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Abstract

Women who inherit a deleterious BRCA1 or BRCA2 mutation are at an
increased lifetime risk of developing breast cancer, with estimates ranging
from 69% to 72% by the age of 80. Although genetic testing allows for the
identification of high-risk individuals, prevention options for these women
are limited to bilateral prophylactic mastectomy. Although it is established
that modifiable lifestyle factors, such as physical activity and maintaining a
healthy weight, can significantly lower the risk of breast cancer in the general
population, it remains unclear whether these factors are similarly effective
in preventing BRCA-associated breast cancer.

The first study evaluated the relationship between physical activity
during adolescence and subsequent breast cancer risk in BRCA /2 mutation
carriers. The findings of this analysis indicate that moderate physical activity
during the ages of 12 to 17 may lead to a 38% lower risk of premenopausal
breast cancer in women with BRCA mutations.

Women with a history of breast cancer are at a considerable risk of
mortality from cardiovascular disease (CVD) due to pre-existing
vulnerability and the negative impact of cancer treatments on cardiovascular
health. Simultaneously, research conducted on both mice and humans has
indicated a link between severe cardiac events, such as myocardial
infarction, and the promotion of breast cancer progression, which includes a
rise in cancer-related deaths. Common risk factors, including age, obesity,
and unhealthy eating habits, further exacerbate the risk of both breast cancer
and CVD in susceptible women. Thus, it is imperative to enhance
cardiovascular care in women at increased risk for breast cancer and breast
cancer survivors to reduce their cancer risk and manage cardiovascular risk
factors effectively. Recent studies have highlighted the crucial role of BRCA
genes in regulating the survival and function of cardiomyocytes, with loss of

function increasing susceptibility to cardiac damage, rendering individuals



with BRCA mutations more vulnerable to CVD. Currently, no established
recommendations exist for screening, monitoring, and managing CVD risk
among the general oncology population. Given the increased risk of both
breast cancer and CVD, BRCA /2 mutation carriers may represent a suitable
population to monitor and control CVD risk factors and study surrogate
markers for CVD.

The objective of the second study was to examine the relationship
between biologically active Adrenomedullin (bio-ADM), a potential
biomarker for subclinical cardiac dysfunction, and cardiovascular risk
factors in a group of BRCA mutation carriers. Women who had metabolic
syndrome exhibited a 22-fold greater chance of having high bio-ADM
levels. Higher bio-ADM levels were associated with reduced
cardiorespiratory fitness, various obesity indices and smoking.

The management of breast cancer risk in BRCA1/2 mutation carriers is
well-established, but the optimal approach for managing the cancer risks of
women with a strong family history but no known familial mutation for
breast cancer remains uncertain.

Therefore, we evaluated the clinical outcomes of high-risk women who
underwent breast cancer screening services at a specialty clinic in
Melbourne, Australia, and described the incidence of breast malignancies
and the uptake of preventive options for both mutation carriers and
noncarriers.

Between 2010 and 2018, breast cancer screening was conducted on at
least one occasion for a total of 206 mutation carriers and 305 noncarriers at
high risk for breast cancer whose median age was 37 years. High risk for
breast cancer was captured by the Familial risk assessment - breast and
ovarian cancer (FRA-BOC) online tool. During a median follow-up of 34
months, 15 (seven invasive) breast cancers were detected in mutation carriers
and seven (six invasive) in noncarriers. The median size of invasive breast

cancers was 11 mm (range: 1.5-30 mm), with the majority being axillary



node negative. The study found that using a cut-off of 25% lifetime risk on
Breast and Ovarian Analysis of Disease Incidence and Carrier Estimation
Algorithm (BOADICEA) as an inclusion criterion for intensified breast
cancer screening would have excluded 77.6% of noncarriers, despite the fact
that many of these women may have a high risk of developing breast cancer.
Even though six out of seven women without mutations who had screen-
detected breast cancers met the old inclusion criteria provided by the FRA-
BOC online tool, they did not meet the BOADICEA threshold of a lifetime
risk of at least 25%. Four of these women were diagnosed with breast cancer
before the age of 50. The study suggests that breast cancer screening was
effective in detecting early-stage cancers, and there is a higher incidence of
events in young noncarriers compared to the general population. As a result,
noncarriers require continued management through a specialty clinic.
However, to improve cancer detection rates and screening efficacy, it is
necessary to enhance risk assessment and inclusion criteria for high-risk
noncarriers.

In summary, these studies highlight the importance of ongoing research
into optimal approaches for managing individuals with BRCA mutations or
a significant family history of breast cancer. Identifying effective prevention
strategies and managing cardiovascular risk factors can improve the quality

of life and long-term health outcomes for these individuals.
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1.1 Introduction

1 Introduction

1.1 Overview of breast cancer risk and management among
BRCA1/2 mutation carriers

The BRCA1 and BRCA?2 genes are tumour suppressor genes. When working
properly, they provide instructions for making proteins that are involved in
cell cycle control and DNA repair. Mutations in these genes can disrupt the
normal function of the proteins they produce, leading to an increased risk of
developing certain types of cancer (1).

In particular, inheritance of a mutation in BRCAI or BRCA?2 is associated
with a very high risk of developing breast cancer, estimated at 72% and 69%,
respectively by age 80. Breast cancer risk in a population of 3,886 BRCA1/2
mutation carriers with ethnic diversity was studied prospectively. The study
found that the risk of breast cancer rose sharply in early adulthood and then
stabilized at a relatively constant rate. The highest risk of breast cancer
occurred in the 30s for BRCAI mutation carriers and in the 40s for BRCA2
mutation carriers (2).

Women with BRCA-associated breast cancers have an increased risk of
developing a second ipsilateral (3) or contralateral (4) breast cancer. BRCA -
associated breast cancers tend to be basal-type, high grade and hormone
receptor-negative, whereas BRCAZ2-associated breast cancers resemble
sporadic breast cancers, i.e. luminal B breast cancers that are predominantly
hormone receptor-positive (5, 6).

Individuals who are heterozygous for a BRCA mutation are carriers of the
mutation, but may not necessarily develop cancer. This is because the wild-
type copy of the gene is still able to produce the BRCA protein, which can
partially compensate for the loss of function caused by the mutated copy.
Mutations affecting both copies (biallelic) of the BRCA2 gene can lead to the
clinical presentation of Fanconi anaemia type D1 and significantly increase
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the risk of developing childhood cancers. Notably, biallelic mutations in
BRCA I have been rarely reported and are most likely embryonic lethal in the
majority of cases (7).

Genetic penetrance refers to the proportion of individuals with a particular
genetic mutation who actually develop the associated disease. In the case of
the BRCA genes, the genetic penetrance is not 100%, i.e., not all individuals
who inherit a BRCA mutation will develop cancer.

Variations in penetrance estimates have initially been attributed to the
method of ascertainment of the families under study; however, regional
differences in penetrance of an inherited BRCAI or BRCA2 mutation and an
increasing trend in penetrance among individuals carrying these mutations
born in later generations compared to those born earlier have prompted the
search for factors other than the gene itself which may be influencing the
risk of cancer in susceptible women (8, 9). To date, both genetic and non-
genetic factors have been suggested to influence breast cancer risk in BRCA 1
and BRCA2 mutation carriers. Part of the variation in risks may be explained
by the position of the mutation within each gene, by other risk-modifying
genes, by the additional effect of common single nucleotide polymorphisms
(SNPs) across the genome, and by environmental factors (10, 11).

Primary prevention of breast cancer in susceptible women is limited to
bilateral prophylactic mastectomy (BPM). This prophylactic measure can
decrease the risk of breast cancer by up to 95% (12). Despite the strong
protection offered by this procedure, the uptake varies greatly between
European countries with rates between 0.5% and 48.5% in the International
BRCA1/2 mutation carrier Collaborative Study (personal communication),
underlining a remarkable impact of cultural factors and subjective
preferences of healthcare professionals on their patients’ choice (13).
Alternative non-surgical chemopreventive options in BRCA1/2 mutation
carriers are based on an interruption of the oestrogen-signalling pathway

(e.g. through tamoxifen or aromatase inhibitors) and, in BRCAI mutation



1.1 Introduction

carriers, the receptor activated nuclear factor-kB ligand (RANKL)-driven
progesterone signalling (e.g. through denosumab), yet their complete
effectiveness still remains to be elucidated (14) and is under active study
(15). Uptake of chemoprevention with selective oestrogen receptor
modulators such as tamoxifen or with aromatase inhibitors is low. To date,
no large-scale study has evaluated the effectiveness of tamoxifen or
aromatase inhibitors for the primary prevention of BRCA-associated breast
cancer. Instead, the recommendation is derived from studies conducted
predominantly in noncarriers at increased risk for breast cancer (16).
Women who are not (yet) willing to proceed with preventive surgery can
also rely on specialized surveillance programs aimed at early detection of
breast cancer, including frequent screening of the breasts through breast
ultrasounds, breast magnetic resonance imaging (MRI) or mammograms
(16). Whether enhanced screening with breast MRI is a viable alternative to
prophylactic BPM is unknown; no studies have compared mortality with
breast MRI screening vs. BPM specifically in BRCA 1/2 mutation carriers.
The varying penetrance estimates along with the limited chemopreventive
options indicate the need to identify additional options that may help modify
breast cancer risk. BRCA1/2 mutation carriers have strongly expressed their
preference for less invasive prevention options (17); however, further
investigations are needed before one can provide effective and safe
recommendations to reduce breast cancer risk in BRCA 1/2 mutation carriers

without resorting to surgery.

1.1.1  Impact of modifiable risk factors on (BRCA-associated)
breast cancer

Decades of epidemiologic research have witnessed a burgeoning interest in
the study of lifestyle and environmental breast cancer risk factors among the
general population, including reproductive history, use of hormones,
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(changes in) body composition (across the lifespan), and alcohol intake, each
explaining a modest proportion of the variation in breast cancer risk (18).
However, when combined, these environmental risk factors have a
substantial impact on disease risk. In fact, according to data derived from the
general population in Western countries, almost one in three breast cancer
cases could be prevented by adapting healthy lifestyles (19).

More recent data combining the impact of low penetrant SNPs with
epidemiological risk factors have helped to understand the distribution of
breast cancer risk across populations. These models have shown that lifestyle
modifications could have a greater absolute effect if targeted to women at
higher absolute risk, including women at higher-than-average risk due to
their family history or genetic susceptibility. In this respect, it is encouraging
that even women at highest breast cancer risk due to nonmodifiable factors,
who sustained a healthy weight, did not consume alcohol or tobacco and did
not use hormone replacement therapy, had risks comparable to the average
in the general population. Recent findings demonstrated that a greater
proportion of preventable cases of breast cancer would be observed in
women with elevated levels of risk due to genetic and nonmodifiable factors.
This suggests that interventions aimed at modifying risk factors, which may
not be feasible for the entire population due to costs and other limitations,
could be directed towards high-risk groups to achieve a greater reduction in
the incidence of breast cancer (18, 20).

We have published a review of the epidemiologic evidence on the
association between modifiable risk factors and (hereditary) breast cancer
risk (18).

While various reproductive and hormonal factors have shown to impact
BRCA-associated cancer risk, the risk-reducing potential of modifiable
lifestyle factors, including body composition, physical activity, and diet, are
yet to be elucidated in this population.
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1.1.2  Physical activity and breast cancer risk in BRCA1/2
mutation carriers

The role of physical activity in the aetiology of breast cancer among average-
risk women has been studied extensively and physical activity remains the
most important modifiable risk factor (18). The evidence unequivocally
supports an inverse association between physical activity and breast cancer,
with a reduction of 25%-30%, comparing the most versus least active women
21).

For women at high-risk due to an inherited BRCA /2 mutation, there is also
emerging evidence suggesting a protective role of exercise.

Five epidemiological studies have evaluated the effect of physical activity
specifically on BRCA-associated breast cancer risk, but with mixed results.

King et al. were the first to report a significant delay in breast cancer onset
among 104 BRCA1/2 mutation carriers who were physically active as
teenagers compared to those who were not (22). A second study (n = 137)
found no association between levels of adult physical activity and
subsequent breast cancer risk (23). In a retrospective cohort study (n = 725),
Pijpe et al. reported a significant 42% reduction in risk with increasing levels
of physical activity prior to, but not after, age 30 (24). In our retrospective
observational study of 68 BRCA 1/2 mutation carriers, study participants who
indicated higher physical activity levels during adolescence had a
significantly lower cancer prevalence (25). In a prospective cohort of 15,550
women with a family history of breast cancer, including 659 BRCA and 526
BRCA2 mutation carriers, baseline recreational activity in the highest four
quintiles compared to the lowest quintile was associated with a 20% decrease
in breast cancer risk. However, in this analysis, adolescent recreational
physical activity was not associated with subsequent breast cancer risk (26).

Collectively, these epidemiologic studies suggest a protective role of
physical activity in the development of BRCA-associated breast cancer.
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However, the optimal exercise type, timing, and dose of exercise remain
uncertain. Given the mixed results with regard to adolescent physical activity
and subsequent breast cancer risk, it is not clear whether physical activity
during adolescence is protective against BRCA-associated breast cancer or
only delays development of disease.

1.2 Cardiovascular disease risk assessment in BRCA1/2
mutation carriers

1.2.1 The link between breast cancer and cardiovascular
disease

As breast cancer outcomes improve with earlier detection and advances in
treatment, cardiovascular disease (CVD) has become an important cause of
morbidity and mortality among (early) breast cancer patients (27). In fact,
CVD overtakes breast cancer as the primary cause of mortality in breast
cancer survivors eight years after the initial diagnosis (28, 29). CVD can be
caused or accelerated by a variety of breast cancer treatments, i.e. due to
exposure to anthracyclines, Her2-targeted agents, chest radiation therapy and
long-term oestrogen suppression (30, 31). Concomitantly, studies in mice
and humans have suggested an association between serious cardiac events,
e.g. myocardial infarction, and promotion of breast cancer progression,
including an increase in cancer-specific mortality (32). Additionally, there is
a significant overlap between CVD and breast cancer, including a number of
common risk factors, i.e. aging, physical inactivity and metabolic syndrome,
suggesting a shared biology (33). Cancer and hypertension often coexist in
the same individuals. A large observational cohort study has revealed that
hypertension is the most prevalent comorbidity among cancer patients, with
a reported prevalence of 38%. This study was conducted before the
widespread introduction of many targeted therapies that are associated with
hypertension. Therefore, the reported prevalence is expected to be lower than



1.2 Introduction

the current prevalence of hypertension among cancer patients (34). A meta-
analysis comprising of 30 prospective studies found that postmenopausal
women with hypertension had a 20% higher risk of developing breast cancer
(34). A retrospective analysis of more than 25,000 adult cancer patients in
the United States of America (USA) revealed that nearly one-third of them
developed de novo hypertension during follow-up. Anticancer therapy was
found to be associated with a 2- to 3.5-fold higher risk of developing
hypertension (35). Thus, cardiovascular risk factors are more pronounced in
patients with a history of breast cancer than in age-matched, cancer-
unaffected women (36, 37), and anticancer drugs may result in deterioration
of pre-existing cardiovascular conditions.

