%) 0.003
Negative 80 (16%) 49 (10%)
Unknown 6(1%) 3(0.6%)
HER2 status
Negative 509 (100%) 509 (100%)
Country <0.0001
Netherlands 443 (87%) 62 (12%)
Other¥ 66 (13%) 447 (88%)
Planned duration of ET
7 years 264 (52%)
5 years 245 (48%)

All patients had tumors that were HR+/HER2-, <2cm and were lymph node negative.

*Patients were matched based on genomic risk (low risk vs high risk), age (<50 vs >50) and tumor
grade, comparisons of proportions were not applicable.

SChi-square test or Fisher's Exact Test. *Risk category based on clinical and genomic risk. ¥Other
countries included Belgium, France, Germany, ltaly, Slovenia and Spain. Merged to maintain patient
anonymity.

ALND= axillary lymph node dissection; AST=adjuvant systemic treatment; C-High= clinical high risk;
C-Low=clinical low risk; ER=estrogen receptor; ET= endocrine therapy; G-High= genomic high risk;
G-Low= genomic low risk; HER2= Human Epidermal growth factor Receptor 2; PR= progesterone
receptor; SLNB=sentinel lymph node biopsy
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Supplementary materials

Supplementary Methods
Additional detail on the definition of endpoints:

The definition of all endpoints are as described in the MINDACT protocol':

Distant metastasis free interval (DMFI) was the primary endpoint for this study,
defined as the time until first distant metastasis or breast cancer related death
(deaths due to progressive disease or treatment toxicity). Patients with unknown
cause of death were also considered to have had an DMFI event. Patients with
another cause of death (cardiovascular disease, other chronic disease, second
primary cancer or other) were censored at their death date.

Distant metastasis free survival (DMFS) was defined as the time until first distant
metastatic recurrence or death from any cause. Contralateral breast cancer and
secondary cancers were not taken into account as events.

Overall survival (0S) was defined as the time until death from any cause.

Disease-free survival (DFS) was defined as the time until first disease progression

(loco-regional and distant recurrences, ipsilateral or contralateral invasive breast
cancerorductalcarcinomainsituand invasive second primary cancer (non-breast))
or death from any cause.

Breast cancer-specific survival (BCSS) was defined as the time until breast cancer
related death (deaths due to progressive disease or treatment toxicity).

Anexploratoryendpointwas compiledspecifically forthisstudy,and wasnotincluded
inthe MINDACT protocol. For this endpoint the STEEP criteria were followed?:

Breastcancerfreeinterval (BCFI) wasdefinedasthe timeto firstdistant metastasis,
locoregionalrecurrence, contralateral breast cancer or breast cancerrelated death.

Data for patients who had no event at the cutoff date were censored at the time of
last disease assessment for distant metastasis free interval, distant metastasis free
survival, disease-free survivaland breast cancer free interval and at the last follow-
up date for overall survival and breast cancer- specific survival. Patients who died
more than 2 years after their last disease assessment were censored at the date of
last disease assessment.
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Additional detail on propensity score matching:

We conducted 1:1 nearest neighbor matching without replacement on a propensity
score estimated using a logistic regression of the treatment on the covariates,
using "exact” matching of specified variables, and with random order of matching.
Specifically, the propensity score was estimated using a generalized linear model
with alogitlink, with binary treatment (no adjuvantsystemic treatmentvs. endocrine
therapy) as the outcome, and age (<50 vs >50), genomic risk according to the 70-
gene signature (low risk vs high risk) and tumor grade as covariates. Exact matching
on the same covariates listed above was used in combination with propensity score
matching to ensure that doubly robust estimators were derived, which assists in
model efficiency. As we pre-selected patients with tumors <2cm, we did not further
match on exacttumorsizetoincrease the numberof possible matches. Patients were
not matched on country as this resulted in a 50% reduction of matched patients, and
survival was not different between countries. Exact matching and propensity score
calculation was performed using the "Matchlt” package (Ho, Imai, King, & Stuart,
2011) inR.



Table S1. Summary of all endpoints for no adjuvant systemic treatment and only endocrine

Outcome without any adjuvant systemic treatment in stage | 209

therapy groups
. AST . % at 5 years % at 8 years HR only ET vs no AST
Endpoint  ceiveg  Fatients(N)  Events (0) (95% C1) (95% C1) (95% C1)
No AST 509 29 97.9%(96.699.2)  94.8% (92.7-96.9) 056
Only ET 509 16 98.4%(97.2-995)  97.3% (95.8-98.8) (0.30-1.03)
No AST 509 46 96.8%(95.3-98.4)  92.5% (90.1-95.0) 073
DMFS (0 46-1 13)
Only ET 509 3 97.0%(95.4-985)  94.8% (92.7-96.8) Aol
No AST 509 3 97.9%(96.7-99.2)  95.4%(935-97.4)
o5 0.86
Only ET 509 2 97.8%(965-99.1)  956%(938-975  (093141)
s NoT 509 114 88.4%(85.691.3)  80.3% (76.7-84.1) 054
Only ET 509 65 93.9%(91.8-96.0)  89.3% (86.4-92.2) (0.40-0.73)
No AST 509 10 99.8%(99.4-100)  99.1%(98.2-100) 0.58
BCSS (020-1.69)
Only ET 509 5 99.6%(99.0-100)  99.4% (98.6-100) 201
No AST 509 7 92.7%(90.4-95.0)  86.5% (83.3-89.8) 037
BCFI (024-057)
Only ET 509 30 97.7%(96.4-99.1)  94.8% (92.7-97.0) 240

AST: adjuvant systemic treatment; BCFI: breast cancer free interval; BCSS: breast cancer-specific
survival; DFS: disease-free survival; DMFI: distant metastasis free interval; DMFS: distant metastasis

free survival; ET: endocrine therapy; HR: hazard ratio; OS: overall survival.

Table S2. Estimated 0S and BCSS and added benefit of ET according to PREDICT for the no

adjuvant systemic treatment group

Survival estimates PREDICT, surgery only

Added benefit ET PREDICT

Endpoint (95% C1) (95%% C1)
5years 95.7% (95.5-95.8) 0.46% (0.44-0.48)
8years* 91.6% (91.3-91.9) 0.86% (0.82-0.91)

08 10years 88.5% (88.1-88.9) 1.12% (1.07-1.17)
15years 80.0% (79.3-80.8) 1.65% (1.57-1.73)
5years 98.5% (98.5-98.6) 0.46% (0.44-0.48)

BCSS 8years* 97.2%(97.0-97.3) 0.86% (0.82-0.91)
10years 96.2% (96.0-96.4) 1.12% (1.07-1.17)
15 years 94.1% (93.8-94.3) 1.65% (1.57-1.73)

*The estimates are also provided at 8 years as this was the chosen endpoint for survival analyses in

this study. BCSS=breast cancer-specific survival; ET=endocrine therapy; OS=overall survival
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Figure S1. Kaplan Meier analysis of distant metastasis free interval fora.no AST group and b. only ET
group, stratified by tumor size
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Median follow-up was 8.6 years for this cohort. Estimates are shown at 8 years because at that time
point there were still a sufficient number of patients at risk. Kaplan-Meier curves are displayed until
10 years of follow-up due to the high level of censoring beyond this time point.
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Highlights

e |Interval cancer rate is an important quality parameter for breast cancer
screening.

e Al canaccurately detectand localize interval cancers on prior screening exams.

* Morebreastcancerscanbedetected atscreening withoutinducing higherrecall.

e Some histopathological characteristics may influence likelihood of detection.

Abstract

Purpose

To demonstrate that artificial intelligence (Al) can detect and correctly localise
retrospectively visible cancers that were missed and diagnosed as interval cancers
(false negative (FN) and minimal signs (MS) interval cancers), and to characterise
Al performance on non-visible occult and true interval cancers.

Method

Prior screening mammograms from N = 2,396 women diagnosed with interval
breast cancer between March 2006 and May 2018 in north-western Germany were
analysed with an Al system, producing a model score for all studies. All included
studies previously underwent independent radiological review at a mammography
reference centre to confirminterval cancer classification. Model score distributions
were visualised with histograms. We computed the proportion and accompanying
95% confidence intervals (Cl) of retrospectively visible and true interval cancers
detected and correctly localised by Al at different operating points representing
recall rates < 3%. Clinicopathological characteristics of retrospectively visible
cancers detected by Al and not were compared using the Chi-squared test and
binary logistic regression.

Results

Following radiological review, 15.6% of the interval cancer cases were categorised
as FN, 19.5% MS, 11.4% occult, and 53.4% true interval cancers. At an operating
point of 99.0% specificity, Al could detect and correctly localise 27.5% (95%
Cl: 23.3-32.3%), and 12.2% (95% Cl: 9.5-15.5%) of the FN and MS cases on the
prior mammogram, respectively. 228 of these retrospectively visible cases were
advanced/metastatic at diagnosis; 21.1% (95% Cl: 16.3-26.8%) were found by Al
on the screening mammogram. Increased likelihood of detection of retrospectively
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visible cancers with Al was observed for lower-grade carcinomas and those with
involved lymph nodes at diagnosis. Among true interval cancers, Al could detect and
correctly localise in the screening mammogram where subsequent malignancies
would appearin 2.8% (95% Cl: 2.0-3.9%) of cases.

Conclusions

Al can support radiologists by detecting a greater number of carcinomas,
subsequently decreasing the interval cancer rate and the number of advanced and
metastatic cancers.
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Introduction

Background

Among women participating in breast cancer screening, a proportion of breast
cancers will be clinically detected and diagnosed in the interval between screening
rounds due to the onset of clinical symptoms following a prior normal screening
round.’ Some of these cancers are retrospectively visible on the prior screening
images. Approximately 20-25% of interval cancers are classified as minimal signs,
and a further 20-25% are considered missed as false negatives."® The European
Guidelines for Quality Assurance in Breast Cancer Screening and Diagnosis (EUREF)
have objective criteriafordefiningminimalsignsandfalse negativeintervalcancers.’
The latter are clearly visible abnormalities warranting assessment, whereas the
formerare a possible subtle abnormality on screening mammography, which may or
may not warrant further assessment. Other interval cancers are occult, not visible
onmammography atscreening or diagnosis butare symptomaticand possibly visible
with other imaging modalities (e.g. ultrasound) at diagnosis. Finally, true interval
cancers are not visible at all on the prior normal mammogram. These make up the
majority of cases clinically diagnosed between screening intervals.'?

Intervalcancers are generally understood to have poorer prognostic characteristics
and are related to poorer breast cancer specific mortality outcomes compared
to screen-detected cancers.®® As such, the interval cancer rate is an important
surrogate parameter for evaluating the quality and effectiveness of organised
population-based screening programs, as outlined by EUREF." Using information on
interval cancers, program sensitivity can be calculated as the proportion of screen-
detected breast cancers, among all cancers occurring in screening participants
within a defined period of time.' The denominator effectively includes all interval
cancers in addition to screen-detected cancers.

The introduction of artificial intelligence (Al) can possibly improve program
sensitivity, but this requires an evaluation of its performance on interval cancers
to determine if Al can detect cancers that would otherwise be overlooked or missed
by radiologists during screening. To date, performance of different Al systems on
datasets composed exclusively of interval cancers has been evaluated using small
retrospective series in Germany (N =29) and Sweden (N = 429), and more recently
alarger cohort from the Netherlands (N =666)."" In some cases, performance was
evaluated using thresholds corresponding torecall rates from 5% to 10%, exceeding
what is acceptable in clinical practice under European guidelines.
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Giventhe poorprognosisof manyintervalcancersatdiagnosis, understanding which
breast cancer histopathological characteristics may lend themselves to increased
likelihood of detection with Al at screening remains an important undertaking.
Therefore, evaluation of Al performance on a larger cohort of interval cancer cases
with detailed clinicopathological information, using thresholds relevant to clinical
practice is warranted.

Objectives

Using a representative dataset of interval cancers diagnosed between 2006 and
2018, the primary objective of the study is to understand the performance of Al on
the screening studies prior to the interval cancer diagnosis. We assessed whether
Al can detect retrospectively visible cancers that are clinically diagnosed in the
interval between screening rounds (false negatives and minimal signs), showing a
potential of Al to prevent interval cancers before they occur. The analysis included
characterising and comparing the cancers that are detected by Al and those not,
as well as verifying whether the Al localised the correct region within the false
negative and minimal signs cases. Furthermore, we characterised Al performance
on occult and true interval cancers, to determine if an increased model score (i.e.
indication of suspiciousness) can be produced for some studies, and to determine
if Al could accurately indicate where on the screening image a true interval breast

cancer would later develop.

Materials and methods

Data sources

An anonymised interval cancer dataset was provided by the Mammography Reference
Centre North (Referenzzentrum Mammographie Nord) in Oldenburg, Germany for this
study. The dataset consists of mammography studies from women attending biennial
breast cancer screening at 7 screening units in the German federal state of Lower
Saxony between January 2006 to February 2017, who had an interval cancer diagnosis
between March 2006 and May 2018. The dataset contains images from the screening
examination prior to the clinical diagnosis of the interval cancer, corresponding
diagnostic images, and meta-data on clinicopathological characteristics of the
diagnosed cancer. Data on interval cancers from screening units and the local cancer
registry were transferred to the reference centre for the determination of interval
cancer rates, in accordance with currently valid legal provisions and the procedure
specified in the official Cancer Registration Act (Landeskrebsregistergesetz) in Lower
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Saxony. Ethics approval for this study was granted by the ethics committee of the
Medical Association of Lower Saxony under Bo/60/2021.

Interval cancer radiological review

The Mammography Reference Centre North is one of 5 regionalreference centresin
Germany providingradiologicalreview as partof the quality assurance requirements
for the national mammography screening program.’? Under the German cancer
screening guidelines, evaluation of the mammography screening program requires
determination of the interval cancer rate. Interval cancers are defined as cancers
clinically diagnosed in the 24 month period following a normal breast screening,
before the next scheduled screening round.'? All screening units are linked to the
local cancer registry to collect information about interval cancer cases. These are
further classified according to EUREF guidelines into the following categories: false
negative, minimal signs, occult, and true interval.” Additional criteria are applied
to true interval cancers. While some are completely non-visible at screening,
others may be considered stable breast lesions, benign on previous biopsy, without
observable changes over a prolonged period. All interval cancer cases without
available mammograms at the point of diagnosis are classified as “unclassifiable".