With the exception of recurrent cancer, CVD is the most important
competing risk of death in women with a history of breast cancer due to
baseline predisposition and short- and long-term adverse cardiovascular
toxicities associated with cancer therapies. It is therefore crucial to optimize
cardiovascular care and risk profiles in breast cancer patients and survivors,
and make sure that improvements in cancer survival do not come at the cost
of cardiovascular health (34).

1.2.2  Screening programs for cardiovascular risk in breast
cancer survivors and surrogate markers for CVD

In order to prevent CVD, it is crucial to identify high-risk individuals long
before the development of cardiac injury.

Ideally, all patients should be monitored for pre-existing cardiovascular risk
factors before initiating antineoplastic therapy, especially in those who will
be exposed to cardiotoxic and hypertensive-inducing agents. Collaborative
and proactive management decisions should be made in a multidisciplinary
team involving cardio-oncologists, with the goal of achieving a balanced

approach that minimizes any potential delay in initiating necessary
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anticancer therapy. The objective should be to minimize the risk of
hypertension-related end-organ damage and prevent the need for future
anticancer therapy interruption or dosage reduction due to de novo
hypertension, a deterioration of previously well-controlled hypertension or
(major) cardiac events (34).

Current recommendations primarily concentrate on screening for
cardiovascular issues and monitoring cardiac function before or during
cancer treatment. However, as cancer treatments advance and lead to
improved cancer outcomes, there is an increasing need for reliable guidelines
to manage and monitor CVD and associated risk factors in cancer survivors
over the long term. The long latency period of approximately five to seven
years between the initial diagnosis of breast cancer and manifest CVD (38,
39) provides a window of opportunity to identify and treat CVD risk factors
before any clinical signs or symptoms become evident.

One of the barriers to improving cardiovascular disease outcomes in breast
cancer survivors is the inadequacy of common screening tools: The
traditional Framingham Risk Score significantly underestimates a breast
cancer survivor’s risk of developing CVD (37, 40), lending urgency to find
a more suitable method to assess CVD risk in these at-risk patients (41).
Non-invasive biomarkers incorporating different pathophysiological
processes of CVD have become a major focus of attempts to predict
cardiovascular events among the general population (42). The value of
blood-based biomarkers to identify preclinical CVD in breast cancer
survivors is not known.

Predisposition for atherosclerosis has been shown to be a surrogate for
overall CVD risk and can be non-invasively assessed by the use of structural
and functional vascular biomarkers. Structural biomarkers include measures
of arterial stiffness, thickness, and diameter, while functional biomarkers
assess blood flow, endothelial function, and other physiological parameters.

Adrenomedullin (ADM), a natriuretic and diuretic peptide, is produced in
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response to mechanical stretch and thus reflects vascular changes. ADM
represents a promising biomarker of vascular health, and it becomes elevated
years before the onset of non-communicable diseases (43). In particular,
elevated ADM levels in healthy individuals are strongly associated with
subsequent CVD and cancer development, as well as premature mortality
(44). Lifestyle interventions have the potential to reverse adverse vascular
alterations, thus, it has been shown that ADM is responsive to lifestyle
modifications, including physical activity and diet (45-48).

1.2.3  Role of the BRCA genes in cardiovascular health

With respect to developing screening programs for secondary prevention of
CVD, it remains to be determined who, when and how to screen. The aim of
these programs is to identify women at significant risk that are most in need
for lifestyle modifications or early treatment, in order to shift their
trajectories away from developing manifest CVD. Targeting high-risk
groups is a common approach to developing screening programs.

Having a risk of 69-72% of developing breast cancer and a risk of 17-44%
for developing ovarian cancer by age 80 years (2), BRCA1/2 mutation
carriers are exposed to cancer treatments and prophylactic bilateral salpingo-
oophorectomy (PBSO) with detrimental short- and long-term adverse
cardiovascular toxicities (49).

BRCAI/2 mutation carriers face an exceptional risk for CVD due to a
combination of treatment-related and hormonal factors. Firstly, BRCA1/2
mutation carriers are at increased risk for developing breast cancer at a
younger age than the general population, with a median age of onset at 51
years compared to 64 years (2). They also have a high risk of developing
contralateral (4) or ipsilateral cancer (3). Secondly, BRCA-associated
cancers are often aggressive in nature (e.g., G3 cancers, basal-like disease in
BRCAI mutation carriers and luminal B tumours in BRCA2 mutation
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carriers) (5, 6), and may therefore require potentially cardiotoxic
chemotherapy. Thirdly, for those with ER-positive breast cancer, extended
adjuvant endocrine therapy can be beneficial, especially in premenopausal
women (50). Additionally, BRCAI/2 mutation carriers are advised to
undergo PBSO after child-bearing age. However, long-term oestrogen
deprivation in women undergoing PBSO can lead to an increased risk of
CVD by two- to threefold compared to women of the same age without
surgical menopause (51, 52).

One and a half decades after the discovery of the BRCA genes, reports have
suggested that BRCAI/2 mutation carriers have a reduction in life
expectancy of approximately four to six years compared to the general
population, even if they were never diagnosed with cancer (53). Although
the causes of death were not recorded, this has prompted research
investigating the role of the BRCAI/2 genes in non-cancer conditions
including cardiovascular health.

Preliminary evidence indicates that BRCAI/2 mutation carriers are more
prone to cardiovascular disease both at baseline and in response to cancer
treatments (54-58).

Recent studies propose that the BRCA genes regulate cardiomyocyte survival
and function, and that loss of function raises the vulnerability to cardiac
damage (56-58). Experimental findings in mice have shown that BRCAI
limits endothelial cell apoptosis, restores endothelial function, and attenuates
atherosclerotic lesion development (59). Moreover, loss of BRCA2 has been
associated with increased susceptibility to doxorubicin-induced heart failure
(60).

It is crucial to thoroughly evaluate cardiovascular risk factors, and the
possible adverse effects on organs before, during, and after anticancer
treatment. At present, there are no established recommendations for

screening, monitoring, and managing CVD risk among the general oncology

10



1.3 Introduction

population. However, the necessity for developing such guidelines is evident
from both clinical and scientific perspectives.

Therefore, being at increased risk for breast cancer and CVD, BRCA1/2
mutation carriers might be a good target group to monitor and control CVD
risk factors and to study a surrogate marker for cardiovascular disease. The
results obtained from these analyses could aid in comprehending and
resolving the intricate and interconnected concerns associated with breast
cancer and CVD in the future (61).

1.3  Clinical management of women at high risk for breast
cancer

It is estimated that about 5%-10% of breast cancer cases are thought to be
hereditary (62). Up to 25% of inherited cases of breast cancer are caused by
mutations in a small number of genes that are rare but highly penetrant,
including BRCAI, BRCA2, CDHI, PALB2, PTEN, STK11 and TP53. These
mutations can increase the lifetime risk of developing breast cancer by up to
80%. Approximately 2%-3% of cases of breast cancer can be attributed to
mutations in rare, moderate-penetrance genes such as 4TM or CHEK?2,
which are associated with a two- to threefold increase in risk. Current
prediction models suggest that there are unlikely to be any additional high-
penetrance genes that have not yet been identified. While research into
common, low-penetrance alleles has identified a number of suggestive SNPs
that contribute to breast cancer risk, the individual risk associated with each
SNP is relatively low. However, a combination of these variants may result
in a considerable increase in breast cancer risk. Next-generation sequencing
offers new possibilities for risk assessment. It is anticipated that future
studies will provide more clarity on the function of modifier genes and

elucidate the combined impact of mutations or polymorphisms in multiple

11
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genes, which may work together in an additive or synergistic manner (63).
Currently, targeted multigene panel testing is recommended if there is a high
suspicion of a genetic predisposition due to personal history or family
history. While clear clinical guidelines exist for individuals with mutations
in high-penetrance genes, both preventive strategies and risk factors for the
development of breast cancer have not been investigated to the same extent
in high-risk women who tested negative for BRCA 1/2 mutations or where no
heritable germline mutation has been identified (64).

This group represents a significant population of at-risk women, who are
currently under-studied and under-serviced although they outnumber
BRCA1/2 mutation carriers. For women where no heritable germline
mutation has been identified, there currently is no clear consensus on the best
practices in their risk assessment, management and care with regard to

intensified breast cancer screening and risk-reducing options (64).

1.3.1  Risk-adapted breast cancer screening

Due to ongoing debates about screening recommendations for women at an
average risk of developing breast cancer, researchers have been exploring
personalized screening approaches. The objective is to customize screening
recommendations, including appropriate starting age, screening frequency,
and protocols, based on an individual's estimated risk level (65).

The purpose of breast cancer risk models is to predict the probability of a
woman developing invasive breast cancer over a defined timeframe, such as
ten years or her lifetime.

These models have been developed and validated for use at the population
level and are now recommended for use in clinical practice to assess
individual patients. The variables considered in these risk models vary in

number and weighting. Although age is a significant predictor in all models,

12



1.3 Introduction

other factors such as family history, genetic carrier status, breast density, and
lifestyle risk factors may also be considered (66).

Breast cancer risk can be assessed using empirical models and genetic
models. Empirical models are based on clinical and lifestyle risk factors such
as age, family history of breast cancer, age at menarche, age at first
childbirth, menopausal status, and use of hormone replacement therapy.
These models estimate an individual's risk based on the prevalence of these
factors in the general population and the strength of their association with
breast cancer. Examples of empirical models include the Gail model, Tyrer-
Cuzick model, and the Breast Cancer Surveillance Consortium risk
calculator. Genetic models, on the other hand, incorporate genetic
information into the assessment of breast cancer risk. These models use
information on variants in specific genes that have been associated with an
increased risk of breast cancer, such as BRCAI and BRCA2. Genetic models
also take into account the presence of other genetic variants associated with
breast cancer risk, including SNPs. Examples of genetic models include the
BOADICEA (Breast and Ovarian Analysis of Disease Incidence and Carrier
Estimation Algorithm) and BRCAPRO models (66).

These widely used risk prediction models exhibit comparable accuracy and
strong discrimination when evaluated in large populations (67).

Although breast cancer risk assessment tools are effective when used at the
population level, their performance at the individual level and the effects of
varying thresholds for identifying high-risk individuals (Australia: lifetime
risk >25% according to Cancer Australia; Germany: lifetime risk >30%
according to the German Consortium for Hereditary Breast and Ovarian
Cancer, United Kingdom: lifetime risk >30% according to the National
Institute of Health Care Excellence; USA: lifetime risk >20% according to
the American Cancer Society) have been largely overlooked. With the shift
towards a precision medicine approach in healthcare, these risk models are
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now more frequently used to identify women who may benefit from
chemoprevention and supplemental MRI screening (66).

Evaluating risk accurately requires familiarity with each model and the
consideration of multiple factors. The selection of the model depends on the
purpose of the assessment. For instance, the Gail model is more effective in
predicting the potential benefits of chemoprevention, while the BRCAPRO,
Claus and Tyrer-Cuzick models are more useful in assessing the efficacy of
breast MRI as a supplemental screening tool (68, 69).

Despite the availability of multiple risk estimation models, there is no
consensus on which model is the most accurate and reliable. When
comparing different models within a cohort, there is very little agreement in
the assigned risk estimates (66).

Ozanne et al. conducted a study using the BRCAPRO, Claus, and Tyrer-
Cuzick calculators to determine the eligibility of women for breast MRI
screening based on a lifetime risk of >20%. Using data from 10,000 women,
the Tyrer-Cuzick model identified 5.6% of women as eligible, compared to
0.4% and 0.9% identified by BRCAPRO and Claus models, respectively.
Only 0.2% of the study population was found to be eligible by all three
methods (70).

Quante et al. evaluated the performance of the risk models IBIS and
BOADICEA to determine eligibility for MRI screening (lifetime risk of
>20%). Based on data from 1,764 women, IBIS identified 59.3% of women
as eligible, compared to 20.1% identified by BOADICEA (71).

Moreover, each model is designed for specific patient populations, and most
of these models have been validated on predominantly white women living
in Europe or the USA and may not perform well in other subgroups (66, 69).
In order to decrease misclassification bias and provide a more precise risk
evaluation for individual patients, current research is exploring the potential
of combining traditional risk models to create a "hybrid” model (72).

Additionally, recent studies have recommended the inclusion of SNPs in risk
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models as they have been found to be significant independent predictors of

breast cancer risk and could enhance the accuracy of the models (72).

1.3.2  Multimodality screening for breast cancer and
preventive measures

Multimodality breast cancer screening refers to the use of multiple imaging
techniques to detect breast cancer. It involves combining different imaging
modalities, such as mammography, ultrasound, and MRI, to provide a more
accurate and comprehensive assessment of breast tissue.

Mammography is the primary imaging modality used for population-based
breast cancer screening, but it has limitations, particularly in women with
dense breast tissue. Ultrasound and MRI are often used in addition to
mammography to improve the detection of breast cancer in these women or
in those at high risk of breast cancer due to genetic mutations or personal or
family history.

Magnetic Resonance Imaging

MRI is highly sensitive, but it also has a relatively high recall rate of around
10%. A recent systematic review of eleven published studies found that the
sensitivity of mammography was 0.75, while MRI had a sensitivity of 0.92.
However, both methods had similar levels of specificity, with values of 0.71
and 0.72, respectively (73). The weighted area under the summary receiver
operating characteristic (ROC) curves was significantly higher for MRI, at
0.93, compared to 0.73 for mammography. Screening guidelines for women
at high risk of breast cancer often recommend the use of MRI, as it can detect
smaller cancers at an earlier stage. It is particularly useful for detecting breast
cancer in individuals who carry pathogenic variants in the BRCAI and TP53
genes. However, the main drawback of MRI is its cost, as well as the time
taken to perform the examination and the use of a contrast agent, which

carries a risk of toxicity. Alternatively, abbreviated or fast MRI, which takes
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about one-tenth of the time of standard MRI, has been found to be equally
effective and may be preferred in the future (68).

Chemopreventive agents

Endocrine preventive therapy guidelines for BRCA/ and BRCA2 mutation
carriers are currently absent because there have been no chemoprevention
trials conducted specifically for this population to inform such
recommendations. The available data from observational studies and
secondary analyses are restricted, and tamoxifen and other selective
oestrogen receptor modulators do not seem to significantly reduce the
incidence of breast cancer related to BRCA I mutations. This is attributed to
the high prevalence of triple-negative breast cancer in individuals with
BRCAI mutations. International guidelines recommend chemoprevention
for high-risk women who do not carry a BRCA1/2 mutation to reduce their
risk of developing breast cancer (74, 75). However, it is essential to weigh
the benefits against potential adverse effects, which can be problematic in
some women, depending on the drug. Mocellin et al. (76) conducted a
network meta-analysis of randomized controlled trials for chemoprevention
drugs for breast cancer. This analysis enabled the examination of efficacy
(how well the drug works) and acceptability (using side effects data as a
measure of toxicity) simultaneously to determine the most successful drugs
in terms of meeting both requirements. The study results demonstrated that
aromatase inhibitors (anastrozole and exemestane) and lasofoxifene had a
high level of evidence, while arzoxifene, raloxifene, tamoxifen, and tibolone
had a moderate level of evidence in terms of efficacy and acceptability in
breast cancer chemoprevention. Tamoxifen is the only effective
chemoprevention drug in premenopausal women, and no drugs have been
proven to be effective in reducing oestrogen receptor negative disease (76).
Nevertheless, identifying the individuals who are most likely to benefit from
chemoprevention drugs remains a challenge, and ongoing research is
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currently being conducted in this area. International guidelines recommend
anastrozole for postmenopausal women and tamoxifen for premenopausal
women (68). Tamoxifen treatment for five years can reduce the incidence of
oestrogen receptor positive breast cancer by 38%, while anastrozole reduces
breast cancer incidence in high-risk postmenopausal women by 53%.
However, the uptake of chemoprevention remains low (66).

The role of the RANKL inhibitor denosumab in preventing BRCAI-
associated breast cancer in individuals between 25 and 50 years of age is

currently being evaluated in an international phase tree trial (15).

Bilateral prophylactic mastectomy
BPM has been shown to reduce the risk of breast cancer by 95% in BRCA1/2

mutation carriers, and any risk-reducing surgery has been found to lower

mortality in this population. However, the benefit of BPM declines rapidly
with increasing age at surgery. A study in Australia that investigated data
between 2001 and 2005 found that 5.2% of BRCA mutation carriers
underwent BPM and 16.3% underwent PBSO at three-year follow-up from
genetic testing. BPM uptake rates vary widely by country, with the US
having the highest rate at 36.3% (66). The public disclosure by Angelina
Jolie of her BRCAI mutation and decision to undergo BPM led to a
significant increase in genetic testing and mastectomy rates globally since
2013 (77). In the United Kingdom, the uptake of BPM was largely dependent
on lifetime risk estimates of developing breast cancer, with higher risk
women being more likely to undergo surgery (68).

A prospective cohort study of 550 women from ten European countries that
provided genetic counselling services found that risk-reducing mastectomy
was remarkably effective in decreasing the likelihood of developing breast
cancer. No breast cancers were discovered during 3334 women-years of

follow-up, whereas 34 breast cancers were expected based on life tables (78).
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Still, the recommendation for risk-reducing surgery should be restricted to
individuals at the highest risk of developing breast cancer (68).

1.3.3  Risk management practices at the Royal Melbourne
Hospital in Melbourne, Australia

Medicare Australia has provided subsidy for breast MRI screening for
annual surveillance since February 1, 2009, for women under the age of 50
who are at a high risk of developing breast cancer. This Australian
Government initiative is aimed at diagnosing breast cancer in asymptomatic
women who are a part of an organized surveillance program and are at a high
risk of developing breast cancer. Women under the age of 50 who have tested
positive for a genetic mutation that puts them at risk of developing breast
cancer, or those who are categorized as high-risk for breast cancer (lifetime
risk of >25%) are entitled to subsidized breast MRI screening access (66).
Until 2021, Familial Risk Assessment — Breast and Ovarian Cancer (FRA-
BOC) was an online tool used in Australia by healthcare professionals to
assess an individual’s risk of developing breast and ovarian cancer based on
family history.

Category three of the tool captured “high-risk” individuals with a lifetime
risk of 25% or greater. However, this category was quite expansive and could
result in underestimating risk in small families with few at-risk relatives or
overestimating risk in large families with multiple at-risk relatives.
Additionally, the online tool did not consider tumour pathology (66).

In contrast, Cancer Australia currently recommends using a more
individualized approach to breast cancer screening based on a combination
of validated risk models that consider family history, lifestyle factors, and
tumour pathology without specifying which empirical model to use for
calculating an individual’s risk for developing breast cancer. The Royal

Melbourne Hospital in Melbourne, Australia, established the Breast and
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Ovarian Cancer Risk Management Clinic (BOCRMC) in August 2010 to
streamline the assessment and management of high-risk women. The clinic
works in collaboration with the Gynaecological Oncology Service at the
Royal Women’s Hospital, Melbourne, to offer preventive surgery for
ovarian cancer. Initially, the BOCRMC referral criteria aligned with the
category three FRA-BOC classification as proposed by Cancer Australia
and/or eligibility for Medicare coverage of surveillance MRI. However,
since late 2015, referral criteria have been defined as a lifetime risk of
developing breast cancer of at least 25% based on the BOADICEA and/or
eligibility for MRI as per category three of the FRA-BOC. The clinic
provides regular breast screening and clinical breast examinations, and
advises patients on risk-reducing strategies such as BPM, BPSO, endocrine

preventive strategies, and lifestyle recommendations (66).
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21 Study 1

The first study represents a case-control study of BRCAI and BRCA?2
mutation carriers to evaluate the association between physical activity during
adolescence and young adulthood and subsequent risk of breast cancer. The
sample comprised baseline and follow-up data from subjects enrolled in a
longitudinal study of BRCA mutation carriers from 80 participating study
centres in 17 countries. Participants were followed prospectively for up to
22 years, accumulating data on reproductive, hormonal and lifestyle factors
in BRCA 1/2 mutation carriers. For this study, we included women who were
enrolled before 1 August 2017. Case subjects included women with a history
of breast cancer. Control subjects were a sample of BRCAI/2 mutation
carriers without a cancer diagnosis and who had not undergone BPM; they
were matched on the case subjects on year of birth (+ 3 years), place of
residence (North America and Poland) and BRCA mutation type (BRCA! or
BRCA?2). The final sample for analysis were 443 matched sets. All
participants completed a detailed questionnaire on family history, personal
medical history, as well as various reproductive, hormonal and lifestyle
factors, including physical activity. Moderate and vigorous physical
activities at ages 12-13, ages 14-17, ages 18-22, ages 23-29 and ages 30-34
were determined using the Nurses' Health Study II Physical Activity
Questionnaire. We converted hours per week of moderate and vigorous
recreational physical activity to total metabolic equivalents of task (MET)
per week overall (ages 12—34), during adolescence (ages 12—17) and during
early adulthood (ages 18-34). Logistic regression analysis was used to
estimate the odds ratios (OR) and 95% confidence intervals (CI) for total,
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moderate and strenuous recreational physical activities and breast cancer
risk. Analyses were stratified a priori by menopausal status at breast cancer

diagnosis (premenopausal or postmenopausal).

22 Study2

The second study represents a retrospective observational analysis of BRCA [
and BRCA2 mutation carriers to investigate the role of the biomarker
biologically active Adrenomedulin (bio-ADM) for cardiovascular risk
assessment. Thus, we investigated plasma bio-ADM levels in BRCA1/2
mutation carriers with and without breast cancer and their association with
traditional cardiovascular risk factors.

All study subjects are enrolled in an ongoing randomized controlled lifestyle
intervention trial in women at increased risk for breast and ovarian cancer
(LIBRE) (79). Female BRCAI/2 mutation carriers were included in this
multicentre trial that comprises a feasibility study with 68 women (LIBRE-
1), and a confirmatory study with 600 women (LIBRE-2), which is ongoing.
The present study is based on samples derived from both the LIBRE-1 and
LIBRE-2 cohort. Of the 325 participants who had a blood sample available,
we excluded those who had a previous history of ovarian cancer or other
cancers than breast cancer. After these exclusions, a total of 292 participants
were available for the current analysis. None of the participants had an overt
CVD.

The LIBRE trial is a two-armed randomized (1:1) controlled multicentre trial
conducted in Germany aimed at determining the impact of a structured one-
year lifestyle intervention program on adherence to the Mediterranean Diet
(MD), cardiorespiratory fitness and body mass index (BMI) among
BRCA1/2 mutation carriers. The study cohort includes both women with a
previous diagnosis of early-stage cancer in remission (diseased) or without
a prior cancer diagnosis (non-diseased). The LIBRE-1 study was designed

as a feasibility study aimed at determining acceptance and practicability of
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the structured intervention program in 68 female mutation carriers. The
ongoing LIBRE-2 study is a confirmatory study to examine whether the
intervention program is successful in improving the participants’ adherence
to Mediterranean diet, their physical fitness, but also their quality of life and
stress coping capacity. The long-term goals of the intervention program are
to provide a reduction of breast cancer incidence, an inhibition of disease
progression and a reduction in cancer mortality among BRCA /2 mutation
carriers.

Bio-ADM was measured using an immunoassay provided by Sphingotec
GmbH, Hennigsdorf, Germany. The details of the assay have been published
elsewhere (80, 81). All participants completed a detailed interview on
personal medical history, as well as various reproductive, hormonal and
lifestyle factors. Standardized procedures were used to collect
anthropometric measurements, vital signs, cardiorespiratory fitness and
nutritional information, including blood tests. Women were categorized into
high vs. low plasma bio-ADM based on the median levels in the entire cohort
(<13.8 and >13.8 pg/ml). Logistic regression analysis was performed to
estimate the OR and their associated 95% CI of having high circulating bio-
ADM levels by different cardiovascular risk factors. A multivariate analysis
was carried out to control for potential confounders. These analyses were
adjusted for age (years) and history of breast cancer (diseased or non-

diseased).

23 Study3

The third study is a retrospective observational analysis of women
attending the BOCRMC at the Royal Melbourne Hospital in Melbourne,
Australia, to examine the value of a high-risk surveillance program for
carriers of an inherited mutation that predisposes to breast cancer and women
with strong familial breast cancer risk but without a known gene mutation.

The objective of this study was twofold: firstly, to assess the current patient
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selection process in the BOCRMC; and secondly, to determine whether the
reference criteria should be limited to mutation carriers exclusively or retain
a broader scope of women at high risk for breast cancer where no germline
mutation was identified. Therefore, we assessed the clinical outcomes of
high-risk women attending the BOCRMC with regard to breast malignancies
detected through the screening services provided and their uptake rate of
preventive options and described these outcomes in both mutation carriers
and noncarriers.

A retrospective review was performed using prospectively collected data
from women attending the BOCRMC at the Royal Melbourne Hospital
between 3 August 2010 and 31 July 2018. A total of 511 women attended
the BOCRMC on at least one occasion and were followed-up for up to 96
months. Clinical data from 206 mutation carriers and 305 noncarriers with a
>25% risk of developing breast cancer were extracted from clinical records
and were compared. Demographics, personal and family cancer history,
genetic test results, screening history, and risk reduction data were collected.
Within the follow-up period of up to 8 years, data included any new cancers
detected within the BOCRMC, including detection modality, tumour size,
pathology and therapies, updated information on the uptake of risk-reducing
services (both risk-reducing surgery and endocrine medical prevention), and
if applicable, date and reason for discharge from the clinic.

Due to the small incidence of events, all data were analysed in a
descriptive fashion.
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3 Publications

3.1 Study 1

Authors: Jacqueline Lammert, Jan Lubinski, Jacek Gronwald, Tomasz
Huzarski, Susan Armel, Andrea Eisen, Wendy S. Meschino, Henry T.
Lynch, Carrie Snyder, Charis Eng, Olufunmilayo I. Olopade, Ophira
Ginsburg, William D. Foulkes, Christine Elser, Stephanie A. Cohen, Marion
Kiechle, Steven A. Narod, Joanne Kotsopoulos

Title: Physical activity during adolescence and young adulthood and the risk
of breast cancer in BRCA I and BRCA2 mutation carriers

Journal: Breast Cancer Research and Treatment

DOI: 10.1007/s10549-018-4694-1

Summary:

Physical activity is known to be inversely related to the risk of breast cancer
in the general population. However, it is uncertain whether this association
also applies to women with BRCA-associated breast cancer.

We conducted a case-control study involving 443 matched pairs of BRCA
mutation carriers to explore the relationship between physical activity and
breast cancer risk. The study assessed moderate and vigorous physical
activities during different age periods using the Nurses' Health Study II
Physical Activity Questionnaire. The mean metabolic equivalent task
hours/week for moderate, vigorous, and total physical activities was
estimated for overall (ages 12-34), adolescence (ages 12-17), and early

adulthood (ages 18-34). Logistic regression was performed to determine the
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OR and 95% CI for total, moderate, and vigorous recreational physical
activities and breast cancer risk based on menopausal status.

Overall, there was no significant association between total physical activity
and subsequent breast cancer risk (ORq4 vs. 1 = 1.01, 95% CI 0.69-1.47; P-
trend = 0.72). However, moderate physical activity between the ages of 12-
17 was linked to a 38% lower risk of premenopausal breast cancer (ORq4 vs.
o1 = 0.62; 95% CI 0.40-0.96; P-trend = 0.01). There was no association
between physical activity and breast cancer diagnosed after menopause.
Early-life physical activity is connected with a decreased risk of
premenopausal breast cancer among BRCA mutation carriers.

Additional prospective studies combined with mechanistic evidence are

necessary to investigate this association further in this high-risk population.

Contribution:

This research project was initiated and successfully completed during a
research stay abroad at the Women's College Research Institute, Women's
College Hospital in Toronto, Canada. Jacqueline Lammert was accepted for
a visiting doctoral student position at Steven Narod’s lab from August to
September 2017. This research stay was funded by the Internationalization
Grant of Technical University of Munich.

Jacqueline Lammert was the principal investigator and author of the
published article. She developed the study design, chose the methods to be
used and both analysed and interpreted the data with the feedback of Joanne
Kotsopoulos and Steven Narod. She wrote the published article, while

receiving feedback from her co-authors.
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3.2  Study 2

Authors: Jacqueline Lammert, Maryam Basrai, Joachim Struck, Oliver
Hartmann, Christoph Engel, Stephan C. Bischoff, Anika Berling-Ernst,
Martin Halle, Marion Kiechle, Sabine Grill

Title: Associations of plasma bioactive Adrenomedullin levels with

cardiovascular risk factors in BRCA 1/2 mutation carriers

Journal: Geburtshilfe und Frauenheilkunde

DOI: 10.1055/a-1811-2164

Summary:

CVD is a significant cause of morbidity and mortality in breast cancer
survivors. However, effective screening methods for identifying CVD risk
in this population are currently lacking. ADM has been proposed as a
potential biomarker for subclinical cardiac dysfunction in the general
population. Lifestyle changes that promote cardiovascular health have been
shown to affect ADM levels. Given that BRCA /2 mutation carriers have an
increased risk of CVD, this study aimed to investigate plasma bio-ADM
levels in a cohort of BRCA mutation carriers and evaluate their association
with cardiovascular risk factors.