All interval cancer cases, including accompanying screening and diagnostic
mammogramsand documentationrequiredforclassification,aresentfromthescreening
unit to a regional reference centre, where a random sample of 10 cases per year are
selected for radiological review. The review is carried out as an individual evaluation
by at least three doctors, including the head of reference centre, the deputy head of
the reference centre, and 1-2 qualified radiologists. Review is a two-stage process:
(1) blinded diagnosis, a preliminary assessment based on screening mammograms
and any prior images; followed by a (2) findings-oriented diagnosis, whereby the
final assessment and classification is made using the diagnostic mammograms and
documentation, in addition to screening documentation. The results of the review,
including any deviations from the original classification, are assessed annually in a
professional discussion between the screening unit and the reference centre.

Participants

We included studies from the Mammography Reference Centre North's radiological
review of women with an interval cancer diagnosis who were participating in
biennial breast cancerscreening at one of the screening units in the catchment area,
operatingunderthe German nationalbreastcancerscreeningprogram. Women were
ages 50-69 at the time of screening, with an interval cancer diagnosis confirmed by
biopsy and reported in the cancer registry. Interval cancer review and classification
must have been confirmed by the reference centre, with adiagnosis occurring within
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24 months after a normal screening mammogram and before the next scheduled
mammogram. Cases were excluded if they had not been assessed according to
EUREF and did notreceive anaccompanying classification of false negative, minimal
signs, occult, ortrue interval cancer. We further excluded cases with diagnosis dates
within 3 months of screening, or those with incomplete screening records, missing
prior screening images, or without an interval cancer diagnosis date. Only cases for
which allimaging studies from screening are available, comprising the four standard
views (bilateral craniocaudal and mediolateral oblique) were included.

Variables

Tocharacterise theintervalcancersaccordingto clinicopathological characteristics,
dataonageatscreening, classification of breastdensity based onthe mammographic
appearance of the tissue according to the American College of Radiology Breast
Imaging Reporting and Data System (ACR BI-RADS) Atlas," hormone receptor (HR)
status (including oestrogen and progesterone receptor status), HER2neu status,
tumour size, lymph node (LN) status, distant metastasis at diagnosis, grade and
Ki-67 proliferation rate were extracted from the cancer registry datafiles by the
reference centre and provided for this study. Information on laterality and subsite
descriptors of the position of the lesion in the breast were also included.

Image analysis

All available full-field digital mammography images obtained from the prior

screening round were analysed with a commercially available Al system (Vara 1.0.7).
For each study, the model outputs a floating point exam-level model score ranging
from 0.0 to 1.0, with higher scores corresponding to increased suspiciousness for
cancer. For Al to make a distinct decision about whether a case is positive (should
be considered for recall) or negative (no follow-up), a threshold to split positive
and negative classes at a given model score is necessary. Accordingly, a cancer is
considered detected when its accompanying prediction score is above the threshold.
To determine a threshold, we used a separate threshold setting dataset of 20,000
follow-up-proven negative cases from the German screening system. The threshold
was chosen to deliver a specificity of 99.0% of the Al system on this separate dataset.
Aspecificity of 99% was chosen deliberately to configure the algorithm to have amuch
smaller false positive rate (1%) than a typical European double-reader screening
system (~4%),'>'* and to illustrate the potential of Al to already prevent a substantial
proportion of interval cancers at this operating specificity. Further details of the
threshold setting procedure are described in the Supplementary Appendix.

The Al also produces a single corresponding localization marker per exam (Fig. 1).
To determine if the Al system detected a retrospectively visible interval cancer and
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correctly localised it within the image, all false negative and minimal signs cases
detected by the Al at 99.0% specificity underwent localization review by a radiologist
with 10 years of experience reading breastimages. Though true interval cancers may
have nolesionortissue changevisible tothe humaneyeatscreening, the same exercise
was undertaken for the true interval cancer cases which yielded scores above the
threshold to assess the potential of Al to identify the area of the breast in which a true
interval cancer later develops. The radiologist was provided with the screening study,
the localization markers by the Al'in the screening study, the diagnostic mammograms
from diagnosis and the localization information (laterality and subsite descriptors of
the position of the lesion in the breast) provided by the reference centre (Fig. 1), and
was asked to assess whether the Al localised the correct region.

Screening
LEFT - CC Al localization

Screening
LEFT - MLO

Al localization

Figure 1. Localisation procedure used to verify correct localisations for cases above the threshold.
Images presented to the radiologist for assessing the correct localisation. The leftmost panel shows the
original screening images, only showing the laterality where the cancer was detected later. The middle
panelshows the screeningimages overlaid with the Al's localisation in the form of one rectangle marker
per case. The rightmost panel shows the diagnostic images from the point of diagnosis. The localisation
of the cancer (written above the diagnostic images) was determined blinded beforehand, during the
blinded independent radiological review in the reference centre. This localisation happened before and
independently from the assessment by Al. During our localisation check, the radiologist's task was to
assess whether the Al's localisation and the localisation from the reference centre correspond to the
same lesion.
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Statistical methods

To illustrate the scope of different algorithm operating points, we assess the
algorithm'’s sensitivity over a set of high specificities (>90%). Performance on
sensitivity is stratified according to interval cancer classification (false negative,
minimal signs, occult, true interval).

We report the proportions of retrospectively visible (false negative and minimal
signs) interval cancer studies identified as suspicious by the algorithm at the
different exemplary specificity values (97.0-99.5%). The proportion of false
negative, minimal signs, and true interval cases correctly localised at the exemplary
operating point (99.0%) is also reported. As advanced breast canceris an important
endpoint for evaluating breast cancer screening effectiveness, we separately
computed the proportion of retrospectively visible cancers detected by Al that
were locally advanced (T2NT1MO; any T3 and T4; any N2N3MO0) and metastatic
(M1) at diagnosis. Wilson score intervals are used to compute accompanying 95%
confidence intervals (Cl) for the reported proportions.

We compared the clinicopathological characteristics of retrospectively visible
cancers detected by Al and those not using the Chi-square test, and univariate and
multivariable binary logistic regression. The models included covariates for age at
screening, ACR breast density classification, HR status, HERZneu status, tumour
size, LN status, distant metastasis at diagnosis, grade, and Ki-67.

To assess and compare the model score distributions for false negatives, minimal
signs, occult and true interval cancers, we discretised scores into ten equal-width
bins and visualised their distributions with relative frequency histograms. Model
score distributions for cancers not visible on the prior mammogram (occult and
true interval) were also compared to score distributions derived from the 20,000
negative cases used for threshold setting.

Results

Cohort summary

Data from N = 6,261 women diagnosed with interval breast cancers were provided
(Fig.2). Afterexclusion based on the prespecified diagnosisintervaland information
missingatrandom, the finalcohortresultedin N=2,396 women withintervalcancers
diagnosed 3-24 months after their biennial screening appointment. Interval cancer
diagnoses occurred between October 2006 and March 2018. Radiological review
conducted atthe Mammography Reference Centre North classified the diagnoses as



222 | Chapter8

follows: 374 (15.6%) were false negative, 468 (19.5%) minimal signs, 274 (11.4%)
were occult, and 1,280 (53.4%) were true interval cancers. Patient and tumour-
specific characteristics are listed in Table 1. Median age at screening was 60 years
old (range 50-69). Based on the available information from the cancer registry,
4.4% of the cases were in situ lesions, 26.9% were locally advanced invasive
carcinomas (>stage IIB) or metastasized at diagnosis. Cancers were predominantly
intermediate and high grade (lI/111).

Interval cancer dataset
Assessed for eligibility (n=6,261)

Excluded (n=3,865)

» Nointerval cancer classification by reference center (n=2,985)
» Interval after screening unknown or less than 3 months (n=47)

Screening information incomplete (n=12)
Prior images not available or could not be processed (n=821)

Analysis dataset (n=2,396)

374 False Negative (15.6 %)

468 Minimal Signs (19.5 %)
« 1,280 True Interval (53.4 %)
e 274 0ccult (11.4%)

Figure 2. Flow diagram of initial number of interval cancer cases and those excluded for any reason.

Detection of interval cancers by Al

Performance of Al on detecting interval cancers across different possible specificity
valuesareshowninFig. 3. Thealgorithm performedbestindetectingretrospectively
visible cancers, i.e. false negative and minimal signs cases on the prior screening
mammogram. A small proportion of occult and true interval cancers were flagged
as suspicious by the system.

Detection and localisation of retrospectively visible cancers by Al

At an operating point of 99.0% specificity, Al could detect 30.2% (113/374; 95% ClI:
25.8-35.0%) of the false negative cases, and 13.7% (64/468; 95% CI: 10.9-17.1%)
of the minimal signs cases (Table 2). With decreasing specificity and corresponding
increasing sensitivity, Al could detect larger proportions of retrospectively visible
cancers.
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Figure 3. Performance of Al on interval cancers (N =2,396). Performance of Al on detecting interval
cancers by type. Different possible specificity values based on the threshold setting dataset are
represented by vertical lines. Methods for threshold setting are described in the Supplementary
Appendix.

Al demonstrated strong localization performance on most detected false negative
and minimal signs cases, with 91.2% and 89.1% accuracy, respectively. This
corresponds to a potential reduction of false negative and minimal signs interval
cancers by 27.5% (103/374; 95% Cl 23.3-32.3%) and 12.2% (57/468; 95% CI 9.5~
15.5%), respectively. Among these cancers, 228/842 were locally advanced or
metastatic at diagnosis. Al could detect and correctly localise 21.1% (48/228; 95%
Cl 16.3-26.6%) of these cases. Examples of false negative interval cancer cases
with correct and incorrect Al localisations are provided in Fig. 4, Fig. 5.



224 | Chapter 8

Diagnostic

Figure 4. Example of a correctly localised false negative interval cancer on the screening
mammography. False negative interval cancer detected by Al and correctly localised with Al marker
in the left MLO view of the screening mammography. 68-years old at screening, diagnosed with an
interval cancer 20-months post-screening. Grade 3, T2N2aM0 invasive ductal carcinoma.
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Diagnostic

Figure 5. Example of an incorrectly localised false negative interval cancer on the screening
mammography. False negative interval cancer detected by Al but incorrectly localised with Al marker
onleft CCview. 61-yearsold atscreening, diagnosed with interval cancer 22-months post-screening.
Grade 3, T1cN2aMO0 invasive ductal carcinoma.




226 | Chapter8

Correct localisation of true interval breast cancer on prior image

Upon the localisation check, the radiologist determined that Al could detect and
correctly localise where the subsequent interval cancer would be diagnosed on
the screening image with an accuracy of 63% (36 of 57 studies with heightened
suspiciousness scores). This corresponds to 2.8% (36/1,280; 95% CI 2.0-3.9%) of
all true interval studies in the cohort.

Factors associated with detection by Al

Across all clinicopathological characteristics of the retrospectively visible cancers,
no statistically significant differences were observed between the cancers detected
by Al and those not, with the exception of high grade tumours: compared to low
grade, there was a lower likelihood of detecting high grade tumours with Al (OR
0.42, 95% Cl: 0.21-0.85) (Table 3). When controlling for all tumour characteristics
simultaneously in the multivariable analyses (Table 4), this was particularly
pronounced among false negative cancers (OR 0.33, 95% Cl: 0.12-0.88), and
cancers diagnosed in the 12-24 month period after screening (OR 0.31, 95% Cl:
0.12-0.78). There was a trend towards better detection with Al in older age groups
> 55, compared to ages 50-54. Increased likelihood of detection with Al was also
observed for carcinomas with involved lymph nodes at diagnosis compared to lymph
node negative carcinomas (LNTvs. LNO, OR 1.67 [95% Cl: 1.10-2.54]; LN2 +vs. LNQ,
OR1.16 [95% CI: 0.63-2.06]).

Distribution of model scores by interval cancer type

Fig. 6 shows the distribution of model scores by interval cancer classification. False
negative cases show a clear left-skewed distribution, an indication of a higher
percentage of cases with high model scores. Occult and true interval cancers show
a right-skewed distribution, indicating a higher percentage of lower model scores.
Scores of minimal signs cases tend more towards a uniform distribution. Fig. 7
shows that while both true intervals as well as occult cases have no visual signs of
malignancy (visible to the human eye on mammography) at the point of screening,
they still tend to yield an increased model score compared to a background
population of screening negatives.
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Figure 6. Distribution of model scores by interval cancer classification. Distribution of Almodel scores
derived from screening mammograms for true interval, occult, minimal signs, and false negative
interval cancer cases. Higher scores correspond to increased suspiciousness for cancer. The vertical
line at 0.2 represents a possible threshold to automatically classify a subset of non-visible cancers
during radiologic review, potentially reducing manual classification workload for screening program
quality assurance. The vertical line at 0.9 represents a possible threshold to provide an estimation of
the underlying false negative rate among interval cancers during radiologic review, as one-fifth of
false negatives score above this threshold.
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Figure 7. Comparison of distribution of Al model scores for occult and true interval cancers vs.
normal cases with proven follow-up. The distribution of Al model scores derived from screening
mammograms for true intervals and occult cases are compared to scores for follow-up proven normal
(screening negatives) studies. Despite having no visible signs of cancer at the point of screening, true
interval and occult cases yield anincreased model score compared to normal studies.
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Discussion

With the use of Al in screening, there is potential to improve upon program
sensitivity by effectively increasing the number of screen-detected cancers that
would have otherwise been missed by the radiologist. Using an Al system trained
entirely on screen-detected cancers, we evaluated performance on a large cohort
of N=2,396 interval breast cancers. Al could potentially reduce the number of false
negatives subsequently diagnosed as interval cancers by up to 27.5% based on an Al
specificity of 99.0%, corresponding to a recall rate of approximately 1%. Among all
retrospectively visible cancers, including minimal signs, the algorithm could detect
21.0% (177/842), and correctly localise 160/177 of cases detected at this threshold.

These findings outperform other Al systems evaluated on interval cancer datasets
of composed of false negative and minimal signs cases.”'" For example, at a similar
threshold (corresponding recall rate of ~ 1%), the Al algorithm reported by Lang et
al. could detect and correctly localise 11.8% of retrospectively visible cancers.™ In
all studies, decreasing the Al's operating specificity would result in more cancers
detected, but authors also concluded that this was only possible at the cost of
unacceptably high recall of women for further investigation. Using the same Al
algorithmreported by Langetal. butsetatalowerspecificity of 97.5%, Wanders et al.
evaluated performance on a different cohort of false negative cases. The algorithm
could produce a heightened model score for 129 of 666 cases (19.4%), compared to
35.6-40.6% FNs detected by this Al at similar thresholds." The Wanders et al. study
did notinclude a comprehensive check for Al localisation accuracy, but noted cases

could undergo direct additional examination or imaging.

Our findings of performance across all interval cancers, including true interval
and occult cancers, demonstrates that Al is also able to produce high model scores
for studies where no suspicious malignancy is discernible at screening. Previous
CAD studies have emphasised the importance of analysing prior mammograms,
hypothesising that screening mammograms obtained prior to interval cancer
diagnosis could contain subtle signs of abnormality.’'¢ For example, an early sign
of breast cancer is architectural distortion, characterised by subtle contraction of
the breast tissue.'”’ Among the screening images which Al flagged as suspicious
and later had a true interval breast cancer diagnosis, Al could accurately indicate
where on the image a malignant lesion would later develop in 2.8% of the cases.
The present findings of heightened suspiciousness scores for non-retrospectively
visible tumours might have important implications for understanding radiological
features and underlying biological mechanisms of true interval and occult cancers,
and should be explored further.
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While Al findings on non-visible cancers may not yet be clinically actionable at
the point of screening, they do provide an indication for increased surveillance.
Dembrower et al. have suggested that studies with the highest Al scores deemed
normal by both readers in a double-reader setting should undergo an enhanced
assessment with supplementary imaging.” Another proposed approach is an Al
model based on short-term risk prediction to enhance early detection for women
deemed to be at high risk of a cancer diagnosis within 5 years.? Qur findings
could similarly be used to necessitate shorter intervals between screening, or use
of supplemental imaging for selected women. This would be subject to further
validation, as we cannot at present directly suggest that all screening exams with
high suspiciousness as indicated by Al be recalled immediately. While we could not
directly assess the number of additional false positives that could be induced by
introducing Al, we limited our assessment to capture the range of acceptable recall
rates as outlined in EUREF.! The choice of 99% specificity was intended to illustrate
that the algorithm's specificity should operate above the screening program'’s
specificity in order to limit a possibly detrimental impact on false positive rates.
An assessment of the best specificity for prospective clinical use would require
a simulation also taking into account sensitivity on screen-detected cancers, in
order to assess the sensitivity-specificity trade-off on a representative screening
population given an actual point of integration into the screening workflow. This is
outside the scope and data available in this study, but is the subject of future work.

We evaluated the prognostic tumour characteristics of the interval cancers detected
by Al, with special emphasis on features used to predict subsequent mortality
from breast cancer.?’ Among the retrospectively visible cancers, 27.1% were at an
advanced or metastatic stage at diagnosis, 21.1% of which could be detected by Al
and localised at the exemplary operating point. Earlier detection of these cancers
represents an important opportunity to improve long-term disease-specific
outcomes.® With the exception of grade Il tumours, there were no statistically
significant differences observed between the cancers detected by Al and those not.
Thisis confirmation that Al does not perform betteror worse on certain breast cancer
histopathological characteristics. However, long-term follow-up information was
notavailable forthe womeninthis cohort. Thisinformation would allow fora broader
conclusion to be made about the use of Al to improve breast cancer screening
sensitivity, as advanced breast cancer detection and breast cancer-specific survival
are important endpoints for evaluating breast cancer screening effectiveness.

There is also potential for Al to be used as a tool during radiological review to
automate classification of a subset of interval cancers. Until Al is able to redefine
categorization of interval breast cancers in practice, this could help radiologists
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with mandatory quality assurance work in organised breast cancer screening
programmes. Using findings in Fig. 6 as an example, a low threshold of 0.2 can be
used to automatically classify non-visible cancers. 47.08% of occult and 47.73% of
true interval cancers could be classified correctly at the cost of classifying 20.86%
of false negatives incorrectly. Alternatively, a high threshold of 0.9 could be used to
find false negatives automatically and provide an estimation of the underlying false
negative rate among interval cancers. In that case, 19.52% of false negatives could
be detected correctly, while misclassifying 2.81%/2.19% of true intervals/occult
cases, respectively. Given the large volume of interval cancers to assess, subjective
nature of mammography interpretation and inter-observer variability, such a tool
can provide up-to-date and accurate metrics evaluating radiologist performance
within the screening program.

The evidence from this study suggests that Al can serve an important role in breast
cancer screening. Al can accurately detect a proportion of cancers that would
otherwise be missed by screening radiologists and subsequently diagnosed in the
interval between screening rounds. We have demonstrated that this use of Al can
decrease the interval cancer rate and thus improve overall program sensitivity.
Our findings were based on an Al algorithm trained exclusively on screen-detected
cancers and negatives with proven follow-up. With further exposure to data on
interval cancers, future work will focus on enhancing the algorithm's sensitivity and
discriminative ability.
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Table 1. Cohort and tumour characteristics (N=2,396)

Frequency N (%)
Interval cancer classification
False negative 374 (15.6 %)
Minimal signs 468 (19.5 %)
Mammographically occult 274 (11.4%)
True interval 1,280 (53.4 %)
Median age in years, IOR 60 (50-69)
Age group at screening
50-54 642 (26.8 %)
55-59 543 (22.7 %)
60-64 569 (23.7 %)
65-69 640(26.7 %)
Unknown 2(0.1%)
Time interval between screening and diagnosis
3-12 months 787 (32.8 %)
13-24 months 1,609 (67.2 %)
ACR breast density
| 222 (9.3 %)
Il 1,085 (45.3 %)
Ml 751 (31.3 %)
v 166 (6.9 %)
Unknown 172 (7.2 %)
Hormone receptor status (oestrogen receptor and/or progesterone receptor)
Positive 1,506 (62.9 %)
Negative 383 (16.0%)
Not determined/unknown 507 (21.1%)
HER2/neu status
Positive 370 (15.4 %)
Negative 1,456 (60.8 %)
Not determined/unknown 570 (23.8%)
Tumour size
Tis (in situ or Paget's disease) 107 (4.5 %)
10 (no evidence of the primary tumour) 113 (4.7 %)
T1(<2¢cm) 1,066 (44.5 %)
12 (2-5cm) 826 (34.5 %)
T3 (>5cm) 128 (5.3 %)
T4 (tumour grown into chest wall or skin; inflammatory breast cancer) 37(1.5%)

Unknown 119 (5.0%)
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Frequency N (%)
Nodal status
Positive 791 (33.0%)
Negative 1,389 (58.0 %)
Unknown 216 (9.0 %)
Distant metastasis at diagnosis
Yes 61(2.5%)
No 1,428 (59.6 %)
Unknown 907 (37.8 %)
Grade
| 182 (7.6 %)
I 1,121 (46.8%)
1l 839 (35.0 %)
Unknown 254 (10.6 %)
Ki67
<20% 669 (27.9 %)
220% 732 (30.6 %)
Unknown 995 (41.5 %)
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Table 2. Retrospectively visible cancers detected by Al at given operating points

Locally advanced Total retrospectivell
Operating point  False negative Minimal signs or metastatic at visible cancI:rs y
specificity n/N (%, 95% C1) n/N (%, 95% CI) diagnosis nIN (%, 95% C1)
n/N (%, 95% CI) o
99.5 88/374 36/468 40/228 124/842
(23.5%, 19.5-28.1%) (7.7 %, 5.6-10.5 %) (17.5%,13.2-23.0%) (14.7%,12.5-17.3%)
99.0* 113/374 641468 54/228 1771842
(30.2 %, 25.8-35.0 %) (13.7%,10.9-17.1%) (23.7%, 18.6-29.6 %) (21.0%, 18.4-23.9 %)
98.5 126/374 791468 63/228 205/842
(33.7%, 29.1-38.6 %) (16.9 %, 13.8-20.5%) (27.6%,22.2-33.8 %) (24.3 %, 21.6-27.4%)
98.0 133/374 90/468 68/228 223/842
(35.6 %, 30.9-40.5 %) (19.2%(15.9-23.0%)  (29.8 %, 24.3-36.1 %) (26.5%,23.6-29.6 %)
91.0 1521374 99/468 741228 251/842

(60.6 %, 35.8-45.7 %)

(21.2%,17.7-25.1%)

(32.5%, 26.7-38.8%)

(29.8%, 26.5-32.6 %)

*An operating point of 99.0% specificity was selected as the exemplary operating point to emulate a

recall rate of approximately 1%. At this operating point, 103 of 113 false negatives, 57 of 64 minimal
signs, and 48 of 54 retrospectively visible locally advanced/metastatic cases detected by Al were

correctly localised.
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Table 3. Retrospectively visible cancers (false negative and minimal signs) detected by Al
(specificity 99.0%)

Not detected by Al Detected by Al Univariable OR Overall P
N (%) N (%) 95% Cl, P-value value*
Age at diagnosis 50-54 147(22.1) 30(16.9) - 033
55-59 132 (19.8) 44 (24.9) 1.63(0.97-2.77,p=0.07)
60-64 178(26.8) 48(27.1) 1.32(0.80-2.21, p=0.28)
65-70 208 (31.3) 55(31.1) 1.30 (0.80-2.14, p=0.30)
ACR breast density | 73(11.0) 20(11.3) - 0.80
] 325 (48.9) 87 (49.2) 0.98(0.57-1.73,p=0.93)
n 194(29.2) 56 (31.6) 1.05(0.60-1.91, p=0.86)
I\ 23 (3.5) 5(2.8) 0.79 (0.24-2.22, p=0.68)
Missing 50(7.5) 9(5.1) 0.66 (0.27-1.52, p=0.34)
Hormone receptor ~ Negative 83(12.5) 15(8.5) - 0.30
status Unknown 158 (23.8) 41(232) 1.44 (0.76-2.82, p=0.27)
Positive 424 (63.8) 121 (68.4) 1.58 (0.90-2.94,p=0.13)
HER2 status Negative 402 (60.5) 108 (61.0) - 0.96
Unknown 176 (26.5) 45 (25.4) 0.95 (0.64-1.40, p=0.80)
Positive 87(13.1) 24(13.6) 1.03(0.61-1.67,p=0.92)
Tumour size T0 27 (4.1) 3(1.7) - 0.40
T 306 (46.0) 83 (46.9) 2.44(0.84-10.40, p=0.15)
T2 227 (34.1) 70 (39.5) 2.78(0.94-11.86, p=0.10)
T3 32(4.8) 9(5.1) 2.53(0.68-12.27,p=0.20)
Th 10(1.5) 1(0.6) 0.90 (0.04-8.01,p=0.93)
Tis 29 (4.4) 6(3.4) 1.86 (0.44-9.52, p=0.41)
Unknown 34(5.1) 5(2.8) 1.32(0.30-6.92,p=0.72)
Lymph node status ~ NO 392 (58.9) 95(53.7) - 0.18
N1 121(18.2) 48(21.1) 1.64 (1.09-2.44,p=0.02)
N1mi 11(1.7) 3(17) 1.13(0.25-3.69, p=0.86)
N2 47(7.1) 11(6.2) 0.97 (0.46-1.87,p=0.92)
N3 30 (4.5) 8 (4.5) 1.10 (0.46-2.37, p=0.82)
Unknown 64(9.6) 12 (6.8) 0.77 (0.38-1.44, p=0.44)
Metastaticbreast MO 395 (59.4) 113(63.8) - 0.27
cancer M1 20(3.0) 2(1.1) 0.35 (0.06-1.22, p=0.16)
Unknown 250(37.6) 62 (35.0) 0.87(0.61-1.22, p=0.42)
Grade 1 44 (6.6) 22 (12.4) - 0.003
2 342 (51.4) 104 (58.8) 0.61(0.35-1.08, p=0.08)
3 202 (30.4) 39(22.0) 0.39(0.21-0.72, p=0.002)
Unknown 77(11.6) 12(6.8) 0.31(0.14-0.68, p=0.004)
Ki67 proliferation High Ki67 187 (28.1) 35(19.8) - 0.08
Low Ki67 177 (26.6) 55(31.1) 1.66 (1.04-2.68, p=0.04)
Unknown 301 (45.3) 87 (49.2) 1.54 (1.01-2.40, p=0.049)

*P-value based on the Pearson Chi-squared test.
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Table 4. Likelihood of detection with Al based on tumour characteristics

Logistic regression by interval cancer type

False negative interval cancers: Minimal signs interval cancers:
Detected by Al (n=113) vs.not  Detected by Al (n=64) vs. not
detected (n=261) detected (n=404)

Full cohort: Detected by Al
(n=177) vs. not detected (n=665)

(’;;',EI‘:"C*:";,“:":IES Multivariable OR Multivariable OR
! (95% CI, P-value) (95% CI, P-value)