Plasma bio-ADM concentrations were measured in 292 female BRCAI1/2
mutation carriers, both with and without a history of breast cancer. Subjects
were categorized into high or low bio-ADM levels based on the median bio-
ADM level in the entire cohort (13.8 pg/mL). Logistic regression models
were utilized to estimate the OR of having elevated bio-ADM levels due to
various cardiovascular risk factors.

Among all women in the study (median age: 43 years), 57.5% had a history
of breast cancer. The median time between diagnosis and study entry was
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three years (range: 0-32 years). Women with metabolic syndrome were
found to have a 22-fold increased likelihood of having elevated bio-ADM
levels (P < 0.001). Elevated bio-ADM levels were associated with lower
cardiorespiratory fitness (OR = 0.88, P < 0.001) and multiple indicators of
obesity (P < 0.001). ADM levels were higher in women who had ever
smoked (OR = 1.72, P = 0.02). However, bio-ADM levels were not
associated with a history of breast cancer (P = 0.28).

This is the first study that has linked circulating bio-ADM levels to
traditional cardiovascular risk factors in BRCA mutation carriers. The long-

term clinical implications of these findings remain to be determined.

Contribution:

Jacqueline Lammert conceptualized and designed the study, coordinated and
conducted the acquisition and interpretation of data, carried out data
analyses, and drafted the initial manuscript. This research project was funded
by the German Society for Nutritional Medicine (DGEM) and the German
Society for Haematology and Medical Oncology (DGHO) within the
DGEM-DGHO-Promotionsstipendium 2018.
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3.3 Study3

Authors: Jacqueline Lammert, Anita R Skandarajah, Kylie Shackleton,
Patricia Calder, Susan Thomas, Geoffrey J. Lindeman, Gregory Bruce Mann
Title: Outcomes of women at high familial risk for breast cancer: An 8-year

single-center experience

Journal: Asia Pacific Journal of Clinical Oncology

DOI: 10.1111/ajco.13274

Summary:

The efficacy of a high-risk surveillance program for women at high familial
breast cancer risk and mutation carriers has not been thoroughly examined.
To provide risk management strategies and multimodality screening, the
BOCRMC was established at the Royal Melbourne Hospital in 2010. This
study aims to assess the program's effectiveness and describe the incidence
of breast cancer diagnoses for BRCA 1, BRCA2, and other germline mutation
carriers, as well as high-risk noncarriers attending the BOCRMC.

Clinical data of mutation carriers and noncarriers with a lifetime risk of
developing breast cancer >25% who attended the clinic between 2010 and
2018 were analysed and described. Cancer detection mode and pattern were
determined.

206 mutation carriers and 305 noncarriers underwent screening at the
BOCRMC at least once, with a median age of 37 years. After a median
follow-up of 34 months, 15 breast cancers (seven invasive) were detected in
mutation carriers, and seven (six invasive) in noncarriers. Of these, 20
(90.9%) were detected through annual screening, while two (9.1%) were
interval cancers (both in BRCAI mutation carriers). The median size of
invasive breast cancers was 11 mm (range: 1.5-30 mm), and the majority

(76.9%) were axillary node negative. In women aged 25-49 years, the
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annualized cancer incidence was 1.6% in BRCA1, 1.4% in BRCA2 mutation
carriers, and 0.5% in noncarriers. This is compared to the general Australian
population's 0.06% annualized cancer incidence.

Screening proved to be effective at detecting early-stage cancers. The
incidence of breast cancer in young noncarriers was significantly higher than
the general population. This potentially justifies ongoing management
through a specialty clinic, but further research is necessary to personalize

risk assessment in noncarriers.

Contribution:

This research project was initiated and successfully completed during a
research stay abroad at the Royal Melbourne Hospital, the Peter MacCallum
Cancer Centre and the Walter and Eliza Hall Institute of Medical Research
in Melbourne, Australia. Jacqueline Lammert was accepted for a visiting
doctoral student position at Geoffrey Lindeman’s lab from March to April
2018. This research stay was funded by the Department of Gynaecology,
University Hospital rechts der Isar.

Jacqueline Lammert was the principal investigator and author of the
published article. She instigated the research project, developed the study
design, collected the clinical data from medical reports, analysed the data
and interpreted the data with the feedback of Geoffrey Lindeman and Bruce
Mann. She wrote the published article, while receiving feedback from her

co-authors.

29



3.4 Review Article

34 Review Article

Authors: Jacqueline Lammert, Sabine Grill, Marion Kiechle

Title: Modifiable Lifestyle Factors: Opportunities for (Hereditary) Breast
Cancer Prevention — a Narrative Review

Journal: Breast Care

DOI: 10.1159/000488995

Summary:
Obesity, sedentary behaviour, lack of physical activity, and frequent alcohol

consumption are major modifiable risk factors associated with breast cancer.
These factors may contribute to approximately one-third of all breast cancer
cases. Previous research has primarily focused on assessing the impact of
individual risk factors on breast cancer risk while controlling for other
confounding variables. However, with the use of big data, efforts are being
made to evaluate the combined impact of these well-established lifestyle
factors on breast cancer risk. At an individual level, studies suggest that even
small changes in lifestyle habits could have a significant impact on breast
cancer prevention. Furthermore, emerging research suggests that adopting a
healthy lifestyle may be particularly relevant for women with a genetic
predisposition to breast cancer. Studies indicate that the presence of certain
risk factors, such as excessive body weight, may have a significantly greater
impact on breast cancer risk in women with a genetic predisposition to
cancer, as compared to the general population. Current research provides
guidance for medical professionals to focus on modifiable risk factors when
counselling patients. However, randomized controlled trials that utilize
objective methods are necessary to provide concrete recommendations for
breast cancer prevention.
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cancer risk in BRCA 1/2 mutation carriers

4 Discussion

The first two studies shed light on modifiable lifestyle factors that contribute
to the development of breast cancer and cardiovascular disease in individuals
with BRCA 1/2 mutations.

4.1 Association between adolescent physical activity and
subsequent breast cancer risk in BRCA7/2 mutation
carriers

The aim of this study was to assess whether physical activity during
adolescence and young adulthood is associated with subsequent breast
cancer risk among women with a BRCA I or BRCA2 mutation. In general, we
did not observe any significant relationship between overall physical activity
and breast cancer risk. However, we did find a significant inverse association
between increasing levels of moderate-intensity exercise during adolescence
and the risk of premenopausal breast cancer (P-trend = 0.01). Specifically,
women in the highest quartile of physical activity between the ages of 12—
17 years had a 38% lower risk of breast cancer (95% CI 0.40-0.96) compared
to those in the lowest quartile. We did not find any association between
physical activity and breast cancer diagnosed after menopause. Although
limited by the retrospective study design, our study is the largest analysis to
date conducted specifically among women with a BRCAI or BRCA2
mutation. Taken together, these findings suggest that physical activity during
early life may have a significant impact on premenopausal breast cancer risk
in this high-risk population (21). King et al. were the first to explore the
association between adolescent physical activity and subsequent breast
cancer risk in BRCA mutation carriers (22). The researchers have raised the

question whether physical activity might result in a significant delay in the
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age of onset of BRCA-associated breast cancer. Our research has shown that
physical activity conducted during adolescence might be protective against
premenopausal cancer, but not postmenopausal cancer. Investigations
conducted among the general population suggest that for postmenopausal
breast cancer, more recent or sustained physical activity over the course of
an individual’s lifetime might be important (82, 83). After we published our
results of adolescent physical activity, Kehm et al. reported on a protective
of recreational physical activity in adulthood and subsequent breast cancer
risk in a prospective cohort of women at increased risk of breast cancer due
to family history, including women with a confirmed germline mutation in
BRCAI and BRCA2; 59% of the sample was premenopausal at baseline (26).
Physical activity may affect breast cancer risk through various mechanisms,
including metabolic consequences (i.e., hyperinsulinemia, insulin
resistance), chronic inflammation, adiposity, elevated levels of growth
factors (i.e., insulin-like growth factor 1), as well as an altered sex hormone
profile (i.e., oestrogen, progesterone). It is possible that transcriptional
changes induced by physical activity mediate these downstream effects,
particularly for BRCA1/2 mutation carriers who are predisposed to genomic
instability (21).

When considering lifestyle interventions to prevent BRCA-associated breast
cancer, it is important to understand that the underlying mechanism of the
predisposition is likely different from that of the general population.
Haploinsufficiency is a state where a heterozygous individual has only one
functional copy of a gene, producing only half the required protein to prevent
disease development. It is believed that haploinsufficiency is responsible for
the predisposition to breast cancer among BRCA mutation carriers since the
BRCA genes are involved in maintaining genomic integrity through repairing
double-stranded DNA breaks. The predisposition to breast cancer among

BRCA mutation carriers may be due to haploinsufficiency increasing
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genomic instability and accelerating the mutation rate of other critical genes,
including the second copy of BRCAI or BRCA2. Therefore, increasing the
physiologic expression of the normal copy of the gene and normalizing
protein levels may mitigate the effect of the mutation (21). According to a
study by Pike et al., the time period between a woman's first period and her
first full-term pregnancy is when potential risk factors for developing breast
cancer have the most significant impact (84). Our findings support this
hypothesis by showing that there is a negative association between physical
activity during adolescence and the risk of premenopausal breast cancer,
which is consistent with previously published studies. For women with the
BRCAI mutation, various early-life factors, such as a delayed first period
(85), use of oral contraceptives before the age of 25 (86), and breastfeeding
for at least one year (87), have been suggested to affect the risk of early-
onset breast cancer by influencing the differentiation and proliferation of
mammary cells. An in vivo study investigating the association between
prepubertal physical activity and alterations in mRNA expression of BRCA I,
p33, oestrogen receptor (ER)-a and ER-B in the mammary glands of adult
rats (100 days old) revealed interesting findings. Wang et al. found that
levels of all four genes, including BRCA 1, were significantly higher in the
mammary glands of exercised rats compared to the sham control rats (P <
0.03). Moreover, exercised rats had fewer terminal end buds and a higher
number of differentiated alveolar buds and lobules than controls, suggesting
fewer targets for neoplastic transformation (88). This study provides
valuable insights into possible mechanisms underlying the protective effect
of physical activity during childhood or adolescence. There is preliminary
evidence to suggest that physical inactivity, namely sedentariness, may alter
BRCAI gene expression in adult human subjects (89).

For individuals with BRCAI-associated breast cancer, the role of

progesterone signalling is of particular interest (90). BRCA mutation carriers
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have higher levels of circulating oestrogen and progesterone (91), which are
crucial for mammary gland epithelial cell proliferation and mammary stem
cell expansion. Binding of RANKL to RANK in response to progesterone
stimulates the proliferation of mammary epithelial cells, whereas
osteoprotegerin (OPG) inhibits RANK-associated signal transduction.
Women with a BRCAI mutation have lower endogenous serum levels of
OPG than non-mutation carriers, and inhibiting RANKL has been shown to
suppress mammary tumorigenesis in BRCAI-deficient mice (92-95).
Therefore, inhibiting the progesterone/RANK-signalling pathway may be a
promising strategy for the personalized prevention of BRCAI-associated
breast cancer and is under active study in an ongoing phase three trial (15).
This pathway could potentially be influenced by physical activity.
Endurance exercise interventions have been shown to decrease luteal phase
progesterone levels, and increase circulating OPG while decreasing
SRANKL (96, 97). My hypothesis regarding the impact of physical activity
on the progesterone/RANK-signalling pathway has sparked a new
dissertational project within our research group, see (98). The results of our
LIBRE pilot study appear to support my hypothesis, as we observed a rise in
OPG and a decline in SRANKL following a 3-month lifestyle intervention.
These findings suggest that engaging in more physical activity and following
a Mediterranean diet can be regulators of the biomarker OPG, and possibly
sRANKL as well (98). Given the prospective nature of the LIBRE trials, we
will be able to further elucidate the underlying biological mechanisms of
current physical activity on BRCA-associated breast cancer risk (99).
Findings derived from this study help expand the limited (breast) cancer
prevention options currently available to BRCAI/2 mutation carriers.
Ultimately, our goal is to offer data that will support the development of
practical and safe lifestyle interventions leading to a decrease in the number
of breast cancer cases and deaths attributed to BRCA I and BRCA2 mutations
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(100) which provides an attractive adjunct to the currently available
prevention strategies.

4.2 Cardiovascular risk assessment in BRCA 7/2 mutation
carriers

Mai et al. have indicated that individuals with BRCA 1/2 mutations may have
a decreased lifespan of about four to six years when compared to the general
population, even in the absence of cancer diagnosis (53). While the exact
causes of death are unknown, this has spurred investigations into the impact
of BRCAI/2 genes on non-cancerous health conditions such as
cardiovascular health.

Apart from cancer recurrence, CVD is the most significant risk of death for
women who have had breast cancer due to pre-existing vulnerability and the
adverse cardiovascular effects of cancer treatments in the short and long
term. Therefore, it is essential to enhance cardiovascular care and manage
risk factors in breast cancer patients and survivors to ensure that
advancements in cancer treatment do not compromise their cardiovascular
health (61).

Breast cancer patients require early detection of subclinical cardiac
dysfunction, yet an effective screening program is currently lacking. Various
CVD risk scores have been explored, but they are not suitable for this
population (61). Echocardiography is widely used, but there is no consensus
on follow-up cardiac monitoring. While conventional echocardiography can
detect significant structural and functional changes, it may not identify
subclinical cardiac impairment until late in the course of CVD. Recent
studies suggest that vasoactive peptides, such as ADM, may detect
subclinical cardiac impairment earlier than changes in ejection fraction
(101).
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One approach to making screening more effective is to apply it to a high-risk
population, such as BRCA1/2 mutation carriers, who are suggested to be at
an increased risk for CVD. This is the first study that has examined a
surrogate marker for CVD, namely bio-ADM, in BRCA mutation carriers.
High bio-ADM levels were associated with traditional CVD risk factors,
including age, body mass index (BMI), insulin resistance, metabolic
syndrome, low cardiorespiratory fitness, and smoking. Central obesity was
a stronger predictor of high bio-ADM levels than general obesity. There was
a significant association between the inflammatory marker high-sensitivity
C-reactive protein and bio-ADM. The study found that bio-ADM might be
useful in estimating the burden of CVD attributable to modifiable risk factors
in BRCA mutation carriers (61).

ADM is a peptide that is ubiquitously expressed in the body and has
properties that promote vasodilatation and natriuresis. Previous research has
found a correlation between high levels of ADM and worse prognosis in
patients with heart failure and myocardial infarction. With its superior
prognostic value compared to brain natriuretic peptide (102), ADM has a
crucial role in the pathophysiology of major cardiac events. Recently, studies
conducted on healthy individuals have demonstrated that ADM levels
increase years before the onset of CVD and cancer (44, 103). Understanding
the mechanisms behind this co-occurrence is of significant public health
importance.

While ADM is a well-established biomarker for CVD, its role in breast
cancer aetiology is less clear. ADM is expressed in sporadic breast cancer
tissue, and its expression is associated with tumour growth, local tumour
progression, and bone metastases (104-108). Preliminary evidence suggests
that ADM influences the osteoclast differentiation mediated by RANKL
(108), an important signalling pathway in BRCAI-associated breast
carcinogenesis (94, 95).