Age at diagnosis
50-54 - : B
55-59 1.62 (0.95-2.80, p=0.08) 2.23(1.03-4.98, p=0.045) 1.22(0.55-2.75, p=0.63)
60-64 1.35(0.80-2.29, p=0.26) 1.73(0.85-3.63,p=0.13) 0.72 (0.29-1.73, p=0.46)
65-70 1.34 (0.80-2.26, p=0.27) 1.59(0.77-3.39,p=0.22) 1.14(0.52-2.53, p=0.75)
ACR breast density
| - - -
Il 0.94 (0.54-1.68, p=0.83) 0.61(0.29-1.28,p=0.18) 2.27(0.73-10.00, p=0.21)
]| 1.07 (0.60-1.98, p=0.82) 0.82 (0.37-1.84,p=0.63) 3.02 (0.94-13.58, p=0.09)
v 0.70 (0.21-2.02, p=0.53) 0.30 (0.04-1.54,p=0.18) 3.49 (0.55-22.40,p=0.17)
Unknown 0.61(0.24-1.45,p=0.27) 0.47(0.11-1.71,p=0.27) 2.01(0.43-10.95, p=0.38)
Hormone receptor status
Negative - - -
Positive 1.10 (0.59-2.16,p=0.78) 250 (0.86-9.15,p=0.12) 0.48 (0.20-1.21,p=0.11)
Unknown 1.00 (0.35-2.87, p>0.99) 1.56 (0.32-8.31, p=0.59) 0.94(0.17-5.10, p=0.95)
HER2 status
Negative - - -
Positive 1.08 (0.63-1.82,p=0.77) 0.91(0.40-1.97,p=0.81) 1.20(0.52-2.57, p=0.66)
Unknown 1.09 (0.45-2.58, p=0.84) 1.98(0.60-6.66, p=0.26) 0.38 (0.07-1.75, p=0.23)
Tumour size
<2cm - -
2-5cm 1.11(0.76-1.63, p=0.59) 1.02 (0.59-1.75, p=0.94) 1.09 (0.58-2.03, p=0.78)
>5cm 0.82(0.36-1.73,p=0.62) 0.86 (0.29-2.29, p=0.76) 0.67 (0.14-2.34, p=0.56)
In situ 0.80 (0.23-2.43,p=0.70) 0.52(0.11-2.07,p=0.38) 1.28(0.04-17.74,p=0.86)
Unknown 0.80 (0.18-3.43,p=0.76) 0.56 (0.08-3.59, p=0.55) 2.93(0.18-55.11, p=0.45)
Lymph node status
NO - - -
N1 1.67 (1.10-2.54,p=0.02) 1.48(0.81-2.69, p=0.20) 2.57 (1.32-5.00, p=0.005)
N2+ 1.16(0.63-2.06, p=0.63) 1.10(0.49-2.40, p=0.81) 1.37 (0.49-3.46, p=0.53)
Unknown 1.18(0.41-3.16, p=0.75) 1.44 (0.40-4.99,p=0.57) 0.64 (0.05-4.99, p=0.71)
Metastatic breast cancer
MO -
M1 0.37(0.06-1.37,p=0.20) 0.36 (0.05-1.50, p=0.21) NA*
Unknown 0.92(0.61-1.38,p=0.71) 0.80 (0.45-1.40, p=0.44) 1.21(0.63-2.28, p=0.56)
Grade
‘I - - -
2 0.59 (0.33-1.08, p=0.08) 0.58(0.24-1.37,p=0.21) 0.68 (0.28-1.80, p=0.42)
3 0.42(0.21-0.85, p=0.02) 0.33(0.12-0.88, p=0.03) 0.51(0.17-1.63, p=0.25)
Unknown 0.37 (0.14-0.95, p=0.04) 0.35(0.09-1.25, p=0.11) 0.23(0.03-1.22,p=0.11)
Kié7 proliferation
Low Ki67 - - -
High Kié7 0.78 (0.46-1.31,p=0.35) 1.03 (0.49-2.16,p=0.93) 0.62(0.27-1.39, p=0.25)
Unknown 1.06 (0.68-1.66, p=0.80) 1.30(0.69-2.47, p=0.42) 0.67 (0.32-1.40, p=0.29)

*Point estimates indicated with NA do not have any observations
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Logistic regression by interval year

Interval cancers diagnosed within 12 months  Interval cancers diagnosed 13-24 months
post-screening: Detected by Al (n=67) vs.  post-screening: Detected by Al (n=110) vs.

not detected (n=246)
Multivariable OR
(95% CI, P-value)

not detected (n=419)
Multivariable OR
(95% CI, P-value)

2.35(1.01-5.68, p=0.05)
0.92 (0.37-2.28, p=0.86)
0.87 (0.35-2.19, p=0.77)

127 (0.61-2.67, p=0.53)
187 (0.96-3.74, p=0.07)
166 (0.86-3.29, p=0.14)

0.7 (0.26-2.65, p=0.66)
0.68 (0.21-2.44, p=0.53)
0.92(0.13-5.77,p=0.93)
0.41(0.07-2.12,p=0.30)

0.88 (0.45-1.76, p=0.70)
120 (0.60-2.52, p=0.61)
0.41 (0.06-1.76, p=0.28)
0.68 (0.22-1.94, p=0.49)

2.66 (0.89-10.02, p=0.11)
4.31(0.54-39.37,p=0.17)

0.61(0.27-1.45, p=0.25)
0.48 (0.14-1.68, p=0.24)

1.52 (0.62-3.56,p=0.35)
059 (0.08-3.51,p=0.57)

0.96(0.46-1.90, p=0.90)
1.41(0.51-3.77,p=0.49)

0.98(0.50-1.93, p=0.95)

0.78(0.21-2.52, p=0.69)
NA

0.68 (0.03-23.97, p=0.81)

1.11(0.67-1.80, p=0.69)
0.75 (0.23-2.09, p=0.61)
125 (0.32-4.30, p=0.74)
0.62 (0.10-3.36, p=0.59)

139 (0.67-2.82, p=0.37)
0.44 (0.13-1.28, p=0.16)
2.94(0.13-29.30, p=0.39)

1.94(1.13-3.31,p=0.02)
2.00 (0.94-4.10, p=0.07)
1.18(0.36-3.59, p=0.77)

NA*
0.99 (0.49-2.00, p=0.98)

0.64 (0.09-2.68, p=0.58)
0.80 (0.47-1.35, p=0.42)

0.79(0.27-2.48,p=0.67)
052 (0.15-1.79,p=0.29)
0.22 (0.03-1.36, p=0.13)

0.47 (0.23-1.01, p=0.047)
0.31(0.12-0.78,p=0.01)
0.40(0.12-1.28,p=0.13)

0.49(0.19-1.23,p=0.14)
0.90(0.41-2.04, p=0.81)

092 (0.47-1.79, p=0.82)
1.05 (0.60-1.86, p=0.86)
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Supplementary materials

Supplementary Methods A. 1. Threshold setting

A threshold setting dataset of negative cases was used to estimate the models’
specificity on a German screening population. The dataset comprises 20,000
screening examinations from 20,000 women and was collected from 8 screening
units from the German screening program. All cases were negative and also had a
negative follow-up screening study after a minimum of 24 months. No cases from
either the interval cancer dataset nor the threshold setting dataset were used for
training the Al model.

Specificity is determined by running the model on the threshold setting dataset
and setting a model decision threshold such that a certain specificity is reached.
For example, a specificity of 98% means we choose the detection threshold for
the model such that 98% of the 20,000 negative cases are below the threshold
(classified correctly as negative) and then observe how many interval cancers
would be detected, i.e. are above the threshold (classified correctly as positive).
Sample weights were applied to the threshold setting dataset to reflect the actual
distribution of study types in the German breast screening population according to
screening stage (Supplementary Table A. 1.).

Supplementary Table A. 1. Derivation of sample weights for threshold setting dataset

- Percentage in threshold _Actual percentage .
Clinical subgroup . in German screening Weight
setting dataset .
population
Benign biopsies 1.19% 0.51% 0.51%/1.19%=0.43
Recalled but no biopsy 18.02% 1.80% 1.80%/18.02% = 0.10
Consensus conference but 15.28% 9.30% 9.30%/15.28%=0.61

no recall

No consensus conference 65.52% 87.80% 87.80%/ 65.52% = 1.30
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Chapter 9

Discussion, future perspectives, and
conclusion
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General discussion

The last decade has seen significant reforms in how early-stage breast cancer
and DCIS are understood and treated. These changes would not have been made
possible without an interdisciplinary approach to understanding these diseases and
the preferences that the women affected by them have. In this discussion, we revisit
the three complementary themes in the management of early-stage breast cancer.
We uncover a few factors that affect the de-escalation of low-value treatment using
approaches grounded in health technology assessment.

In the first theme, we focus on screen-detected primary DCIS using the research
performed within the PRECISION (PREvent ductal Carcinoma In Situ Invasive
Overtreatment Now) Consortium. As part of the consortium, we undertook an
HTA-based modeling exercise to describe the potential and the consequences of
biomarker-based strategies to select low-risk women for an active surveillance
strategy. However, because the depth of understanding for DCIS remains limited
compared to invasive breast cancer, it was essential first to illustrate the disease
etiology of DCIS, and to characterize real-world healthcare utilization and treatment
preferences. We show how it was necessary to leverage real-world data to uncover
real-world patient experience and foreshadow future opportunities for treatment
optimization. The second theme focuses on treatment de-escalation for early-stage
breast cancer, based on the first results of the EORTC 10041/BIG 3-04 MINDACT
(Microarray in Node-Negative and 1 to 3 Positive Lymph Node Disease May Avoid
Chemotherapy) phase 3 randomized control trial of the 70-gene signature. We
discuss the history of adoption and policy implications of the 70-gene signature
as a part of the wider discussion of biomarker technologies that have transformed
personalized treatment decision-making. Finally, a complementary final theme
and chapter highlights a promising new technology: artificial intelligence for to
improve cancer detection at breast cancer screening to decrease the interval cancer
rate. We finish with an exploration of the careful balance between overdiagnosis,
overtreatment, and underdiagnosis.

Using statistical models to reflect reality

In Chapter 2, we use a multi-state model to illustrate the disease etiology of
untreated DCIS and calculate the life years associated with different treatment
strategies. Modeling the life course of different women with DCIS was an important
starting point for future cost-effectiveness modeling. It served to highlight the
diverse pathways that women could experience. Using an extensive population-
based cancerregistry like the Surveillance, Epidemiology, and End Results Program
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(SEER) also made it possible to identify the largest cohort of women reported to
date who did not receive surgery or radiotherapy for their DCIS. The SEER dataset is
also rich in clinicopathological and sociodemographic information, which helps us
understand who is more likely to receive specific treatment modalities and how this
impacts their health outcomes. Among untreated women, a subgroup with low-risk
features (white women aged 50 to 69 at diagnosis, with estrogen receptor-positive
(ER+), grade I/11 DCIS less than 2 cm) could be identified and used as inputs for a
multi-state model. Despite the limitations of incomplete data drawn from cancer
registries, this data builds a foundation for future health economic modeling which
incorporates the costs and health-related quality of life associated with being in
each health state.

An essential feature of multi-state modeling, making it particularly relevant to
cost-effectiveness modeling, is that it considers competing risks. A competing
risk is an event whose occurrence precludes the primary event of interest.” This is
useful when modeling the entire life course of women with DCIS - because DCIS
itself is not deadly.?® It is the possible progression to invasive breast cancer and the
subsequent possibility of that breast cancer metastasizing that directly impacts a
woman's mortality. Yet the risk of progression occurs alongside other risks present
among screening-age women. For example, statistically speaking, the presence
of one or more comorbidities may put these women at a higher likelihood of dying
from non-oncological causes.? Furthermore, and most relevant to the PRECISION
consortium, is the understanding that each woman has a different lifetime risk of
experiencing invasive breast cancer after DCIS.

Further research, practice and policy implications: To build a multi-state
model for DCIS and the sub-populations of women, vast swathes of readily
available individual-level data on real women with DCIS were necessary.
Fortunately, this study was published at a time characterized by a growing
appreciation for the use of real-world data (RWD) to uncover novel insights
on treatment outcomes and to inform reimbursement decisions. Real-
world data offers tremendous potential to provide a holistic picture of an
individual's health status and inform healthcare decision-making, and can be
generalized to populations beyond clinical trials. Thus healthcare decision-
makers should be prepared to leverage RWD to fill evidence gaps.
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Leveraging real-world data to uncover real-world patient
experiences

Despite being considered the “gold standard” for clinical evidence,* there is a limit
to what data from randomized controlled trials (RCTs) can tell us. While RCT data
can bring us closest to understanding treatment effects in controlled experimental
settings, the benefit may not be so apparent once treatments are administered in
non-trial settings.® Furthermore, RCTs cannot tell us anything about the patient
preferences that impact why some women choose specific treatment strategies
over others. RCTs also don't tell us about treatment accessibility in the real world or
disparities in outcomes among certain groups of women. By design, trial numbers
are too small to uncover these important facets, and follow-up is too short to
understand long-term consequences.

Through the PRECISION consortium, the LORD, LORIS, and COMET trials set out to
explore the safety of an active surveillance strategy. An active surveillance strategy
may only be successful if we correctly identify women with low-risk DCIS and they
adhere toannualmammography surveillance. Screening with digital mammography
is already the foundation of every surveillance regime in women treated with breast
conserving surgery; breast ultrasound or magnetic resonance imaging (MRI) as an
adjunct to mammography can also be considered for women with additional risk
factors.® For women with a history of breast cancer and DCIS, regular follow-up
screening is intended to ensure that any invasive recurrences are caught early and
have the best possible chance of successfultreatment. Tailored screening, capturing
patient preference and individual risk factors would help clinicians consider which
women are at increased risk of recurrence.’

In Chapter 3, we set out to characterize the real-world uptake of surveillance breast
imaginginacontemporarycohortofwomenwithprimaryscreen-detected DCISusing
extensive data from the National Cancer Database DCIS Special Study. We wanted
to understand whether certain characteristics, including the type of treatment a
woman received and any sociodemographic characteristics, had any relationship
to adherence to clinical guidelines that warranted annual mammography following
therapy for all women.

This registry-based surveillance cohort included 12,559 women with primary
DCIS and had detailed information on imaging for up to 10 years post-diagnosis.
Given the already good prognosis of adequately treated DCIS, it was essential to
understand how women were followed-up after treatment and whether there would
be health-related consequences of under-utilization of screening. We found that a
large proportion of women treated with breast conserving surgery do not adhere
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to guideline-recommended annual surveillance imaging. This phenomenon is
especially the case amongwomen with DCIS-and treatment-specific characteristics
related to a higher risk of subsequent ipsilateral invasive breast cancer. Women
who did not undergo adjuvant radiotherapy or endocrine therapy following surgery
were more likely to be non-screeners orinconsistent mammography screeners than
those who did. A similar phenomenon of uptake of surveillance imaging driven by
receipt of radiotherapy was observed among two separate cohorts of Dutch women
with a history of invasive breast cancer.®? In our study we also found that compared
to women with screen-detected DCIS, women who had clinically diagnosed DCIS
detected through palpation or breast symptoms also had a higher probability of not
being consistent screeners. This finding is indicative of a group of women who are
healthcare "under-users,” who generally may not have attended regular screening
mammography before their diagnosis. Indeed, uninsured women were less likely to
be consistent screeners than government-insured women.

Racial and ethnic disparities in uptake were also evident for Black women compared
towhitewomen, and Hispanicwomen compared tonon-Hispanic. Thesedisparitiesin
uptake occur despite what is already known, for example, about Black women being
at significantly higher risk of subsequent invasive breast cancer,'® which we also
identified in Chapter 2. This risk is coupled with the higher likelihood of a diagnosis
of poor prognosis triple-negative subtype and higher breast cancer mortality
among Black women compared to white women.'0'2 This is further complicated by
racial disparities in access to breast cancer diagnosis and treatment.”® It has been
argued that existing breast cancer screening recommendations put Black women at
a disadvantage.'