Based on the robust association between bio-ADM and several risk factors
for CVD, our findings indicate that bio-ADM could potentially serve as a

36



4.3 Breast cancer risk management in women at high risk for breast cancer where
no germline mutation has been identified

valuable tool in assessing the impact of modifiable risk factors on the
development of CVD in individuals with BRCA mutations (61).

We relied on bio-ADM measurements taken at baseline only to determine
the relationship between ADM and conventional CVD risk factors.
Additional investigations are required to establish appropriate bio-ADM
thresholds for detecting subclinical cardiac dysfunction. Moreover, the
potential long-term clinical outcomes of decreasing bio-ADM levels through
lifestyle modifications and/or medical treatments in women with an elevated
risk of breast cancer, along with supporting mechanistic evidence, are
currently uncertain and warrant further research. As the LIBRE trials are
prospective, we will be able to determine how a lifestyle intervention,
specifically physical activity and a healthy diet, affects the change in bio-
ADM levels over time (61).

4.3 Breast cancer risk management in women at high risk
for breast cancer where no germline mutation has been
identified

The third study challenges the current approach to patient selection for
managing women at high familial risk for breast cancer within a structured
breast cancer surveillance program (66).

The main goal of a breast cancer screening program is to detect breast
cancers at the earliest stage possible, which is associated with a better
prognosis. DCIS is a non-obligate precursor with a very low breast cancer-
specific mortality. While the natural history of untreated DCIS is not fully
understood, almost all high and intermediate grade lesions and a majority of
low-grade lesions will eventually progress to invasive cancer. Therefore, the
prevention of breast cancer by diagnosing and treating DCIS is an important
objective of a screening program in younger women, particularly as death
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from breast cancer after a DCIS diagnosis is substantial for women
diagnosed before age 35 (109, 110).

While protocols for managing breast cancer risk in women with BRCA1/2
mutations are well-established, there is uncertainty regarding the optimal
approach for managing the cancer risks of women with a strong family
history but no known familial mutation for breast cancer (64).

We evaluated the clinical outcomes of high-risk women who received breast
cancer screening services at the BOCRMC, including the detection of breast
malignancies and their uptake of preventive options. We described these
outcomes for both carriers and noncarriers of mutations (66).

The BOCRMC was established in 2010 to provide risk management
strategies and multimodality screening for women at high familial breast
cancer risk and mutation carriers, but the efficacy of this program has not
been thoroughly examined. Therefore, the aim of this study was to assess the
effectiveness of the program and describe the incidence of breast cancer
diagnoses for BRCA1, BRCA2, and other germline mutation carriers, as well
as high-risk noncarriers attending the BOCRMC. Clinical data of mutation
carriers and noncarriers with a lifetime risk of developing breast cancer
>25% who attended the clinic between 2010 and 2018 were analysed and
compared, with a median age of 37 years for both groups. Of the 206
mutation carriers and 305 noncarriers who underwent screening at the
BOCRMC at least once, 15 breast cancers (seven invasive) were detected in
mutation carriers, and seven (six invasive) in noncarriers after a median
follow-up of 34 months. Among these, 90.9% were detected through annual
screening, while two interval cancers (both in BRCAI mutation carriers)
were detected. The median size of invasive breast cancers was 11 mm (range:
1.5-30 mm), and the majority (76.9%) were axillary node negative. For
women aged 25-49 years, the annualized cancer incidence was 1.6% in
BRCAI, 1.4% in BRCA2 mutation carriers, and 0.5% in noncarriers,
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compared to the general Australian population's 0.06% annualized cancer
incidence (66).

While breast cancer risk assessment tools have proven effective when
applied to populations, their performance at the individual level and the
impact of different thresholds for identifying high-risk individuals is
concerning: While comparing various risk prediction models, there is very
little consensus in the predicted risk estimates for an individual. However,
due to the increasing focus on precision medicine in healthcare, these risk
models are now being more widely used to identify women who could
potentially benefit from chemoprevention and additional MRI screening
(66).

Until 2021, Cancer Australia recommended using category three of the FRA-
BOC tool to select patients for intensified breast cancer surveillance in
Australia, but although it is easy to use in a clinical setting, it has limitations.
In particular, it may underestimate risk in small families with few at-risk
female relatives or with paternally inherited risk, and overestimate risk in
large families with multiple at-risk female relatives. Additionally, the FRA-
BOC online tool does not account for tumour pathology. As an alternative,
the BOADICEA risk score has been validated in an Australian population of
European ancestry and was introduced to the BOCRMC in 2015. When
compared to the FRA-BOC tool, BOADICEA classified only 22.4% of 201
mutation-negative women as high risk using the >25% threshold, but 50.7%
were eligible when based on a lifetime risk of >20% as proposed by the
American Cancer Society. Therefore, a significant number of mutation-
negative women would not meet inclusion criteria based on BOADICEA
alone (66).

BOADICEA was introduced to provide more personalized breast cancer risk
assessment, but in our study, six out of seven women without mutations who
had screen-detected breast cancers met the FRA-BOC criteria but not the
BOADICEA threshold of a lifetime risk of at least 25%. Of these six cases,
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four women were diagnosed with breast cancer (3 x IDC, 1 x DCIS) before
age 50 years (median age: 38 years, range: 35-48 years). If BOADICEA is
likely to underestimate cancer risk in these cases, a combination of validated
risk models may be helpful in reducing misclassification bias, as suggested
by Park et al. (111). To assist with selecting the appropriate breast cancer
risk estimation model, the web-based decision support tool iPrevent utilizes
initial questions to determine whether IBIS or BOADICEA would be more
suitable, thereby providing a more accurate risk assessment at the individual
level (112). Mavaddat et al. developed a polygenic risk score consisting of
313 SNPs that was optimized for predicting ER-positive and ER-negative
disease (PRS313), using the largest available GWAS dataset derived from
white European populations (113). This polygenic risk score has the
potential to enhance risk stratification for screening and prevention strategies
and could be incorporated into risk prediction models, including
BOADICEA (114). Further clinical studies are required to evaluate the
predictive value of the new PRS313, along with family history and lifestyle
risk factors, in the context of current screening protocols. High-risk
noncarriers of breast cancer may develop cancers at similar ages as mutation
carriers and may require MRI for detection. The multimodal surveillance
program implemented at BOCRMC is successful in detecting early-stage
breast cancers and the adoption of preventative measures is comparable to
that of other studies. Although the FRA-BOC tool provided by Cancer
Australia is useful, it may not be optimal in assessing breast cancer risk.
BOADICEA was introduced to provide a more accurate estimate of the
lifetime risk of breast cancer in noncarriers. However, using a cut-off of 25%
lifetime risk on BOADICEA may lead to the dismissal of 77.6% of
noncarriers, even though many of these women may be at high risk of
developing breast cancer. Moreover, compared to the FRA-BOC tool,
BOADICEA may define other women as being at high risk for breast cancer.
The incorporation of SNP data and other risk factors may enhance the ability
to identify individuals who would benefit the most from intensified
surveillance. Further follow-up data is necessary to determine an appropriate
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cut-off value for BOADICEA and refine referral criteria for noncarriers in
Australia (66).

According to our research, individuals who are not carriers of the BRCA gene
but have a high risk of developing breast cancer should not be released from
the BOCRMC's care. It is crucial to gain a deeper understanding of the
genetic factors involved in non-carriers to establish standardized risk
assessments and personalized recommendations for breast cancer screening
and risk reduction measures. The increasing number of GWAS may offer
additional insights into customized risk assessment, optimizing the use of
limited resources for maximum benefit (66).
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Senologie - Zeitschrift fiir Mammadiagnostik und -therapie (2017)
14(02): A1-AS53
10.1055/5-0037-1602462

Lammert J (2017). Is preventing inherited BRCA cancer within our reach?
IV. spolocna konferencia SGPS SLS a CGPS CLS JEP (4" Joint
Conference of the Slovak Society of Gynecology and Obstetrics and Czech
Society of Gynecology and Obstetrics), Bratislava, Slovakia.

A.1.4 Other Talks

19.11.2022 Hirnmetastasen beim HER2-positiven Mammakarzinom:
Neue Aspekte bei Diagnostik und Therapie

FACTUM 2022 - Facts und Cases aus der gyndkologischen Onkologie,
Comprehensive Cancer Center Munich, Munich, Germany

30.09.2022 Highlights vom ESMO-Kongress 2022 — Karzinome der
Frau: Ovarialkarzinom
Comprehensive Cancer Center Munich, Munich, Germany

29.09.2022 Mammakarzinom: Molekulares Tumorboard —
Therapieansitze

2. Bundeskongress 2022 des Bundesverbands der Study
Nurses/Studienassistenten in der klinischen Forschung e.V.
Online Conference

13.11.2021 Molekulares Tumorboard in der Gyniikoonkologie: Wie
kann die personalisierte Onkologie zum Wohle der Patientin in den
klinischen Alltag integriert werden?

FACTUM 2021 - Facts und Cases aus der gyndkologischen Onkologie,
Comprehensive Cancer Center Munich, Munich, Germany

19.06.2019 Workshop: how to identify and avoid predatory journals
and conferences
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Mittagsteach, Frauenklinik des Klinikums rechts der Isar der Technischen
Universitiat Miinchen, Munich, Germany

27.04.2019 Preventing breast cancer — when the odds are not in your
favour
TEDxBasel live 2019, Basel, Switzerland

09.11.2018 Science Pitch (Winner of the Best Pitch)
Prototype your PhD, UnternehmerTUM, Munich, Germany

04.05.2018 LIBRE: Lebensstil-Intervention in der Priavention des
hereditiren Mammakarzinoms
Frauenklinik des Universitdtsklinikums Erlangen, Erlangen, Germany

20.04.2018 LIBRE study: Is preventing inherited BRCA cancer within
our reach?
Parkville Familial Cancer Centre Meeting, Melbourne, Australia

08.10.2017 LIBRE-Studie: Lebensstil-Intervention in Frauen mit
erhohtem Risiko fiir Brust- und Eierstockkrebs
9. Kélner Brustkrebstag, Maritim Hotel Koln, Cologne, Germany

06.10.2017 Sport in der Privention von Brustkrebs in BRCA1/2-
Mutationstrigerinnen

3. LIBRE-Studientreffen im Rahmen des Kongresses Sport und Krebs 2017,
Munich, Germany

16.08.2017 LIBRE study: Is preventing inherited BRCA cancer within
our reach?

Lab Meeting, Women's College Research Institute, Familial Breast Cancer
Research Unit

Toronto, Canada

11.07.2017 LIBRE: Lebensstil-Intervention in der Privention des
hereditiren Mammakarzinoms

MeMPE (Medicine, Master of Public Health and Epidemiology) Summer
University 2017 - ein interprofessionelles und praxisorientiertes Seminar
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zur Privention und Gesundheitsforderung
Munich, Germany

30.06.2017 LIBRE-1 - FEASIBILITY-Studie: Umsetzbarkeit eines
strukturierten Erndhrungs- und Sportprogramms in BRCA1/2-
Mutationstrigerinnen

2. LIBRE-Studientreffen im Rahmen der 37. DGS-Jahrestagung, Berlin,
Germany

30.06.2017 Health status determines motivation towards preventive
lifestyle changes in BRCAI and BRCA2 mutation carriers

2. LIBRE-Studientreffen im Rahmen der 37. DGS-Jahrestagung, Berlin,
Germany

28.06.2017 LIBRE study: Is preventing inherited BRCA cancer within
our reach?
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Abstract

Background Physical activity is inversely associated with the risk of breast cancer among women in the general population.
It is not clear whether or not physical activity is associated with the risk of BRCA-associated breast cancer.

Methods We conducted a case—control study of 443 matched pairs of BRCA mutation carriers to evaluate the association
between physical activity and breast cancer risk. Moderate and vigorous physical activities at ages 12—13, ages 1417, ages
18-22, ages 23-29 and ages 30-34 were determined using the Nurses’ Health Study II Physical Activity Questionnaire.
We estimated mean metabolic equivalent task hours/week for moderate, vigorous and total physical activities overall (ages
12-34), during adolescence (ages 12—17) and during early adulthood (ages 18—-34). Logistic regression analysis was used
to estimate the odds ratios (OR) and 95% confidence intervals (CI) for total, moderate and strenuous recreational physical
activities and breast cancer risk, by menopausal status.

Results Overall, there was no significant association between total physical activity and subsequent breast cancer risk
(ORgy ys. g1 = 1.01,95% CI 0.69-1.47; P-trend = 0.72). Moderate physical activity between ages 12-17 was associated with
a 38% decreased risk of premenopausal breast cancer (ORgqy v o = 0.62; 95% CI 0.40-0.96; P-trend = 0.01). We found no
association between exercise and breast cancer diagnosed after menopause.

Conclusions These findings suggest that early-life physical activity is associated with a reduced risk of premenopausal breast
cancer among BRCA mutation carriers.

Impact Future prospective analyses, complemented by mechanistic evidence, are warranted in this high-risk population.

Keywords Physical activity - BRCAI - BRCA?2 - Breast cancer - Exercise

Introduction

Women who inherit a deleterious BRCAI or BRCA2 muta-
tion face high lifetime risks of developing breast cancer,
between 69 and 72% compared to 12% in the general popu-
lation [1, 2]. Among BRCA mutation carriers, primary pre-
vention of breast cancer is limited to prophylactic bilateral
mastectomy; however, the majority of women opt for yearly
screening with breast magnetic resonance imaging for early
detection and frequently inquire about less-invasive pre-
vention options [3, 4]. Although various reproductive and
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hormonal factors have been shown to influence BRCA-asso-
ciated cancer risk [5], the impact of modifiable lifestyle fac-
tors, including physical activity, is not clear.

The relationship between physical activity and breast
cancer has been studied extensively among women in the
general population. Collectively, the evidence supports an
inverse association between physical activity and sporadic
breast cancer, with a risk reduction of 25-30% comparing
the most physically active to the least active women [6-8].
The relationship exists for both pre- and postmenopausal
women, with greater risk reductions reported among post-
menopausal women [9]. In contrast, very few studies have
evaluated the relationship between physical activity and
breast cancer risk specifically among women with a BRCAI
or BRCA2 mutation [10]. Although retrospective in nature
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and based on small sample sizes, these studies support a pro-
tective role of physical activity during adolescence and early
adulthood on subsequent BRCA-breast cancer risk [11-13].
In the earliest study, King et al. showed that physical activity
during adolescence was associated with a significant delay in
the age at the onset of BRCA-associated breast cancer [11].
The incomplete penetrance of an inherited BRCAI or
BRCA2 mutation suggests that non-genetic factors may
influence risk. Furthermore, it is important to integrate evi-
dence-based prevention strategies for the management of
this high-risk population. Thus, we conducted a matched,
case—control study of 886 BRCA mutation carriers to evalu-
ate the association between physical activity in adolescence
and in young adulthood and subsequent breast cancer risk.

Subjects and methods
Study population

Eligible study subjects included women enrolled in a lon-
gitudinal study of BRCAI and BRCA2 mutation carriers
from 80 participating centers in 17 countries. These women
sought genetic testing for BRCAI and BRCA2 mutations
because of a personal and/or family history of breast and/
or ovarian cancer. All study subjects, with the exception
of those from the University of Utah and the University of
California Irvine, received genetic counseling. Mutation
detection was performed using a range of techniques, but all
nucleotide sequences were confirmed by direct sequencing
of DNA. A woman was eligible for the current study when
the molecular analysis established that she was a carrier of
a deleterious mutation in the BRCAI or BRCA2 gene. The
study was approved by the institutional ethics review boards
of the host institutions, and all study subjects provided writ-
ten informed consent.

Data collection

All study subjects completed a baseline questionnaire at the
time of a clinic appointment or at home at a later date. The
questionnaire requested detailed information on family his-
tory and personal medical histories, as well as various repro-
ductive, hormonal and lifestyle factors. Information on these
factors and on incident cancers was updated biennially by
follow-up questionnaires. These were either mailed to each
study participant to complete and return or were completed
over the phone by a genetic counselor or research assistant.
In 2014, the Nurses’ Health Study II Physical Activity Ques-
tionnaire was incorporated into the baseline questionnaire
for new participants or into the follow-up questionnaire for
women already enrolled in the study [14]. This supplemental
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questionnaire queried recreational physical activity from
ages 12-34 as described in detail below.

Assessment of physical activity

Participants were asked to recall the average duration (0
to > 11 h weekly) they engaged in various activities dur-
ing predefined age periods. Specifically, the questionnaire
asked about: (1) moderate recreational activity (e.g., hik-
ing, walking for exercise, casual cycling), and (2) strenuous
recreational activity causing increased breathing, heart rate
or sweating (e.g., running, aerobics or lap swimming) in
grades 7-8 (ages 12—13) and grades 9—12 (ages 14-17) in
school and at ages 18-22, ages 23-29 and ages 30-34. Using
this information, we computed each participants’ metabolic
equivalent (MET)-hour/week for each recreational activity
type (moderate intensity and high intensity) separately by
multiplying duration (average number of hours per week)
with the corresponding MET score. In accordance with
the Compendium of Physical Activity by Ainsworth [15]
and the Nurses’ Health Study II [16], we assigned a MET
score of 7 to strenuous physical activity and 4.5 to moderate
physical activity, respectively. This was estimated for each
age category separately and then summed and averaged to
estimate the average moderate or strenuous physical activ-
ity for overall early-life activity (ages 12-34), adolescent
activity (ages 12—17) and young adulthood (ages 18-34).
Total recreational physical activity was defined as moderate
and vigorous recreational physical activity combined. The
total amount of recreational physical activity was assessed
by calculating the sum of moderate recreational and vigor-
ous recreational physical activities for each age category
separately and then summed and averaged to estimate the
average overall physical activity between ages 12-34, plus
adolescent (ages 12—-17) and young adulthood (ages 18-34)
physical activity.

Study subjects available for analysis

There were a total of 2173 potentially eligible BRCA muta-
tion carriers who completed the supplemental questionnaire
on physical activity, between the years of 2014 and 2017.
Subjects were excluded if they had a previous diagnosis of
any type of cancer other than breast cancer (n = 653), had
undergone a prophylactic mastectomy prior to completion
of the physical activity questionnaire (n = 98), or were miss-
ing BRCA mutation type (n = 9). After these exclusions, a
total of 1413 subjects were available for the analysis. Of
the 1413 subjects, 554 women had been diagnosed with
invasive breast cancer (potential case subjects), whereas the
remaining 859 women had never received a cancer diagnosis
(potential control subjects).
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A single control subject was selected for each case sub-
ject, matched according to mutation in the same BRCA gene
(BRCAI or BRCA2), year of birth (+ 3 years) and place of
residence (North America or Poland). In total, 443 matched
sets were identified. An appropriate match could not be
located for 111 of the eligible cases because the date of birth
of these cases was substantially earlier compared to the pool
of remaining controls.

Statistical analysis

A matched case—control analysis was performed to evalu-
ate the association between physical activity and the risk
of breast cancer. The distributions of continuous variables
between cases and controls were compared using the Sru-
dent’s t test or, if not applicable due to unequal variances, the
Welch’s t test. The distributions of categorical variables were
compared using the Chi-square test. Total, moderate and
strenuous physical activities were categorized into quartiles
according to the distribution in the controls, with the lowest
quartile used as the reference category. Backward stepwise
logistic regression analysis was performed to estimate the
odds ratios (ORs) and associated 95% confidence intervals
(95% Cls) of moderate and strenuous physical activities and
a combination of both defined as total recreational physical
activity, for each specific age category, plus overall (i.e.,
between ages 12-34), adolescence (i.e., ages 12—17) and
young adulthood (i.e., ages 18-34). A multivariate analy-
sis was carried out to control for potential confounders.
All analyses were adjusted for number of children (0, 1-2
or > 3, with 0 used as the reference category), current BMI
(with the highest quartile used as the reference category),
oral contraception use (ever vs. never), tobacco consumption
(ever vs. never) and oophorectomy (ever vs. never). Analyses
were stratified a priori by menopausal status at breast cancer
diagnosis (premenopausal or postmenopausal). All analyses
were performed using SPSS ver. 24.0 (SPSS, Chicago, IL,
USA). All P values were based on two-sided tests and were
considered significant if P < 0.05.

Results

Case and control subjects were similar with respect to age,
reproductive factors, oral contraceptive use, tobacco con-
sumption, alcohol consumption and body mass index (BMI)
at age 18 (Table 1). The average age at breast cancer diag-
nosis was 42.5 years (SD + 9.1 years). Breast cancer cases
were more likely menopausal at the date of questionnaire
(91 vs. 73%, P < 0.001) and younger at the onset of meno-
pause than controls (44.2 vs. 46.3 years old; P < 0.001). The
cause of menopause differed between the breast cancer cases
and the controls with cases more likely to have undergone

treatment-induced menopause (41 vs. 2%; P < 0.001). At
the date of the physical activity questionnaire, breast cancer
cases had a significantly higher BMI compared to controls
(26.1 vs. 25.1 kg/m?, P = 0.004).

The relationship between total recreational physical activ-
ity (defined as moderate and vigorous recreational physi-
cal activity combined) between the ages of 12 and 34 and
breast cancer risk among BRCA mutation carriers is sum-
marized in Table 2. Among all women combined, there was
no significant association between total physical activity
between the ages of 12 and 34 and breast cancer compar-
ing the highest versus lowest quartiles of physical activity
(ORq4 5. 1 = 1.01, 95% CI 0.69-1.47; P-trend = 0.72).
Similarly, there was no relationship between increasing
physical activity during adolescence and breast cancer risk
(ORgy4 vs. g1 = 0.94, 95% CI 0.65-1.36; P-trend = 0.13) or
early adulthood (ORg, v o = 1.07, 95% CI 0.73-1.57;
P-trend = 0.17). The associations did not vary by menopau-
sal status (P-trend > 0.07).

We next evaluated the relationship between moderate-
intensity exercise and breast cancer risk (Table 3). Among
all women combined, there was no significant association
between moderate-intensity exercise from ages 12 to 34
and breast cancer (OR 4 5 g = 0.99, 95% CI1 0.68-1.44,
P-trend = 0.81), as well as moderate recreational physi-
cal activity during adolescence (ORq4 5 g1 = 0.82,
95% CI 0.56-1.20, P-trend = 0.09) or early adulthood
(ORgy4 vs. 1 = 1.03,95% CI 0.71-1.49, P-trend = 0.35).
In the analysis stratified by menopausal status at breast
cancer diagnosis, there was no significant association
between moderate-intensity exercise from ages 12 to 34
and premenopausal breast cancer risk (ORqy s o = 0.94,
95% CI 0.62-1.41, P-trend = 0.55). Moderate physical
activity during adolescence (between ages 12 and 17)
was associated with a 38% risk reduction for premeno-
pausal breast cancer (ORg, y, g = 0.62, 95% CI 0.40-
0.96; P-trend = 0.01). Compared to a BMI of > 27.98 kg/
m?, a BMI of < 21.28 kg/m? was associated with a
42% decreased risk for premenopausal breast cancer
(OR4 s g1 = 0.58;95% CI 0.37-0.93; P-trend = 0.047)
in the multivariate logistic regression model. Moderate
recreational physical activity during early adulthood
(between ages 18 and 34) was not associated with pre-
menopausal breast cancer risk (ORgy 5 o1 = 1.03, 95%
CI 0.71-1.49; P-trend = 0.12). In the analysis subdi-
vided by age categories, we observed a 45% decreased
risk of developing breast cancer before menopause
among women in the highest quartile of moderate physi-
cal activity between ages 18 and 22 compared to the least
active women (ORgqy s o1 = 0.55; 95% CI: 0.35-0.87;
P-trend = 0.006). There was no significant association
between increasing moderate-intensity exercise and
postmenopausal breast cancer risk overall (highest vs.
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Table 1 Baseline characteristics of breast cancer cases and controls among BRCA mutation carriers

Characteristic Controls Breast cancer cases P
(n = 443) (n = 443)
BRCA mutation status, n (%)
BRCAI 343 (77.4%)
BRCA2 100 (22.6%) Matched
Age (yrs), mean + SD 509 +11.6 51.6 £ 10.9 0.31
Age (yrs) at breast cancer diagnosis, mean + SD (range) n/a! 42.5+9.1(19-73) n/a!
Country of residence, n (%)
North America 187 (42.2%)
Poland 256 (57.8%) Matched
Age (yrs) at menarche, mean + SD 132+ 14 13+1.6 0.40
Menopausal status, n (%)
Premenopausal 118 (26.6%) 39 (8.8%)
Postmenopausal 325 (73.4%) 404 (91.2%) < 0.001
Age (yrs) at menopause, mean + SD 463+ 6 442 +6.2 0.001
Cause of menopause, n (%)
Natural 122 (38.7%) 82 (20.4%)
Surgical (hysterectomy and/or oophorectomy) 187 (59.4%) 154 (38.3%)
Other? 6 (1.9%) 166 (41.3%) < 0.001
Age at first full-term pregnancy, mean + SD 259+49 254 +4.6 0.11
Number of children, n (%)
0 67 (15.1%) 81 (18.3%)
12 262 (59.1%) 283 (63.9%)
>3 114 (25.7%) 79 (17.8%) 0.014
Mean + SD 19+13 1.7+ 1.1 0.003
Oral contraceptive use, ever, n (%) 263 (59.5%) 258 (58.4%) 0.73
HRT use, ever, n (%) 147 (33.2%) 71 (16%) < 0.001
Smoking status, ever, n (%) 173 (39.1%) 195 (44%) 0.13
Alcohol consumption, ever, n (%) 381 (86%) 372 (84%) 0.40
BMI (kg/m?) at age 18, mean + SD 20.4 +2.7 20.7 +2.7 0.13
BMI (kg/m?), mean + SD 251+52 26.1 +4.7 0.004
Moderate physical activity, ages 12-34, mean + SD (range) 19.6 + 13.1 (0-49.5) 18.1 + 11.6 (0-49.5) 0.12
Strenuous physical activity, ages 12-34, mean + SD (range) 26.8 + 18.9 (0-77) 26.4 + 18.3 (0-77) 0.79

n/a not applicable

#Treatment-related (medication or radiotherapy) or other

lowest quartile; ORgy s o = 1.14, 95% CI 0.65-2.00,
P-trend = 0.91), during adolescence (OR, s o1 = 1.53,
95% CI 0.67-1.98, P-trend = 0.51) or early adulthood
(ORgy4 5. 01 = 1.15,95% CI1 0.67-1.98, P-trend = 0.45).

There was no relationship between vigorous recrea-
tional physical activity and breast cancer risk overall
(ORgy s. 1 = 0.94, 95% CI 0.66-1.35; P-trend = 0.35),
during adolescence (ORqy v 1 = 1.09, 95% C10.77-1.55;
P-trend = 0.84) and early adulthood (OR, s o = 1.00,
95% CI10.71-1.39; P-trend = 0.36). The associations did
not vary by menopausal status (P-trend > 0.08) (data not
shown).
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Discussion

The goal of this study was to evaluate the relationship
between physical activity during adolescence and young
adulthood and subsequent breast cancer risk among
women with a BRCAI or BRCA2 mutation. Overall, we
observed no significant association between total physical
activity and breast cancer risk. Of interest is the significant
inverse association between increasing levels of moder-
ate-intensity exercise during adolescence and the risk of
premenopausal breast cancer (P-trend = 0.01). Women in
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Table 2 Association between total recreational physical activity (in METh) and breast cancer among BRCA mutation carriers

Ql Q2 Q3 Q4 P-trend

All women
Overall

Range (METh/week) <24.65 > 24.65 and < 40.45 > 40.45 and < 63.05 > 63.05

Cases/Controls 83/88 99/94 98/88 163/173

Multivariate OR (95% CI)* Ref. 1.00 1.12 (0.73-1.71) 1.22 (0.80-1.88) 1.01 (0.69-1.47) 0.72
Adolescent

Range (METh/week) <2425 > 24.25 and < 40.25 > 40.25 and < 69.25 > 69.25

Cases/controls 109/107 79/99 125/97 130/140

Multivariate OR (95% CI)* Ref. 1.00 0.84 (0.56-1.27) 1.33 (0.9-1.96) 0.94 (0.65-1.36) 0.13
Young adulthood

Range (METh/week) <20.33 > 20.33 and < 38.58 > 38.58 and < 63 > 63

Cases/controls 77/91 103/91 114/92 149/169

Multivariate OR (95% CI)* Ref. 1.00 1.41 (0.92-2.15) 1.44 (0.95-2.19) 1.07 (0.73-1.57) 0.17
Premenopausal at breast cancer diagnosis
Overall

Range (METh/week) <24.65 > 24.65 and < 40.45 > 40.45 and < 63.05 > 63.05

Cases/controls 62/88 64/94 73/88 118/173

Multivariate OR (95% CI)* Ref. 1.00 0.96 (0.60-1.53) 1.22 (0.77-1.93) 0.98 (0.65-1.48) 0.70
Adolescent

Range (METh/week) <2425 > 24.25 and < 40.25 > 40.25 and < 69.25 > 69.25

Cases/controls 78/107 56/99 95/97 88/140

Multivariate OR (95% CI)* Ref. 1.00 0.83 (0.53-1.31) 1.4 (0.92-2.12) 0.89 (0.59-1.33) 0.07
Young adulthood

Range (METh/week) <20.33 > 20.33 and < 38.58 > 38.58 and < 63 > 63

Cases/controls 54/91 81/91 77192 105/169

Multivariate OR (95% CI)* Ref. 1.00 1.57 (0.99-2.49) 1.41 (0.89-2.24) 1.08 (0.71-1.66) 0.13
Postmenopausal at breast cancer diagnosis
Overall

Range (METh/week) <24.65 > 24.65 and < 40.45 > 40.45 and < 63.05 > 63.05

Cases/controls 21/88 35/94 25/88 43/173

Multivariate OR (95% CI)* Ref. 1.00 1.63 (0.86-3.0) 1.32 (0.68-2.58) 1.11 (0.61-2.01) 0.40
Adolescent

Range (METh/week) <2425 > 24.25 and < 40.25 > 40.25 and < 69.25 > 69.25

Cases/controls 31/107 23/99 30/97 40/140

Multivariate OR (95% CI)* Ref. 1.00 0.89 (0.48-1.67) 1.18 (0.65-2.14) 1.1 (0.63-1.91) 0.84
Young adulthood

Range (METh/week) <20.33 > 20.33 and < 38.58 > 38.58 and < 63 > 63

Cases/controls 23/91 22/91 37/92 42/169

Multivariate OR (95% CI)* Ref. 1.00 0.94 (0.48-1.84) 1.55 (0.84-2.87) 0.99 (0.55-1.78) 0.28

*Estimate adjusted for number of children (0, 1-2 or > 3, with 0 used as the reference category), current BMI (in quartiles, with the highest
quartile used as the reference category), oral contraception use (ever/never), tobacco consumption (ever/never), oophorectomy (ever/never)

the highest quartile of physical activity between the ages
of 12—-17 had a 38% reduction in breast cancer risk (95%
CI 0.40-0.96) compared to women in the lowest quartile.
We found no association for breast cancer diagnosed after
menopause. Although limited by the retrospective study
design, our study represents the largest analysis con-
ducted to date specifically among women with a BRCA 1

or BRCA2 mutation. Collectively, these findings suggest
that early-life physical activity may confer a significant
impact on premenopausal breast cancer risk in this high-
risk population.