Further research, policy and practice implications: The consequences of this
situationforwomenwho did notadheretoannualsurveillance are clear: lower
rates of surveillance uptake can lead to advanced disease at presentation
of recurrence, and this is directly related to poorer breast cancer-specific
survival.”™ We found the rate of ipsilateral invasive breast cancer diagnosis
to be higher in patients who received early surveillance imaging (within 12
months of definitive surgery) compared to those who did not. Early screening
was a good proxy for adherence to annual screening (69% of early screeners
were consistent screeners thereafter), suggesting that the time to detection
of invasive recurrences may be shorter among DCIS patients who adhere to
the screening guidelines. Establishing a regular pattern of surveillance soon
after diagnosis may promote timely detection of ipsilateral recurrence in the
long term.
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In Chapter 4, we direct our attention to the Netherlands, where the LORD study
is underway. Following difficulties recruiting and randomizing low-risk women to
standard surgical treatment or active surveillance, study coordinators changed the
LORD study design from a randomized controlled trial to a preference-based study.
This change created a unique opportunity to explicitly measure the preferences of
treatment strategies among these women in a setting where sociodemographic
factors may not contribute to the uptake of treatment or adherence to surveillance
imaging. We compared the learnings from these women to responses drawn from
Dutch oncologistsinvolved in the treatment of women with DCIS who completed the
same questionnaire.

We used a discrete choice experiment (DCE) as a "stated preference” method,
asking respondents to choose between alternative treatment strategies from a set
of hypothetical scenarios generated from an experimental design.' When deciding
upon treatment strategies for low-risk DCIS, the extensiveness of the locoregional
treatment was consistently shown to be an important factor for both patients and
care providers. Yet, the most apparent discordance in preference between the two
groups was related to the risk of ipsilateral invasive breast cancer: we found this
to be most important to oncologists and least important to patients. These women
had very strong preferences for an active surveillance strategy with no surgery,
irrespective of the 10-year risk of ipsilateral invasive breast cancer this carried.
Meanwhile, physicians nearly exclusively chose strategies to minimize breast
cancer risk.

Despite promoting shared decision-making,'” discordant preferences between
patients and health care providers are common.’™ A systematic literature review
of 28 DCEs eliciting patient and healthcare provider preferences for healthcare
interventions found that the most significant discordance between patients
and healthcare providers was for disease progression and mortality outcomes.
Healthcare providers believed this to be more important than patients. On the other
hand, patientsranked factorsrelated to treatment safety and processes more highly
than healthcare providers. These processes included treatment-related adverse
events and the delivery and timing of treatment. These were the same patterns of
discordance we uncovered in Chapter 4.

Further research, policy and practice implications: The differences
in treatment preferences and how individuals relate this back to their
understanding of the risk of disease progression could foreshadow the
willingness of healthcare providers and patients to adopt new treatment
strategies. Shared decision-making processes should alleviate this problem.
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Shared decision-making is a form of communication between healthcare
providers and patients where both parties have a mutual understanding.™ It
is understood to be the key to good healthcare, oriented to the needs of the
individual and thus improves satisfaction or quality of life despite illness.”
While the healthcare providerisand remains the expertinall medical matters,
patients should have all information relevant to their decision-making. Their
healthcare providers should fully inform them of the treatment options and
the trade-offs between risks and benefits. Then patients can be empowered
to openly share their thoughts, concerns, questions, and expectations. The
final aim is to jointly decide on appropriate medical treatment, with both
parties taking responsibility for this decision. Doing so can also increase
compliance with and adherence to treatment, further increasing the chances
of successful treatment outcomes.

How risky is it?

The concept of risk was central to all of the chapters presented in this dissertation.
We started with the basic understanding that diagnosis with primary DCIS is related
toanelevatedrisk of subsequentilBC. Itis now recognized that thisriskis not evenly
distributed across the population of women with primary DCIS, with evidence
pointing to certain prognostic features associated with a higher and lower risk of
invasive recurrence. However, one's risk of experiencing ilBC can be precluded by
their risk of another health issue. Discussions around risk and screen-detected
DCIS thus must be interwoven with an understanding of lead-time bias, whereby
cases detected by screening appear to have prolonged survival because the disease
was detected at an earlier time point, but not because mortality was delayed. In
fact, contemporary research into breast cancer overdiagnosis uses a lead-time
approach which accounts for competing mortality risk and a mixture of progressive
and nonprogressive cancer. Ryser et al. defined the rate of overdiagnosis as the
proportion of screen-detected breast cancer cases (including invasive breast
cancer and DCIS) that were either non-progressive or progressive but would
not have progressed to clinical (symptomatic) disease before the woman died of
causes unrelated to breast cancer.?’ The researchers concluded that in a European-
style screening setting (biennial screening), among screen-detected cases,
overdiagnosis rates are likely to be driven by DCIS given its limited propensity to
progress.

In Chapter 4 we found that the immediacy of treatment-related adverse effects
seemed more relevant to women than the future risk of breast cancer. The study
sample did however contain an overrepresentation of patients who selected
an active surveillance strategy. A post-hoc effect-modifier analysis found that
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compared to women who underwent surgery, women choosing active surveillance
would be more inclined towards scenarios with shorter follow-up intervals while
accepting scenarios with higher risk of invasive breast cancer. In the discussion
of Chapter 4 we highlighted an important consideration that likely factors into a
patient’'s treatment choice: the understanding of one’s risk of upstaging to breast
cancer. This was not measured in the DCE, but is relevant given the challenge
of identifying patients with a core needle biopsy showing DCIS with “low-risk"
clinicopathological characteristics who have concurrent invasive carcinoma in the
breast. Two retrospective studies conducted on Dutch pathology registry data have
shown between 13 to 18% of screen-detected DCIS were “underestimated” and
upstaged to invasive DCIS following excision.?’?2 Notably, upstaging rates were
lower among women with non-palpable and low-to-intermediate grade DCIS. An
important takeaway from these studies is that even with possible upstaging, overall
survival should not be significantly compromised. Access to high-quality annual
mammography in the Netherlands is readily available, and invasive carcinomas can
be treated on time. Nevertheless, the prediction of upstaging of DCIS to invasive
disease remains animportant area of ongoing research and will serve to identify the
lowest achievable upstaging rate among women eligible for clinical trials of active
surveillance. This may in turn address some of the challenges with trial accrual, and
betterinform the understanding of the risk of upstaging.

Balancing the trade-offs between individual risks and benefits of treatment
strategies for DCIS was the focus of Chapter 5. We showed the results of an early
economic evaluation of an active surveillance strategy based upon selecting women
with low-risk features who can forgo surgery. Women with low-to-intermediate
grade, estrogen receptor-positive (ER+) DCIS make up approximately 50% of
screen-detected primary DCIS. These ‘low-risk’ women are the focus of the LORD,
LORIS, and COMET trials studying the safety of an active surveillance strategy.
Cost-effectiveness analyses can provide unique insights into the downstream costs
associated with selecting different treatment strategies for this group of women.
Only breast conserving surgery * radiotherapy was used as a comparator, as
mastectomy may be considered overtreatmentfor many women with small, localized
DCIS. While initial treatment costs may be lower (i.e. 0€) for women undergoing
active surveillance, this may not be the case overtime as these women are expected
to experience slightly higher rate of ipsilateral invasive breast cancer, thus possibly
incurring higher downstream costs. Nevertheless, costs are not the only endpoint
central to cost-effectiveness analyses. In this analysis, forgoing surgery among
these women resulted in significant gains in quality of life, despite an expected
elevated rate of iIBC and somewhat reduced life years. We provided results using
incremental life years and quality-adjusted life years to offera critical contrast when



Discussion, future perspectives, and conclusion | 251

applying utilities. Whereas incremental life years are reflected in the differences
in overall survival between groups, utilities adjust this metric by incorporating the
impact of patient preference and quality of life. In the base-case model, introducing
an active surveillance strategy would resultin life years lost (-0.06, 95% confidence
interval (Cl) -0.26 to 0.16) across the cohort. The application of utilities however
positively shifted the health effects towards an average QALY gain of 0.4. Therefore
this early economic evaluation demonstrated that introducing an active surveillance
option to select women with low-risk features can be a cost-effective alternative to
immediate surgery and adjuvant radiotherapy.

The question that remains to be answered in full is: what is the best biomarker to
identify women who can safely forgo surgical treatment? In addition to low-to-
intermediate grade/ER+ DCIS, we considered a different biomarker that can select a
smaller,more defined group of women who gain no benefit from surgicalintervention.
Selecting women based on COX-2 expression and adipocyte size, we modelled a
‘hypothetically perfect biomarker’ scenario where iIBC rates in the low-risk group
would match a healthy population without a history of DCIS.2 The scenario analysis
showed a higher QALY gain among this group: 1.02 incremental QALYs compared to
0.81 QALYS among the low-risk group defined in the base case analysis.

Further research, policy and practice implications: The potential to decrease
low-value treatment for low-risk DCIS is clear. However, it will still be
approximately 5 to 10 years before results from ongoing prospective studies
on biomarker-based treatment de-escalation strategies become available.
Modelling the variation in cost-effectiveness results in chapter 5 showed us

that QALY gains were inconsistent across the population, reflecting inherent
limitations to identifying and using prognostic biomarkers of progression to
invasive disease.?*?> Lips and colleagues recently published findings that
one in five ipsilateral invasive breast cancers following DCIS are unrelated
to the initial DCIS lesion and are actually new primary tumours.?¢ This shifts
our understanding of DCIS as a precursor lesion to invasive breast cancer,
renderingthenotionof prognosticbiomarkerstopredictinvasionirrelevantfor
asignificantproportionofwomen with DCIS. While the PRECISION consortium
continues to develop evidence around the biological underpinnings of DCIS,
decision makers should be prepared to accept that minimal life-years will be
lost on average for active surveillance, regardless of the strategy to select
low-risk women. However, this will always be balanced with significant cost-
savings and gains in quality-adjusted life years.
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Using predictive vs. prognostic biomarkers to measure individual
risk and benefit of treatment

It may be helpful to take a step back to explore the concept of biomarkers within
the context of oncology. Biomarkers for personalized oncologic care present two
opportunities for understanding disease outcomes. First, prognostic value of a
biomarker provides information about an individual's future risk of progression.
Second, predictive value signifies whether an individual will likely respond
beneficially to a specific type of ((neo-)adjuvant) therapy compared to no or an
alternative treatment.

Many studies have been undertaken to identify biomarkers for clinical decision-
making in breast cancer. Yet, for several reasons, few meaningful biomarkers have
beenidentified and are used in practice.?>?” Firstly, studies may not have utilized the
correct statistical approach. For example, establishing treatment benefit does not
follow a purely prognostic analysis but could require interaction analysis in which
a statistically significant difference is demonstrated between treatment groups.
This is further complicated by the fact that biologically, potential biomarkers may
underestimate the complexity of a drug’'s mechanism of action, only explaining
a fraction of the factors and mechanisms which affect treatment-related tumour
behaviour and patient progression outcomes. Finally, as we have seen with the
70-gene signature, economic, regulatory, access, and preference-related aspects
affect uptake significantly.

In early-stage breast cancer, gene expression profiles (GEPs) like the 70-gene
signature are among a suite of biomarker technologies that have transformed
personalized treatment decision-making.?®?* Numerous clinical guidelines support
the use of GEPs to aid in adjuvant treatment decisions for a subset of early breast
cancer patients identified through clinicopathological characteristics.?*® Despite
the early enthusiasm shown by clinicians in using GEPs to de-escalate adjuvant
chemotherapy,® questions persisted about the consistency of chemotherapy
benefits and the impact on the risk of progression within specific patient subgroups.
Most of these patients are already effectively managed with optimal local treatment
and adjuvant endocrine therapy. Patients with a genomic risk profile contradictory
to clinical assessments of risk based on prognostic factors such as grade and
nodal status have been of particular interest,?®33 because the actual small effect of
adjuvant chemotherapy was less evident in these populations.

Chapter 6 took patient-level data from the phase Ill EORTC 10041/BIG 3-04
Microarray in Node-Negative and 1 to 3 positive Lymph Node Disease May Avoid
Chemotherapy (MINDACT) trial to model treatment strategies guided by the 70-
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gene signature. The analysis focused on patients with discordant risk results: they
were at high clinical risk of distant metastases as defined by the modified Adjuvant!
Online clinicopathological assessment, but low genomic risk as defined by the 70-
gene signature. In the trial, these patients were randomized to receive adjuvant
chemotherapy on either the genomic or the clinical risk.?® Using this subgroup, we
conducted cost-effectiveness analyses for six countries: Belgium, France, Germany,
the Netherlands, the United Kingdom, and the United States. Each model considered
country-specific costs, available treatment regimens, and utility values unique to
their populations. Our models showed that treatment strategies guided by the 70-
gene signature saved costs in five of six countries, gained QALYs, and were cost-
effective in all six countries given country-specific willingness-to-pay thresholds.

Followingathemesimilartothe cost-effectivenessofactive surveillance for primary
low-risk DCIS presented in Chapter 5, Chapter 6 describes how minimal survival
differences are balanced against quality of life gains per patient. Considerable
cost savings are realized when using the 70-gene signature compared to clinical
assessmentin guiding treatment decisions.

HTA as an iterative process

The study presented in Chapter 6 was certainly not the first to establish the cost-
effectiveness of the 70-gene signature. However, it was the first to use data from
a prospective, randomized controlled trial. In 2009, an HTA study providing an
overview of how to enable decisions on coverage and reimbursement of the 70-gene
signature in the Netherlands was published.3* This was quickly followed in 2010 and
2013 by two analyses of the cost-effectiveness of the 70-gene signature. The former
published analysis was based on a series of validation studies and compared the 70-
genesignature to the St. Gallen guidelines and Adjuvant! Online.** The latter analysis
utilized data from a prospective cohort of patients from the RASTER study.3¢37 With
the final cost-effectiveness analysis based on the randomized controlled trial,
we demonstrated that the conclusion that the 70-gene signature would be cost-
effective remained similar throughout the iterative process.