Our findings of an inverse association between adoles-
cent physical activity and BRCA-breast cancer are consist-
ent with what has previously been reported in three earlier
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Table 3 Association between moderate recreational physical activity (in METh) and breast cancer among BRCA mutation carriers

Q1 Q2 Q3 Q4 P-trend

All women
Overall

Range (METh/week) <8.55 > 8.55and < 15.75 > 15.75 and < 27.56 > 27.56

Cases/controls 93/96 102/97 98/90 150/160

Multivariate OR (95% CI)* Ref. 1.00 1.1 (0.73-1.65) 1.17 (0.77-1.78) 0.99 (0.68-1.44) 0.81
Adolescent

Range (METh/week) <6.75 > 6.75 and < 15.75 > 15.75 and < 25.88 > 25.88

Cases/controls 136/140 119/114 79/59 80/104

Multivariate OR (95% CI)* Ref. 1.00 1.09 (0.76-1.56) 1.48 (0.97-2.27) 0.82 (0.56-1.20) 0.09
Young adulthood

Range (METh/week) <6.75 > 6.75 and < 15.75 > 15.75 and < 29.25 > 29.25

Cases/controls 94/100 119/95 84/94 146/154

Multivariate OR (95% CI)* Ref. 1.00 1.35 (0.90-2.02) 0.99 (0.65-1.50) 1.03 (0.71-1.49) 0.35
Premenopausal at breast cancer diagnosis
Overall

Range (METh/week) <8.55 > 8.55and < 15.75 > 15.75 and < 27.56 > 27.56

Cases/controls 67/96 77197 72/90 101/160

Multivariate OR (95% CI)* Ref. 1.00 1.17 (0.75-1.83) 1.22 (0.77-1.92) 0.94 (0.62-1.41) 0.55
Adolescent

Range (METh/week) <6.75 > 6.75 and < 15.75 > 15.75 and < 25.88 > 25.88

Cases/controls 104/140 85/114 60/59 47/104

Multivariate OR (95% CI)* Ref. 1.00 1.04 (0.70-1.53) 1.48 (0.94-2.32) 0.62 (0.40-0.96) 0.01
Young adulthood

Range (METh/week) <6.75 > 6.75 and < 15.75 > 15.75 and < 29.25 > 29.25

Cases/controls 65/100 92/95 65/94 95/154

Multivariate OR (95% CI)* Ref. 1.00 1.53 (0.99-2.37) 1.11 (0.7-1.74) 0.99 (0.65-1.49) 0.12
Postmenopausal at breast cancer diagnosis
Overall

Range (METh/week) <8.55 > 8.55and < 15.75 > 15.75 and < 27.56 > 27.56

Cases/controls 26/96 25197 25/90 48/160

Multivariate OR (95% CI)* Ref. 1.00 0.93 (0.49-1.77) 1.05 (0.55-2.01) 1.14 (0.65-2.00) 0.91
Adolescent

Range (METh/week) <6.75 > 6.75and < 15.75 > 15.75 and < 25.88 > 25.88

Cases/controls 32/140 34/114 18/59 33/104

Multivariate OR (95% CI)* Ref. 1.00 1.25 (0.71-2.18) 1.39 (0.71-2.73) 1.53 (0.87-2.71) 0.51
Young adulthood

Range (METh/week) <6.75 > 6.75and < 15.75 > 15.75 and < 29.25 > 29.25

Cases/controls 29/100 26/95 19/94 50/153

Multivariate OR (95% CI)* Ref. 1.00 0.94 (0.51-1.74) 0.70 (0.36-1.36) 1.15 (0.67-1.98) 0.45

*Estimate adjusted for number of children (0, 1-2 or > 3, with 0 used as the reference category), current BMI (in quartiles, with the highest
quartile used as the reference category), oral contraception use (ever/never), tobacco consumption (ever/never), oophorectomy (ever/never)

studies. In a group of 104 BRCA mutation carriers, King
et al. reported a significant delay in breast cancer onset
among women who were physically active as teenagers
compared to those who were not (P = 0.03) [11]. In a retro-
spective cohort study (n = 725), Pijpe et al. reported a sig-
nificant 42% reduction in risk (hazard ratio (HR) = 0.58;
95% CI 0.35-0.94; P-trend = 0.05) with increasing levels
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of physical activity prior to, but not after, age 30 (hazard
ratio = 1.24; 95% CI10.70-2.19; P-trend = 0.51) [12].In a
retrospective analysis of 68 BRCA mutation carriers, Grill
et al. have shown a significantly lower cancer prevalence
in women indicating a higher physical activity level during
adolescence compared to their peers (P = 0.019) [13]. In
contrast, Nkondjock et al. found no association between
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levels of physical activity and breast cancer in a case—con-
trol study of 137 BRCA mutation carriers (total activity:
OR =1.05;95% CI 0.42-2.60; P-trend = 0.91) [17]. Two
ongoing prospective randomized controlled trials are
evaluating the impact of physical activity and a Mediter-
ranean diet on breast cancer risk and outcomes among
600 BRCA mutation carriers [18, 19]. By conducting a
follow-up investigation of 13 years, Kiechle et al. also aim
to assess the impact of a healthy lifestyle on breast cancer
progression and mortality among BRCA mutation carriers
[18, 20].

In a meta-analysis of 43 studies conducted among women
in the general population, Neilson et al. reported that higher
versus lower levels of overall moderate to vigorous recrea-
tional activity was associated with a 20% decreased risk of
premenopausal breast cancer (pooled relative risk = 0.80;
95% CI 0.74-0.87) [21]. Studies evaluating the associa-
tion between early-life physical activity and premenopausal
breast cancer risk have been inconclusive with some groups
shown no relationship and others reporting a significant pro-
tective effect of adolescent physical activity and the risk of
breast cancer prior to menopause [22-24]. Among 75,669
women in the Nurses’ Health Study II, Boeke et al. showed
a suggestive significant inverse association between physi-
cal activity at ages 14—17 (HR = 0.81; 95% CI 0.69-0.95;
P-trend = 0.10) and at ages 18-22 (HR = 0.85; 95% CI
0.71-1.02; P-trend = 0.06), respectively, and premenopausal
breast cancer [24]. In contrast, they found no relationship
between early-life physical activity and postmenopausal
breast cancer risk [25]. We similarly observed no relation-
ship between adolescent or early adulthood physical activity
and postmenopausal breast cancer. Given that BRCA muta-
tion carriers typically develop breast cancer at an early age,
the number of postmenopausal breast cancer cases in our
study was relatively small (n = 124), and thus, we were not
sufficiently powered in our analysis stratified by menopause.
However, other researchers suggest that for postmenopausal
breast cancer, more recent or sustained physical activity over
the lifespan may be of more importance [22, 25]. Obesity is
a key factor associated with postmenopausal breast cancer
risk among the general population [26]. Manders et al. [27]
suggest that excessive body weight increases the risk of post-
menopausal, but not premenopausal breast cancer among
BRCA mutation carriers. In our analysis, we observed a sig-
nificant association between overweight, i.e., a current BMI
of > 27.98 kg/m?, and premenopausal breast cancer risk.
Even though past body size and current body size are highly
correlated, this finding should be interpreted with caution
as we did not have information about the participants’ body
size during adolescence and therefore used the informa-
tion about current BMI, i.e., at a median age of 51, for our
multiple regression models. Nevertheless, it is of interest
that the association between early-life physical activity and

subsequent breast cancer risk was not attenuated by current
body size.

There are numerous mechanisms by which physical
activity may influence breast cancer risk; increased physi-
cal activity may lower cancer risk by reducing insulin resist-
ance, adiposity and chronic inflammation and by decreasing
levels of growth factors and endogenous sex hormones [8,
10, 28, 29]. It is also plausible that physical activity-induced
transcriptional changes may be mediating these downstream
effects [30, 31]. This is of particular relevance for BRCA
mutation carriers given that their underlying predisposi-
tion is the result of a haploinsufficiency state associated
with heterozygosity, thereby increasing genomic instability
and accelerating the mutation rate of other critical genes
(including BRCA1I) [32]. Wang et al. have shown that phys-
ical activity before puberty onset upregulates the BRCAI
and p53 mRNA expression, increases the ER-B:ER-a ratio
and promotes morphological differentiation of the rat mam-
mary gland [33]. Jackson et al. implicate that BRCA/ is an
important regulator of metabolic function in skeletal muscle
in both mouse and human myotubes [34], suggesting that
BRCAI gene expression might be altered by regular exercise
in human subjects.

Of interest for BRCAI-associated breast cancer is the
emerging role of progesterone signaling [35]. BRCA muta-
tion carriers have higher levels of both circulating estro-
gen and progesterone compared to non-carriers [36]. Pro-
gesterone and growth hormones are crucial in mammary
gland epithelial cell proliferation and mammary stem cell
expansion; breast mitotic activity is highest during the
progesterone-dominant luteal phase of the menstrual cycle
[36, 37]. Since mammary stem cells are lacking hormone
receptors and only a small fraction of mammary epithelial
cells express estrogen and progesterone receptors, the regu-
lation of mammary cells through paracrine signaling is of
particular relevance [37]. Binding of RANKL to RANK
in response to progesterone stimulates the proliferation of
mammary epithelial cells, whereas osteoprotegerin (OPG)
is an endogenous decoy receptor for RANKL and thereby
inhibits RANK-associated signal transduction [35]. Prelimi-
nary evidence has shown that women inheriting a BRCAI
mutation had significantly lower endogenous serum levels of
OPG than non-mutation carriers [38]. Two seminal papers
recently demonstrated that inhibiting RANKL significantly
suppressed mammary tumorigenesis in BRCA[-deficient
mice [39, 40].

Taken together, these findings implicate the inhibition
of the progesterone/RANK-signaling pathway as a prom-
ising strategy for the personalized prevention of BRCAI-
associated breast cancer. Both factors may not only be tar-
geted by chemoprevention, such as denosumab, but could
potentially be influenced by physical activity. Interestingly,
there is some evidence to suggest that endurance exercise
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interventions among premenopausal women were able to
decrease luteal phase progesterone levels [41, 42], including
high-risk women [43]. Furthermore, preliminary evidence
suggests that endurance training may induce a significant
increase in circulating OPG [44, 45], while decreasing
sRANKL [44].

Researchers have postulated that potential risk modifiers
for the development of breast cancer are most influential
between menarche and first full-term pregnancy [46]. Our
findings of an inverse association between adolescent physi-
cal activity and premenopausal breast cancer risk line up
with a number of previously published results that support
this hypothesis. Among BRCAI mutation carriers, early
exposures, such as late age at menarche [47], oral contra-
ception use prior to, but not after age 25 [48] and breastfeed-
ing for at least 1 year [49], have been proposed to impact
early-onset breast cancer risk, among other mechanisms, by
influencing mammary cell differentiation and proliferation.
Preliminary findings suggest that the impact of physical
activity on BRCA-associated cancer might be most benefi-
cial when adopted early in life. The duration and intensity
of physical activity we found to be protective are in accord-
ance with the recommendations of physical activity of at
least one hour of exercise daily among adolescents [50] and
are similar to previous findings for sporadic breast cancer
[7, 51]. Studies among the general population have shown
that both moderate-intensity exercise and vigorous intensity
exercise contribute to significant reductions in breast cancer
risk, with a greater decrease in risk for vigorous exercise
[52]. In contrast, we did not report any association between
strenuous recreational physical activity between ages 12 and
34 and breast cancer risk.

Among young women (i.e., between ages 18 and 30)
residing in the USA, walking represents the primary form
of physical activity, followed by yard work, calisthenics,
cycling and dancing, all of which are considered to be of
moderate intensity [53]. The significant risk reduction we
observed with moderate-intensity exercise could be attribut-
able to a higher prevalence of moderate recreational physical
activity and, most possibly, a lower measurement error as
compared to vigorous recreational physical activity. Future
prospective studies examining different exercise levels and
duration, assessed by objective methods, are necessary to
elucidate which type of physical activity provides the great-
est breast cancer risk reductions among BRCA mutation
carriers.

Strengths of the current study include the large number
of documented BRCA mutation carriers which allowed for a
priori stratified analyses by menopausal status. In addition,
we collected detailed information on lifetime physical activ-
ity by using a standardized questionnaire that inquired about
duration of physical activity and distinguished between
moderate-intensity exercise and high-intensity exercise.

@ Springer

We controlled for potential risk factors for BRCA-associ-
ated breast cancer in our multivariate models, thus decreas-
ing the influence of confounding although our adjusted and
unadjusted results did not differ substantially. Therefore, any
additional confounding was likely small.