Further research, policy and practice implications: It is now widely accepted
that iteratively-conducted economic evaluations should be part of the health
technology assessment process, starting at the earliest stages of developing
new technologies.®"? This facilitates the incorporation of new evidence as it
becomes available at different points in time. It has also been suggested that
economic evaluations in early stages, e.g. alongside phase | and Il clinical
research, can be advantageous for the uptake of new medical technologies.*!
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Evidence-based practice and policy-making: the 70-gene
signature case

The HTA analyses conducted for the 70-gene signature provide a clear example
of the use of iterative processes to anticipate future developments and barriers
to uptake of the promising GEPs. Chapter 6 continued the relevant conversation
surrounding the economic impact and clinical utility of using GEPs in practice.
Clinical guidelines from the American Society for Clinical Oncology, the European
Society for Medical Oncology, the National Comprehensive Cancer Center, and
others have long since included the 70-gene signature in their respective clinical
guidelines for early-stage breast cancer. They acknowledge that it, and other
GEPs, are a valuable tool to determine if adjuvant chemotherapy is warranted after
the surgical removal of a tumour.“?"*> Yet, not all insurance funds have heeded this
advice by extending insurance coverage of this or other breast cancer GEPs.

In2018, the Netherlands' national healthcare institute (Het Zorginstituut Nederland
(ZIN)) made the decision to no longer reimburse the 70-gene signature in the
country's primary health insurance package, because ZIN found insufficient
evidence that chemotherapy could be safely waived for some women based on the
70-gene signature test result, based on the publication in the New England Journal
of Medicine.?®

Ourcost-effectivenessanalysisin Chapter 6 showed thatusingthe 70-genesignature
could be acceptable evenif it meanta smallincreased risk of distant metastasis, but
quality-adjusted life years gained. An important aspect of this modeling approach is
thatit carefully considers the impact of patient quality of life. Curiously, ZIN made its
decision to stop reimbursement despite more than a decade of research to support
the clinical utility of the 70-gene signature and the long and close involvement of
Dutch physicians and researchers in its development.

Further research, policy and practice implications: Indeed, policymakers at
the ZIN and elsewhere face complex challenges when deciding to implement
tools to de-escalate oncological treatment. Policymakers must make these
decisions on behalf of the population, given the available information, with
the primary goal of ensuring equal access to (innovations in) health care
while maintaining affordable health insurance premiums. Policymakers are
tasked with supporting effective treatment delivery while avoiding adverse
effects to patients and the healthcare system through soaring costs. In
situations where the evidence surrounding the clinical benefit of a new
healthcare intervention is not yet clear - or are not convincing enough to
warrant reimbursement, it could be worthwhile to additionally consider the
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result of cost-effectiveness analyses in these decisions. Cost-effectiveness
analyses bring additional important insights for reimbursement decisions as
they also directly model societal costs and patient quality of life.

Other critics of the initial results of the MINDACT trial argued that given the
persistent long-term risks of recurrence, the results were likely to shift in
favour of the use of chemotherapy. However, upon release of the long-term
follow-up results of the MINDACT trial, there was no clear chemotherapy
benefit in the women with high clinical risk and low genomic risk at 8.7
years median follow-up.“ Today, we have seen how GEPs have dramatically
lowered the use of adjuvant chemotherapy in this subset of breast cancers,
without adversely affecting clinical outcomes.*? Testing with GEPs is now
recommended for most ER+, HER2-negative cancers, irrespective of grade
or menopausal status, in cases with up to one positive lymph node.“?*s Given
these clear benefits and wide-spread use, there is still hope that the ZIN will
reverse their decision on coverage of the 70-gene signature.

The more you know, the less you need

The MINDACT trial also created the opportunity for a posthoc study of breast cancer
outcomes in a subgroup of women with the lowest risk of recurrence. In Chapter 7,
we evaluated a suite of different statisticalendpoints to betterunderstand endocrine
therapy's added value for women with ER+, HER2-negative, lymph node-negative
tumours < 2 cm. Across all ER+ breast cancers, endocrine therapy can reduce the
risk of breast cancer death by approximately 30 %. However, this is related first
and foremost to lowering the risk of distant metastasis, which is the major cause
of death in breast cancer patients. Given their breast cancer features, the women

in this study already have a very low risk of distant metastasis, yet most clinical
guidelines stillrecommend endocrine therapy. 454748

The side-effects of endocrine therapy are often underestimated but are essentially
the reason for relatively poor adherence—only 50% of breast cancer patients
complete five years of treatment.**** The most frequent therapy-induced side effects
include vasomotor symptoms, including hot flashes and night sweats, vulvo-vaginal
symptoms, and musculoskeletal symptoms leading to a higher incidence of bone
fractures.! If these women must endure overall poor quality of life and heightened
risk of treatment-related adverse events, then it becomes essential to measure the
absolute benefit of endocrine therapy for them accurately.
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We first focused on endpoints relating to the risk of distant metastasis and overall
survival, finding an absolute 2.5 % lower distant metastasis free interval among
women treated with endocrine therapy at 8 years. There was no statistically
significant difference in overall survival or breast cancer-specific survival between
womenwhoreceivedendocrinetherapyandthosewhodidnotduringthe observation
period. A greater magnitude of difference only emerged when considering the
cumulative incidence of locoregional recurrences and contralateral breast cancers,
contributing to an 8.3 % difference between groups when considering all possible
breast cancer events together. The decision to forgo treatment is more challenging
than decisions surrounding escalating treatment or using alternative treatments,
but patients generally are more willing to accept de-escalation for treatments with
worse side effects.®

The best protection is in early detection

For many women with breast cancer, particularly those with high-risk features
associated with poor prognoses, the best chances at progression-free survival are
rooted in early detection. In a study of patients with high-risk tumours according
to the 70-gene signature, a significant worse difference in the distant metastasis-
free interval was observed for women whose cancer was detected outside of
screening as an interval cancer, as compared to screen-detected cancers.% Method
of detection remains a significant independent prognostic factor. In Chapter 8 we
introduce a new artificial intelligence (Al)-based technology to support image
interpretation during breast cancer screening with mammography. This technology
has been demonstrated in retrospective simulation studies to increase the number
of screen-detected cancers, in turn potentially decreasing the interval cancer rate
in population-based screening.5

The study on interval cancers follows the publication from Leibig et al‘’ showing
the results of a retrospective simulation study of this Al using mammography
examinations from screen-detected cancers and follow-up proven normal
examinations. A combined approach is used where two Al systems of normal triage
and cancer detection work together to achieve joint improvement of screening
sensitivity and specificity of a radiologist. This combined approach works within a
decision-referral pathway using the two Al systems with complementary algorithmic
thresholds: one for pre-screen triage of normal mammography examinations and
the other for post-screen of examinations for cancers potentially missed by the
radiologist. The remaining screening examinations with scores falling between the
algorithmicthresholds are referred to the radiologist forinterpretation. The intention
behind such an approach is to facilitate safe clinical adoption of an Al-based system
for breast cancer screening without replacing the essential role of the human reader.
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Chapter 8 and Leibig et al.>* have illustrated the potential to improve cancer
detection and reduce workload at screening. However, the integration of this system
and its performance on live prospective data has not yet been formally studied, and
is the focus of an ongoing nationwide prospective observational study in Germany
(DRKS00027322). To date, no prospective evidence (either RCT, test accuracy study
or cohort study) of any Al system for breast cancer screening has been published.

Evaluating the prospective performance of Al and the interaction with users is
particularly important given the history of poor performance of computer-aided
detection (CAD) solutions. Early reports of efficacy were based on studies in
controlled, experimental settings, but this did not translate into higher cancer
detectionin clinical settings. Large retrospective registry-based studies disproved
claims by CAD, concluding that CAD does not improve diagnostic accuracy of
mammography and may result in missed cancers.% Like CAD, Al for breast cancer
screening with mammography needs to be trialled extensively in a variety of clinical
settings to understand the downstream effects.

The consequence of overdiagnosis is overtreatment

Interventions relating to breast cancer screening present a unique challenge.
A delicate balance must be struck between not missing cancers at screening,
decreasing the number of interval breast cancers, and preventing further
overdiagnosis among screen-detected cancers. Early HTA could uncover whether
improvements in cancer detection and workload reduction translate to improved
health outcomesatthe population-level, and costsavings for the healthcare system.

The latest natural history models of breast cancer have estimated that among

a population of screening-age women undergoing biennial screening, 15.4% of
screen-detected cancers were estimated to be overdiagnosed.?’ More than one-
third of these were due to detecting indolent preclinical cancer, and the remaining
were due to detecting progressive preclinical cancerin women who would have died
of an unrelated cause before clinical diagnosis. The consequence of overdiagnosis
is overtreatment, and this has a profound negative impact on affected women.%
Studies have shown that the introduction of population-based screening programs
has led to an increased detection in biologically low-risk, and ultralow-risk
cancers.”% These low-risk and ultra-low risk are overrepresented within screen-
detected cancer, but also occur among interval cancers.

Further research, policy and practice implications: Risk-based breast
cancer screening could be a promising solution to prevent overdiagnosis and
overtreatment for some, and underdiagnosis and undertreatment for others.*’
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It incorporates risk factors like family history of breast cancer, breast density,
personal history of breast biopsies, polygenic risk score representing the
cumulative effects of genetic variants, and sequencing for moderate- and high-
penetrance germline mutations.®® This allows women to undergo different
screening strategies, where the interval between screening rounds and imaging
modalities can differ. Another proposed approach to risk-based screening is an
Al model based on short-term risk prediction to enhance early detection for
women deemed to be at high risk of a cancer diagnosis within 5 years.*!

In the Netherlands, there are many in the medical community seriously
considering whether population-based breast cancer screening should be
continued 'as-is’ - even despite very high uptake and good outcomes in the
population. A large prospective cohort study PRISMA (Dutch Personalised
RISk-based MAmmography screening) has already begun, with the aim of
updating and validating an existing breast cancer risk prediction model to
guide Dutch screening policy. This follows the growing trend elsewhere in
Europe,®? the UK, Canada,* and the United States® to similarly study risk-
based screening approaches in their populations. While results from these
trials will not be available for several years, women have already expressed
high interest in receiving information on breast cancer risk estimates
alongside tailored screening recommendations.®:%¢

Future perspectives and conclusion

Much of what has been achieved regarding breast cancer survival outcomes are
due to early detection and surgical, chemoradiation, and targeted treatments. Yet
the standard "one-size-fits-all” screening and treatment pathway has resulted in
very different levels of benefit and harm amongst women with breast cancer and
DCIS. This PhD delved into some of these harms, the multi-faceted consequences,
and potential solutions. The following two overlapping opportunities emerged, the
first related treatment optimization, and the second to optimizing screening and
surveillance:

Opportunity Number 1: Apply risk assessment at the point of diagnosis
to establish the best individualized treatment and surveillance pathway.
Treatment should be de-escalated for low-risk women to maintain their
quality of life, while freeing up resources to find meaningful treatment for
high-risk women.
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Opportunity Number 2: Explore alternatives to population-based breast
cancer screening which employ risk-based approaches to address
overdiagnosis, and Al-based technologies to catch more aggressive cancers
earlier. Optimize post-diagnosis surveillance to improve adherence and
ensure thatany recurrences are caught as early as possible.

Biomarkers and prognostic factors have a powerful potential to predict the
trajectory of a woman's experience with breast cancer. On their own, however,
they can only explain a fraction of the mechanisms which affect treatment-related
tumour behaviour and patient progression outcomes.® Yet, if we continue to pursue
safe de-escalation of treatment as a worthwhile goal, we must be able to accurately
stratify patients according to their disease risk and chances of benefiting from a
given therapy.

For invasive breast cancer, selecting patients for chemotherapy based on a
combination of clinicopathological characteristics and their genomic risk score
remains encouraging. As precision medicine sits at the forefront of clinical oncology,
gene expression profiles like the 70-gene signature will remain an important,
cost-effective tool for identifying therapeutic strategies tailored to the individual.
Prognostic factors for DCIS surgery de-escalation are stillin the exploration phase.
Early HTAhasrevealed promise in terms of cost-effectivenessand in the willingness
of women to undergo an active surveillance strategy.

It is essential to remember that biomarkers that allow us to de-escalate treatment
in certain patients also have a crucial role to play for other patients. They should
help us escalate treatment for other higher-risk individuals to prevent recurrence

and advanced disease, which would ultimately require costlier therapies. Regular
surveillance imaging can also play a complementary role in finding recurrences
earlier. Meanwhile, Al could be a promising technology that prevents missing
cancers at screening, subsequently decreasing the number of advanced interval
breast cancers.

This PhD acknowledges the challenges in finding and translating predictive
biomarkers into clinical practice to inform decisions for women with breast cancer
and DCIS and using Al technology without inducing further overdiagnosis among
screen-detected cancer. Researchers mustcontinueverifying the cost-effectiveness
of approaches based on their use before and after prospective validation. Early
HTA has earned itself an essential role in facilitating the adoption of technologies
that improve health outcomes at the population level and bring cost savings to the
healthcare system.
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Summary

This PhD dissertation aims to understand the factors that may affect the use of
interventions that lend themselves to de-escalating low-value treatment for
early breast cancer and ductal carcinoma in situ (DCIS). The chapters cover
three complimentary themes in the management of early-stage breast cancer.
The first theme focuses on screen-detected primary DCIS, with select chapters
characterizing disease etiology, treatment and surveillance outcomes, real-world
health care utilization, and potential of biomarkers to select low-risk women for
an active surveillance strategy. Research was performed within the PRECISION
(PREvent ductal Carcinoma In Situ Invasive Overtreatment Now) Consortium.
Issues such as overtreatment and the willingness to harness the potential of new
prognostic technologies and biomarkers to guide treatment decisions are also
covered by projects within this PhD. The second major theme focuses on treatment
de-escalation for early-stage breast cancer, based on the first results of the EORTC
10041/BIG 3-04 MINDACT (Microarray in Node-Negative and 1 to 3 Positive Lymph
Node Disease May Avoid Chemotherapy) phase 3 randomized control trial of the
70-gene signature. Finally, a complementary final theme and chapter highlights a
promising new technology: artificial intelligence for to improve cancer detection at
breast cancer screening to decrease the interval cancer rate.

Through collaborations with individuals from across the spectrum of care, this
dissertation explores new approaches to optimizing treatment and follow-up care
fromamultitude of perspectives. Itapplieselementsofhealthtechnology assessment:
from mathematical modelling of disease processes and treatment outcomes, to
gathering insights from patients and providers. Through producing this evidence, the
final aim of this PhD is to inform decision makers about the many pathways towards
optimizing care for women with early-stage breast cancer and DCIS.

The potential of an active surveillance strategy for low-risk DCIS

Chapter 2 introduces the disease etiology of DCIS and life years associated with
different treatment strategies using a statistical modeling approach called multi-
state modeling. The multi-state model forms the basis for future cost-effectiveness
modeling, and is based on the principle that diseases can progress through several
possible stages. Women begin their journey at diagnosis, with some experiencing
disease progression which may take different possible manifestations. The
model covers disease-related processes until death from the disease itself or
another cause. We refer to these disease stages as health states, and an individual
experiencing a disease can be inany given state atany given time. Their progression
to different states ortime spentin astate depends ona combination of many factors,
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which are unique to each individual. This depends on e.g., one's age, the treatment
one receives, down to the molecular-level characteristics of their disease. In cost-
effectiveness modeling, we use information about time spent in, and transitions
between health states. Each health state is associated with specific costs, and can
be modified by the quality-of-life associated with each.

The real-world results from the multi-state modeling reveal that women with low-
risk DCIS features demonstrate minimal differences by treatment strategy in the
probability of surviving ipsilateral invasive breast cancer-free at 5 and 10 years.
This study provides evidence beyond previously published studies using trial-based
and observational data which provided limited direct comparison of no treatment
and standard interventional treatment strategies. With this article, we provide an
opportunity beyond prospective clinical trials to understand DCIS and the potential
impact of an active surveillance strategy.

Chapter 3 covers a multi-institutional study based on US-based data from the
National Cancer Database DCIS Special Study thatinvestigatesimaging surveillance
in women following breast conservation treatment for DCIS. We analyzed data from
over 12,000 patients with the aim to identify factors that influence regular imaging
surveillance, particularly sociodemographic and clinical factors. Almost 50% of
women with DCIS did not adhere to imaging surveillance guidelines over 5 years
following breast conservation treatment, and non-adherence to early surveillance
was associated with a delay in the detection of invasive recurrence. While more
surveillance was associated with higher diagnosis of ipsilateral invasive breast
cancer, it was also associated with racial and ethnic factors, private insurance, and
receipt of adjuvant therapy. Women with more resources or who were motivated to
have adjuvant therapy were more likely to follow surveillance imaging guidelines.
This study highlights race and ethnicity disparities in care which may be due to
limited access and/or longstanding racial/ethnic inequities in the United States.

Establishing a regular pattern of surveillance soon after diagnosis may promote
timely detection of ipsilateral recurrence in the long term.

Chapter 4 provides an opportunity to understand how acceptable de-escalation
strategies are for recently diagnosed women with low-risk DCIS in the Netherlands.
Preferences for treatment strategies for low-risk DCIS, including a new active
surveillance strategy, were elicited with a discrete choice experiment among
recently-diagnosed womenand oncologistsinvolvedinthe care of women with DCIS.
172 women participating in a prospective active surveillance trial for DCIS, and 30
radiationandsurgicaloncologistsinvolvedinthe care of womenwith DCIS completed
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the experiment. Patients exhibited strong preferences for active surveillance
and seemed prepared to accept much higher levels of 10-year risk of developing
ipsilateral invasive breast cancer than oncologists. Both patients and oncologists
showed a strong aversion toward more extensive locoregional treatments (i.e.,
breast conserving surgery followed by radiotherapy, and mastectomy), while both
groups demonstrated a strong preference toward shorter follow-up intervals. We
report on surprising discrepancies in preferences, especially related to weighing
therisk of recurrence. Ifanactive surveillance strategy is deemed safe and effective
based on the findings of the ongoing prospective active surveillance studies or in
the future, incorporating patients’ preferences in treatment decision making will
serve to improve treatment compliance and satisfaction.

Chapter 5 draws together all the findings presented in the preceding chapters 2-4.
We characterize the costs and quality-adjusted health outcomes associated with
(non)-interventional strategies for women with low-risk DCIS. A semi-Markov
model was constructed based on the multi-state modelling approach employed in
chapter 2. The cost-effectiveness analysis explores two opportunities for selecting
low-risk women with primary DCIS who could opt foran active surveillance strategy.
The base-case model uses standard pathological information on DCIS grade (low-
to-intermediate) and estrogen-receptor-positive status, similar to the eligibility
criteria in the LORD trial described in Chapter 4. 50% of all women with screen-
detected primary DCIS have low-risk features based on these criteria, and would
be eligible for the active surveillance strategy. In the scenario analysis, models
used information on COX-2 protein expression and breast adipocyte size instead to
select low-risk women to forgo surgery. In this scenario, a smaller proportion of
women would be deemed eligible to forgo surgery, but would have a 10-year risk
of ipsilateral invasive breast cancer similar to the general population. The results
were presented both as incremental life years gained, and quality-adjusted life
years (QALYs) gained to provide an important contrast when applying utilities.
Whereas incremental life years are reflected in the differences in overall survival
between groups, QALYs adjust this metric by incorporating the impact of patient
preference and resulting quality of life. In the base-case model, introducing an
active surveillance strategy would result in life years lost across the cohort. The
application of utilities however positively shifts the health effects towards an
average QALY gain. Strategies involving active surveillance for low-risk women
were cost-saving. A headroom analysis based on a simulation of the impact of a
hypothetical perfect biomarker using COX-2 and adipose area information was also
performed. For such a biomarker-based strategy to remain cost-effective ata WTP
threshold of €20,000, the upper ceiling price for this could be set at €6,227.
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The potential of the 70-gene signature to guide treatment strategies
for low-risk early breast cancer

Chapter 6 similarly describes how minimal survival differences are balanced against
quality-of-life gains per patient and considerable cost savings when using the 70-
gene signature compared to clinical assessment in guiding treatment decisions for
adjuvant chemotherapy. We report the results of a cost-effectiveness and budget
impact analysis of treatment strategies guided by the 70-gene signature versus
treatment decisions based on clinical risk assessment alone for a target group of
patients with estrogen receptor-positive, HER2-negative early breast cancer. The
analysisis based on patient-level outcome data from the MINDACT trial, information
on breast cancer-specific quality of life, as well as costs for six countries: Belgium,
France, Germany, the Netherlands, the United Kingdom, and the United States. A
hybrid decision tree-Markov model simulated treatment strategies in accordance
with the 70-gene signature with clinical assessment versus clinical assessment
alone, over a 10-year time horizon. Primary outcomes were quality-adjusted life
years (QALYs), country-specific costs and incremental cost-effectiveness ratios
(ICERs) for each country. For all six countries, the 70-gene signature was found
cost-effective. For five out of six countries, it was also found to be cost-saving.

Chapter 7 looks more closely at a select group of women in the MINDACT trial to
better understand the added value of endocrine therapy among those with estrogen
receptor-positive, HER2-negative, lymph node-negative tumours < 2 cm. Most
clinical guidelines recommend endocrine therapy for these women, despite their
very low risk of distant metastasis. Within this study, we identified a subgroup of
N=509 women who received no adjuvant systemic therapy following surgery, and
matched them 1:1 to women with similar clinical characteristics who had received
adjuvant endocrine therapy. The 8-year distant metastasis free interval rate in the
untreated group was 94.8%, 2.5% lower than the matched group who received
endocrine therapy. However, the cumulative incidence of locoregional recurrences

and contralateral breast cancers at 8 years was 3% higher in patients who received
no adjuvant treatment compared to patients who received endocrine therapy,
contributing to an 8.3% difference in the breast cancer-free interval at 8 years when
considering all breast cancer events together. The chapter discuses the associated
overall poor quality of life and heightened risk of treatment-related adverse
events associated with endocrine therapy, illustrating important considerations
surrounding treatment de-escalation for low-risk women.
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The potential of artificial intelligence to improve cancer detection on
mammography

Chapter 8 covers a study on future perspectives incorporating artificial intelligence
(Al)-based technology for optimization of breast cancer screening. This was
conducted on data from the German national breast cancer screening program,
in collaboration with Vara (MX Healthcare GmbH) and the North Mammography
Reference Centerin Oldenburg, Germany North Mammography Reference Centerin
Oldenburg, Germany, during the latter part of the PhD study time frame. The study
was deemed fitting to include in the thesis by the University of Twente supervising
team in view of the topics concerned. This study sought to understand how many
retrospectively visible cancers that were overlooked by radiologists could be
detected and found by Al. A cohort of N=2,396 interval cancers were used for this
study, 842 of them were considered retrospectively visible. When the algorithm was
set at an operating level to approximate the specificity of the screening program,
it could detect up to 40% of missed cancers. Evaluating any Al at this specificity
is necessary to demonstrate how Al can be brought into a screening program
without inducing a detrimental impact on false positive rates. This is important to
women participating in screening, as the emotional burden of unnecessary recalls
can result in fewer women consistently attending screening. Furthermore, the
interval cancer rate is an important quality indicator for breast cancer screening.
Compared to screen-detected cancers, interval cancers are more likely to have
unfavorable prognosis, requiring more intensive treatment. Al-augmented breast
cancer screening can provide value to the healthcare system, as breast cancers
detected earlier have better long-term outcomes and can be less invasive to treat,
as illustrated throughout chapters 2 to 7.

Discussion and conclusion

The final chapter of the PhD provides an overview of further research, policy
and practice implications resulting from each of the chapters. It concludes with
three major opportunities that have emerged as future directions for optimizing
surveillance, diagnosis, and treatment of early breast cancerand DCIS. Opportunity
Number 1: Apply risk assessment at the point of diagnosis, and possibly at the
start of the breast cancer screening journey. De-escalate treatment for low-risk
women to maintain their quality of life, and to free-up resources to find meaningful
treatment for high-risk women, and advanced and metastatic cancer. Opportunity
Number 2: Let fewer cancers slip through screening and surveillance undetected.
Use new technologies during screening that catch more aggressive cancers earlier.
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Optimize post-diagnosis surveillance to improve adherence and ensure that any
recurrences are caught as early as possible.

This PhD acknowledges the challenges in finding and translating predictive
biomarkers into clinical practice to inform decisions for women with breast cancer
and DCIS and using Al technology without inducing further overdiagnosis among
screen-detected cancer. Researchers mustcontinue verifying the cost-effectiveness
of approaches based on their use before and after prospective validation. Early
HTA has earned itself an essential role in facilitating the adoption of technologies
that improve health outcomes at the population level and bring cost savings to the
healthcare system.
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Samenvatting

Dit proefschrift heefttot doelinzicht te krijgenin de factoren die vaninvloed kunnen
zijn op het gebruik van interventies die zich lenen voor het de-escaleren van laag-
waardige, of onzinnige behandeling voor borstkanker in een vroeg stadium en
ductaal carcinoma in situ (DCIS). Dit proefschrift behandelt drie complementaire
thema's. Het eerste thema richt zich op screen-gedetecteerde primaire DCIS,
met geselecteerde hoofdstukken die de etiologie van de ziekte, de resultaten van
behandeling en monitoring (nacontrole), het gebruik van gezondheidszorg in
de praktijk, en het potentieel van biomarkers om vrouwen met een laag risico te
selecteren voor een actieve surveillance strategie. Het onderzoek werd uitgevoerd
binnen het PRECISION (PREvent ductal Carcinoma In Situ Invasive Overtreatment
Now) Consortium. Kwesties zoals overbehandeling en de bereidheid om het
potentieel van nieuwe prognostische technologieén en biomarkers te benutten om
beslissingen over behandeling te sturen, komen ook aan bod in projecten binnen
dit proefschrift. Het tweede grote thema richt zich op de-escalatie van behandeling
voor borstkanker in een vroeg stadium, op basis van de esultaten van de EORTC
10041/BIG 3-04 MINDACT (Microarray in Node-Negative and 1 to 3 Positive Lymph
Node Disease May Avoid Chemotherapy) gerandomiseerde fase 3 studie van de
70-gene signature. Ten derde wordt in een aanvullend hoofdstuk de aandacht
gevestigd op een veelbelovende nieuwe technologie: kunstmatige intelligentie
voor het verbeteren van de opsporing van kanker bij borstkankerscreening om het
percentage intervalkanker te verlagen.

Door samen te werken met mensen uit het hele spectrum van de zorg, verkent
dit proefschrift nieuwe benaderingen voor het optimaliseren van screening,
behandeling en nazorg. Het past elementen toe van Health Technology Assessment:
van wiskundige modellering van ziekteprocessen en behandeleffecten, tot het
verzamelen van voorkeuren van patiénten en zorgverleners. Het uiteindelijke doel
van dit proefschrift is om besluitvormers te informeren over de vele manieren
waarop de zorg voor vrouwen met borstkanker in een vroeg stadium en DCIS kan
worden geoptimaliseerd.

Het potentieel van een actieve monitoring strategie voor
laag-risico DCIS

Hoofdstuk 2 introduceert de ziekte-etiologie van DCIS en de 'levensjaren’
geassocieerd met verschillende behandelingsstrategieén met behulp van een
statistische modelbenadering die multi-state modeling wordt genoemd. Het
multi-state model vormt de basis voor toekomstige kosteneffectiviteitsmodellen
en is gebaseerd op het principe dat ziekten zich in verschillende stadia kunnen
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ontwikkelen. Patiénten beginnen hun traject bij de diagnose, waarbij sommigen
een ziekteprogressie doormaken die verschillende mogelijke verschijningsvormen
kan aannemen. Het model bestrijkt ziektegerelateerde processen tot het overlijden
aan de ziekte zelf of aan een andere oorzaak. We noemen deze ziektestadia
gezondheidstoestanden, en een persoon die een ziekte doormaakt kan zich op
elk moment in een bepaalde toestand bevinden. De progressie naar verschillende
toestanden of de tijd die iemand in een toestand doorbrengt, hangt af van een
combinatie van vele factoren, die voor elk individu uniek zijn. Dit hangt bijvoorbeeld
af van iemands leeftijd, de behandeling die hij of zij krijgt, tot aan de kenmerken op
moleculair niveau van zijn of haar ziekte. In kosteneffectiviteitsmodellen gebruiken
we informatie over de tijd die iemand doorbrengt in een gezondheidstoestand en
de overgang tussen gezondheidstoestanden. Elke gezondheidstoestand wordt gaat
gepaard met specifieke kosten, en een specifieke levenskwaliteit.

De resultaten van de multi-state modellering op basis van echte data van
Amerikaanse vrouwen laten zien dat vrouwen met laag risico DCIS-kenmerken
minimale verschillen vertonen in overleving van ipsilaterale invasieve borstkanker-
vrij op 5 en 10 jaar per behandelingsstrategie (monitoring versus actieve
behandeling). Deze studie levert bewijs dat verder gaat dan eerder gepubliceerde
studies die gebruik maken van op studie gebaseerde- en observationele gegevens
die een beperkte directe vergelijking van geen behandeling versus standaard
interventionele behandelingsstrategieén leverden. Met dit artikel bieden wij de
mogelijkheid om, naast prospectieve klinische studies, inzicht te krijgen in DCIS en
de potentiéle impact van een actieve monitoring strategie.

Hoofdstuk 3 behandelt een multi-institutionele studie gebaseerd op Amerikaanse
gegevens van de “National Cancer Database DCIS Special Study” die het opvolgen
van monitoring onderzoekt bij vrouwen na borst besparende behandeling voor
DCIS. Wij analyseerden gegevens van meer dan 12.000 patiénten met als doel om

factoren te identificeren die regelmatige controle van beeldvorming beinvloeden,
met name sociodemografische en klinische factoren. Bijna 50% van de vrouwen met
DCIS hield zich niet aan de richtlijnen voor beeldvormende controle gedurende 5
jaar na een borstbesparende behandeling, en het niet volgen van vroege controle
was geassocieerd met een vertraging in de opsporing van een terugkeer van
ziekte. Hoewel meer surveillance geassocieerd was met een hogere diagnose van
ipsilaterale invasieve borstkanker, was dit ook geassocieerd met raciale en etnische
factoren, particuliere verzekering, en ontvangst van adjuvante therapie. Vrouwen
in een hogere sociaaleconomische klasse of die gemotiveerd waren om adjuvante
therapie te ondergaan, hadden meer kans om de richtlijnen voor beeldvorming
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te volgen. Deze studie belicht de verschillen in zorg tussen ras en etniciteit, die
te wijten kunnen zijn aan beperkte toegang en/of reeds lang bestaande raciale/
etnische ongelijkheden in de Verenigde Staten. Het instellen van een regelmatig
controlepatroon kort na de diagnose kan de tijdige opsporing van ipsilateraal
recidief op de lange termijn bevorderen.

Hoofdstuk 4 biedt een mogelijkheid om te begrijpen hoe acceptabel de-escalatie
strategieén zijn voor recent gediagnosticeerde vrouwen met laag-risico DCIS
in Nederland. Voorkeuren voor behandelingsstrategieén voor laag-risico DCIS,
inclusief een nieuwe actieve surveillance strategie, werden bepaald met een
discrete keuze experiment onder recent gediagnosticeerde vrouwen en oncologen
betrokken bij de zorg voor vrouwen met DCIS. 172 vrouwen die deelnamen aan een
prospectieve actieve surveillance studie voor DCIS, en 30 radiotherapeutische en
chirurgische oncologen die betrokken zijn bij de zorg voor vrouwen met DCIS, vulden
hetexperimentin. Patiénten vertoonden een sterke voorkeurvooractieve monitoring
en leken bereid om veel hogere niveaus van 10-jaars risico op het ontwikkelen van
ipsilaterale invasieve borstkanker te accepteren dan oncologen. Zowel patiénten als
oncologentoondeneensterke afkeervanuitgebreidere locoregionale behandelingen
(d.w.z. borstsparende chirurgie gevolgd door radiotherapie, en mastectomie),
terwijl beide groepen een sterke voorkeur toonden voor meer controle afspraken.
Wijhebben deze voorkeurenin eenvroeg stadium gerapporteerd (de klinische studie
is nog niet afgerond) . Als een actieve surveillance strategie veilig en effectief wordt
geacht op basis van de bevindingen van de lopende studie, zal het meenemen van de
voorkeuren van patiénten in de besluitvorming over de behandeling dienen om de
therapietrouw en -tevredenheid te verbeteren.

In Hoofdstuk 5 worden alle bevindingen uit de voorgaande hoofdstukken 2-4
samengevoegd. We karakteriseren de kosten en de voor kwaliteit gecorrigeerde
gezondheidsuitkomsten van (non)-interventionele strategieén voor vrouwen
met laag-risico DCIS. Een semi-Markov model werd geconstrueerd op basis
van de multi-state modelling benadering die in hoofdstuk 2 werd gebruikt. De
kosteneffectiviteitsanalyse verkent twee mogelijkheden voor het selecteren
van vrouwen met laag risico met primair DCIS die zouden kunnen kiezen voor
een actieve surveillance strategie. Het basisscenario model maakt gebruik van
standaard pathologische informatie over DCIS graad (laag tot gemiddeld) en
oestrogeen-receptor-positieve status, vergelijkbaar met de geschiktheidscriteria
in de LORD trial beschreven in hoofdstuk 4. 50% van alle vrouwen met screen-
ontdekte primaire DCIS hebben op basis van deze criteria kenmerken met een laag
risico, en zouden in aanmerking komen voor de actieve surveillance strategie. In de
scenarioanalyse gebruikten de modellen informatie over COX-2 protein expression
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en de grootte van borstadipocyten om vrouwen met een laag risico te selecteren
voor chirurgie. In dit scenario zou een kleiner deel van de vrouwen in aanmerking
komen voor actieve monitoring, maar zou het tienjaarsrisico van ipsilaterale
invasieve borstkanker vergelijkbaar zijn met dat van de algemene bevolking. De
resultaten werden zowel in gewonnen ‘levensjaren’ als in gewonnen voor ‘kwaliteit
gecorrigeerde levensjaren’' (QALYs) gepresenteerd. Terwijl het marginale verschil
in 'levensjaren’ tot uiting komt tussen de groepen, wordt deze metriek in de QALYs
aangepast door rekening te houden met de invloed van de voorkeur van de patiént
en de daaruit voortvloeiende levenskwaliteit. In het basisscenario zou de invoering
van een actieve bewakingsstrategie leiden tot een verlies van levensjaren alleen.
Als deze vervolgens gecorrigeerd worden door de kwaliteit van leven, verschuiven
de gezondheidseffecten echter in positieve zin naar een gemiddelde QALY-winst.
Naast de QALY winst werd ook geconcludeerd dat de monitoring strategie voor
vrouwen met een laag risico DCIS kostenbesparend was. Er werd ook een scenario
analyse uitgevoerd van het effect van een hypothetische perfecte biomarker op
basis van COX-2 en informatie over het vetweefsel. Opdat een dergelijke strategie
op basis van biomarkers kosteneffectief zou blijven bijeen WTP-drempelvan 20.000
euro, kon de maximumprijs hiervoor worden vastgesteld op 6.227 euro.

Het potentieel van de 70-genen signature als leidraad voor
behandelingsstrategieén voor laag-risico borstkanker in een vroeg
stadium

Hoofdstuk 6 beschrijft op vergelijkbare wijze hoe minimale overlevingsverschillen
worden afgewogen tegen winst in kwaliteit van leven per patiént en aanzienlijke
kostenbesparingen bij gebruik van de 70-genen signature in vergelijking met
klinische beoordeling bij het begeleiden van behandelbeslissingen voor adjuvante
chemotherapie. Wij rapporteren de resultaten van een kosten-effectiviteits- en
budgetimpactanalyse van behandelingsstrategieén geleid door de 70-genen
signature in vergelijking met behandelingsbeslissingen alleen gebaseerd op

klinische risicobeoordeling voor een doelgroep van patiénten met oestrogeen
receptor-positieve, HER2-negatieve vroege borstkanker. De analyse is gebaseerd
op uitkomstgegevens op patiéntniveau van de MINDACT trial, informatie over
borstkankerspecifieke kwaliteit van leven, alsmede kosten voor zes landen: Belgié,
Frankrijk, Duitsland, Nederland, het Verenigd Koninkrijk, en de Verenigde Staten.
Een hybride decision tree-Markov model simuleerde behandelingsstrategieén in
overeenstemming met de 70-genen signature met klinische beoordeling versus
klinische beoordeling alleen, over een tijdshorizon van 10 jaar. Primaire uitkomsten
waren voor 'kwaliteit gecorrigeerde levensjaren' (QALYs), landspecifieke kosten en
incrementele kosteneffectiviteitsratio's (ICERs) voor elk land. Voor alle zes landen
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werd de 70-genen signature kosteneffectief bevonden. Voor vijf van de zes landen
bleek het ook kostenbesparend te zijn.

Hoofdstuk7 wordtnaderingegaanop eenselectegroepvrouweninde MINDACT trial
om een beterinzichtte krijgenin de toegevoegde waarde van hormonale therapie bij
vrouwen metoestrogeenreceptor-positieve, HER2-negatieve, lymfeklier-negatieve
tumoren < 2 cm. De meeste klinische richtlijnen raden hormonale therapie aan
voor deze vrouwen, ondanks hun zeer lage risico op afstandsmetastasen. In deze
studie identificeerden wij een subgroep van N=509 vrouwen die geen adjuvante
systemische therapie kregen na chirurgie, en koppelden hen 1:1 aan vrouwen met
vergelijkbare klinische karakteristieken die adjuvante hormonale therapie hadden
gekregen. Het percentage metastasevrije intervallen na 8 jaar in de onbehandelde
groep was 94,8%, 2,5% lager dan in de gematchte groep die hormonale therapie had
gekregen. De cumulatieve incidentie van locoregionale recidieven en contralaterale
borstkankers na 8 jaar was echter 3% hoger bij patiénten die geen adjuvante
behandeling kregen in vergelijking met patiénten die endocriene therapie kregen,
wat bijdroeg aan een verschil van 8,3% in het borstkankervrije interval na 8 jaar
wanneer alle borstkankergebeurtenissen samen worden genomen. Het hoofdstuk
gaatin op de geassocieerde algehele slechte kwaliteit van leven en het verhoogde
risico op behandelingsgerelateerde ongewenste bijwerkingen die gepaard gaan
met hormonale therapie, en illustreert belangrijke overwegingen met betrekking
tot de-escalatie van behandeling voor vrouwen met een laag risico.

Het potentieel van kunstmatige intelligentie om de opsporing van
kanker bij mammografie te verbeteren

Hoofdstuk 8 behandelt een studie naar de toekomstperspectieven met behulp
van kunstmatige intelligentie (Al) technologie voor de optimalisering van
borstkankerscreening. Dit is uitgevoerd op gegevens van het Duitse nationale
borstkankerscreeningsprogramma, in samenwerking met Vara (MX Healthcare
GmbH) en het North Mammography Reference Center in Oldenburg, Duitsland,
tijdens het laatste deel van de looptijd van het promotieonderzoek. De studie werd
door het begeleidingsteam van de Universiteit Twente geschikt geacht om in het
proefschrift op te nemen gezien de betrokken onderwerpen. Deze studie trachtte
te begrijpen hoeveel retrospectief zichtbare kankers die door radiologen over het
hoofd werden gezien, door Al konden worden opgespoord en gevonden. Een cohort
van N=2.396 intervalkankers werd gebruikt voor deze studie, 842 daarvan werden
beschouwd als retrospectief zichtbaar. Wanneer het algoritme werd ingesteld op
een werkingsniveau dat de specificiteit van het screeningsprogramma benaderde,
kon het tot 40% van de gemiste kankers opsporen. Het evalueren van Al op deze
specificiteit is noodzakelijk om aan te tonen hoe Al in een screeningsprogramma
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kan worden geimplementeerd zonder een nadelig effect op de fout-positieve
percentages. Ditisbelangrijk voorvrouwen die aanscreeningdeelnemen, aangezien
de emotionele belasting van onnodige terugroepingen ertoe kan leiden dat minder
vrouwenconsequentaanscreeningdeelnemen.Bovendienishetintervalkankercijfer
een belangrijke kwaliteitsindicator voor borstkankerscreening. In vergelijking
met screen-opgespoorde kankers hebben intervalkankers vaker een ongunstige
prognose, zodat een intensievere behandeling nodig is. Screening op borstkanker
met behulp van Al kan waarde toevoegen aan het gezondheidszorgsysteem,
aangezien borstkankers die eerder worden ontdekt betere resultaten op lange
termijn hebben en minder invasief te behandelen zijn, zoals wordt geillustreerd in
de hoofdstukken 2 tot 7.

Discussie en conclusie

Het laatste hoofdstuk van het proefschrift geeft een overzicht van verdere implicaties
voor onderzoek, beleid en praktijk die uit elk van de hoofdstukken voortvloeien.
Het sluit af met twee belangrijke aanbevelingen die naar voren zijn gekomen als
toekomstige richtingen voor het optimaliseren van screening, diagnose en behandeling
van borstkanker en DCIS in een vroeg stadium. Aanbeveling nummer 1: Pas
risicobeoordeling toe op het punt van de diagnose, en mogelijk aan het begin van het
traject van borstkankerscreening. De behandeling voor vrouwen met een laag risico
de-escaleren om hun levenskwaliteit te handhaven en middelen vrij te maken om een
zinvolle behandeling te vinden voor vrouwen met een hoog risico en gevorderde en
uitgezaaide kanker. Aanbeveling nummer 2: Minder gevallen van kanker onopgemerkt
door screening en toezicht laten ontsnappen. Gebruik nieuwe technologieén tijdens
screening die agressievere vormen van kanker eerder opsporen. Optimaliseer de
controle na de diagnose om de therapietrouw te verbeteren en ervoor te zorgen dat
eventuele recidieven zo vroeg mogelijk worden ontdekt.

Dit proefschrift erkent de uitdagingen bij het vinden en vertalen van voorspellende
biomarkers naar de klinische praktijk om beslissingen te nemen voor vrouwen
met borstkanker en DCIS en het gebruik van Al-technologie zonder verdere
overdiagnose te induceren bij screen-gedetecteerde kanker. Onderzoekers
moeten de kosteneffectiviteit van benaderingen blijven verifiéren op basis
van hun gebruik voor en na prospectieve validatie. Vroegtijdige HTA heeft een
essentiéle rol verdiend in het verbeteren van de invoering van technologieén die de
gezondheidsresultaten op populatieniveau verbeteren en kostenbesparingen voor
het gezondheidszorgsysteem opleveren.
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