The main limitation of our study was the use of self-
reported physical activity which is prone to misclassifica-
tion; on average, women recalled their early-life physical
activity at a mean age of 51. Despite this, an earlier valida-
tion study of this instrument reported good reproducibility
of recalled activities after 4 years among women enrolled in
the Nurses’ Health Study II (r = 0.64 for total activity) [54].
Given that genetic testing for BRCAI and BRCA2 mutations
is offered after age 18, it is unlikely that we would be able
to assess exercise during childhood and adolescence pro-
spectively. Furthermore, by comparing extreme quartiles of
physical activity, we aimed to discriminate between women
who were highly active and those who were relatively inac-
tive; thus, we expect any misclassification to be non-differ-
ential. We treated all outcomes as independent hypotheses
and did not account for multiple comparisons, and thus, our
results should be interpreted with caution. Finally, we were
not sufficiently powered to conduct analyses stratified by
BRCA mutation type.

In summary, the results from our study suggest a pro-
tective role of physical activity during adolescence and the
risk of premenopausal breast cancer among BRCA mutation
carriers. Even though bilateral mastectomy remains the most
effective risk reduction option, evidence continues to evolve
that even in women at highest risk regular physical activity,
maintaining a healthy weight and non-smoking may contrib-
ute to a decrease in cancer occurrence, especially if adopted
early in life [55]. The prospect of physical activity during
adolescence for the purpose of BRCA-associated cancer pre-
vention, complemented by mechanistic evidence, warrants
further evaluation in BRCA family-based prospective studies.
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Cardiovascular Risk Factors in BRCA1/2 Mutation Carriers

Zusammenhang zwischen bioaktivem Adrenomedullin-Spiegel und
kardiovaskuldren Risikofaktoren bei BRCA1/2-Mutationstrdagerinnen
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ABSTRACT

Background Cardiovascular disease (CVD) is an important
cause of morbidity and mortality in breast cancer survivors.
Effective screening modalities to identify CVD risk are lacking
in this population. Adrenomedullin (ADM) has been sug-
gested as a biomarker for subclinical cardiac dysfunction in
the general population. Levels of ADM have been proven to
be responsive to lifestyle changes that lead to improved car-
diovascular health. As BRCAT/2 mutation carriers are deemed
to be at an increased risk for CVD, the aim of this study was to
examine plasma ADM levels in a cohort of BRCA mutation car-
riers and to assess their association with cardiovascular risk
factors.

Methods Plasma ADM concentrations were measured in
292 female BRCA1/2 mutation carriers with and without a his-
tory of breast cancer. Subjects were classified into high versus
low ADM levels based on the median ADM level in the entire
cohort (13.8 pg/mL). Logistic regression models were used to
estimate the odds ratios (OR) of having elevated ADM levels
by several cardiovascular risk factors.

Results Of all women (median age: 43 years), 57.5% had a
previous diagnosis of breast cancer. The median time be-
tween diagnosis and study entry was three years (range: 0-
32 years). Women presenting with metabolic syndrome had
22-fold increased odds of having elevated ADM levels
(p<0.001). Elevated ADM levels were associated with lower
cardiorespiratory fitness (OR=0.88, p<0.001) and several
parameters of obesity (p<0.001). ADM levels were higher in
women who have ever smoked (OR=1.72, p=0.02). ADM
levels were not associated with a previous diagnosis of breast
cancer (p=0.28).
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Conclusions This is the first study in BRCA mutation carriers
that has linked circulating ADM levels to traditional cardiovas-
cular risk factors. The long-term clinical implications of these
findings are yet to be determined.

ZUSAMMENFASSUNG

Hintergrund Herz-Kreislauf-Erkrankungen (HKE) sind eine
wichtige Ursache fiir Morbiditdt und Mortalitat bei Brustkrebs-
Gberlebenden. Es fehlt aber an effektiven Friiherkennungs-
untersuchungen, welche die HKE-Risiken in dieser Population
identifizieren konnten. Adrenomedullin (ADM) wurde bereits
als moglicher Biomarker fiir subklinische Herzerkrankungen
in der Allgemeinbevodlkerung vorgeschlagen. Es hat sich ge-
zeigt, dass Lebensstilinderungen, die zu einer Verbesserung
der kardiovaskuldren Gesundheit fiihren, sich in ADM-Plasma-
konzentrationen widerspiegeln. Da Trdagerinnen von BRCAT/2-
Mutationen ein erhéhtes HKE-Risiko haben, zielt diese Studie
darauf ab, die ADM-Plasmakonzentrationen in einer Gruppe
von BRCA-Mutationstragerinnen zu messen und den Zusam-
menhang mit HKE-Risikofaktoren zu untersuchen.

Methoden  ADM-Plasmakonzentrationen ~ wurden in
292 BRCA1/2-Mutationstragerinnen mit oder ohne frithere
Brustkrebsdiagnose gemessen. Basierend auf der medianen
ADM-Konzentration der Gesamtgruppe (13,8 pg/ml) wurden

die untersuchten Frauen gemaR ihrer ADM-Konzentrationen
in 2 Gruppen (hohe bzw. niedrige ADM-Konzentration) ein-
geteilt. Logistische Regressionsmodelle wurden verwendet,
um das Chancenverhdltnis (OR) verschiedener kardiovaskula-
rer Risikofaktoren in Abhdngigkeit der Hohe der ADM-Kon-
zentration zu schatzen.

Ergebnisse Bei 57,5% der Frauen (Durchschnittsalter: 43 Jah-
re) wurde zuvor Brustkrebs diagnostiziert. Die mediane Zeit
zwischen der Krebsdiagnose und die Aufnahme in dieser Stu-
die betrug 3 Jahre (Spanne: 0-32 Jahre). Frauen mit metabo-
lischem Syndrom hatten eine 22-fach héhere Wahrscheinlich-
keit eines erh6hten ADM-Spiegels (p <0,001). Erhdhte ADM-
Spiegel waren mit niedriger kardiorespiratorischer Fitness
(OR=0,88, p<0,001) sowie verschiedenen Ubergewichts-
parametern (p<0,001) assoziiert. Der ADM-Spiegel war ho-
her bei Frauen, die rauchten bzw. frither geraucht hatten
(OR=1,72, p=0,02). Es gab kein Zusammenhang zwischen
ADM-Konzentrationen und einer fritheren Brustkrebsdiag-
nose (p =0,28).

Schlussfolgerungen Dies ist die erste Studie von BRCA-Mu-
tationstragerinnen, welche die Verbindung zwischen ADM-
Plasmakonzentrationen und traditionellen kardiovaskuldren
Risikofaktoren untersucht. Die langfristigen klinischen Impli-
kationen der Befunde miissen noch ermittelt werden.

Introduction

With continual improvements in cancer outcomes, cardiovascular
disease (CVD) is an important cause of morbidity and mortality in
(early) breast cancer patients [1]. In fact, risk of death from car-
diovascular causes surpasses the risk of death from breast cancer
eight years after diagnosis [2,3]. CVD can be caused or acceler-
ated by a variety of breast cancer treatments, including anthracy-
cline chemotherapy, Her2-targeted therapy, chest radiation ther-
apy and long-term oestrogen suppression [4,5]. Reciprocally,
studies in mice and humans have shown that a serious cardiac
event, such as a myocardial infarction, accelerates breast cancer
outgrowth and cancer-specific mortality [6]. Additionally, there
is a significant overlap of risk factors common to both diseases,
including aging, physical inactivity and metabolic syndrome [7].
Thus, breast cancer survivors have been shown to have a higher
prevalence of cardiovascular risk factors than age-matched, can-
cer-unaffected women [8,9].

Secondary prevention of CVD is dependent upon the ability to
identify high-risk individuals long before the development of car-
diac injury.

Given the long latency periods between the initial diagnosis of
breast cancer and manifest CVD of approximately five to seven
years [10,11], there is a window of opportunity to identify and
treat CVD risk factors before any clinical signs or symptoms be-
come evident.

One of the barriers to improving cardiovascular disease out-
comes in breast cancer survivors is the lack of reliable, effective
screening modalities. Traditional risk assessment tools, such as
the Framingham Risk Score, significantly underestimate a breast
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cancer survivor’s risk of developing CVD [9, 12], highlighting the
importance of specific CVD assessment in these women [13].

An increasing number of biomarkers has been identified to
predict cardiovascular events among the general population
[14]. The value of blood-based biomarkers to identify preclinical
CVD in breast cancer survivors has not yet been evaluated.

Adrenomedullin (ADM) represents one of the candidate
markers that predict vascular changes, and it becomes elevated
years before the onset of non-communicable diseases [15]. In par-
ticular, increased levels of ADM among healthy individuals are
strongly associated with later development of CVD and cancer,
as well as premature mortality [16]. Moreover, studies suggest
that ADM is responsive to lifestyle and metabolic changes that
lead to improved cardiovascular health [17-20].

Itis well established that BRCA1/2 mutation carriers have a high
lifetime risk of developing breast cancer. Having a risk of 69-72%
of developing breast cancer and a risk of 17-44% for developing
ovarian cancer by age 80 years [21], BRCAT/2 mutation carriers
are exposed to cancer treatments and prophylactic bilateral sal-
pingo-oophorectomy (PBSO) with detrimental short- and long-
term effects on cardiovascular health [22]. Firstly, women with
BRCA-associated breast cancers are typically diagnosed before
age 50 years [21], which is substantially younger than the median
age at breast cancer diagnosis of 64 years in the general popula-
tion [23]. They also have a high risk of developing contralateral
[24] or ipsilateral cancer [25]. Secondly, BRCA-associated cancers
exhibit pathological features suggestive of an aggressive pheno-
type (e.g., G3 cancers, basal-like disease in BRCAT mutation car-
riers and luminal B tumours in BRCA2 mutation carriers) [26,27],
and therefore, most patients undergo potentially cardiotoxic che-
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motherapy. Thirdly, when diagnosed with ER-positive breast can-
cer, patients might benefit from an extended adjuvant endocrine
therapy [28]. Additionally, BRCA1/2 mutation carriers are advised
to undergo PBSO after child-bearing age. Long-term oestrogen
deprivation in women undergoing PBSO has been shown to in-
crease CVD risk by two- to threefold as compared to women of
the same age without surgical menopause [29,30]. Preliminary
evidence indicates that BRCAT/2 mutation carriers are more prone
to cardiovascular disease both at baseline and in response to can-
cer treatments [31-35]. Recent research suggests that the BRCA
genes regulate cardiomyocyte survival and function, and that loss
of function leads to increased susceptibility to cardiac damage
[33-35]. Experimental findings in mice have demonstrated that
BRCAT1 limits endothelial cell apoptosis, restores endothelial func-
tion, and attenuates atherosclerotic lesion development [36].
Moreover, loss of BRCA2 has been shown to increase susceptibility
to doxorubicin-induced heart failure [37]. Therefore, a biomarker
to determine cardiovascular risk might be of particular relevance
to BRCA1/2 mutation carriers.

In this study, we investigated plasma ADM levels in BRCA1/2
mutation carriers with and without breast cancer and their associ-
ation with traditional cardiovascular risk factors.

Methods

Study population

The participants under investigation were enrolled in the random-
ized controlled LIBRE-2 trial (Lifestyle intervention study in women
with hereditary breast and ovarian cancer) and the associated fea-
sibility study LIBRE-1. The trials are registered at ClinicalTrials.gov
(NCT numbers: NCT02087592 - registered on 14/03/2014,
NCT02516540 - registered on 06/08/2015).

The LIBRE-2 trial is an ongoing, two-armed randomized (1:1)
controlled multicentre trial conducted in Germany aimed at de-
termining the impact of a structured one-year lifestyle interven-
tion program on adherence to the Mediterranean Diet, cardiores-
piratory fitness and BMI among BRCA1/2 mutation carriers. The
study cohort includes both women with a previous diagnosis of
early-stage cancer in remission (diseased) or without a prior can-
cer diagnosis (non-diseased). Details on the study design have
been published elsewhere [38,39].

Of the 325 participants who had a blood sample available, we
excluded those who had a previous history of ovarian cancer or
other cancers than breast cancer. After these exclusions, a total
of 292 participants were available for the current analysis. None
of the participants had an overt CVD.

The study was approved by the institutional ethics review
boards of both the host institutions (Technical University of Mu-
nich: Reference No. 5686/13, University Hospital Cologne: Refer-
ence No.13-053 and University Hospital Schleswig-Holstein in
Kiel: Reference No. B-235/13) and the participating study centers,
and all study subjects provided written informed consent. All
methods were carried out in accordance with relevant guidelines
and regulations.
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Data collection

For this study, all measurements, including biologically active
ADM, were captured at baseline.

At baseline, participants completed a standardized question-
naire to collect detailed information on medical history, demo-
graphic data as well as various reproductive, hormonal and life-
style factors. Adherence to the Mediterranean Diet was captured
by the Mediterranean Diet Adherence Screener (MEDAS), a vali-
dated questionnaire consisting of 14 items [40]. We calculated
the MEDAS score ranging from 0 to 14 as a percentage of posi-
tively answered questions. At enrolment, all participants under-
went physical examination to collect systolic and diastolic blood
pressure, resting heart rate and anthropometric measurements
(i.e., weight [kg], height [m], waist [cm], and hip circumferences
[cm]). The four anthropometric measurements were used to cal-
culate body mass index (kg/m?) and waist-to-hip-ratio (waist cir-
cumference [cm]/hip circumference [cm]).

Specimen collection and analysis

All routine analyses were performed by affiliated laboratories of
local institutions. Blood samples were withdrawn after an over-
night fast for at least 12 hours for assessment of the serum levels
of total cholesterol, triglycerides, high-density lipoprotein choles-
terol, low-density lipoprotein cholesterol, glucose, insulin and
high-sensitivity C-reactive protein (hs-CRP) using standard proce-
dures.

Insulin Resistance (IR) was calculated using the homeostasis
model assessment (HOMA-IR) equation formula as follows:
HOMA-IR =fasting insulin (uU/mL) multiplied by fasting glucose
(mmol/L) divided by 22.5. IR was defined as HOMA-IR > 2.5.

Metabolic syndrome was defined according to the Internation-
al Diabetes Federation (IDF) criteria by the presence of a waist cir-
cumference of >80 cm together with at least two of the following
metabolic abnormalities:

a. fasting blood glucose =100 mg/dL;

b. systolic blood pressure =130 mmHg and/or diastolic blood
pressure > 85 mmHg;

c. triglycerides 2 150 mg/dL;

d. HDL-cholesterol <50 mg/dL.

The definition also considered treatment with the use of lipid-low-
ering, glucose-lowering, and antihypertensive drugs.

For blinded ADM analysis, EDTA samples were processed and
stored at - 80 °C before transfer to the central laboratory of Sphin-
gotec GmbH. Biologically active Adrenomedullin (bio-ADM) was
measured using an immunoassay provided by Sphingotec GmbH,
Hennigsdorf, Germany. Details on the assay have been published
elsewhere [41,42]. The analytical assay sensitivity was 2 pg/mL.

Physical activity assessment

Cardiorespiratory fitness was determined by peak oxygen uptake
(VO2peak) and assessed via cardiopulmonary exercise testing
(CPET). The CPET was a ramp protocol (3 minutes sitting on the
bicycle, 3 minutes steady state at 30 watts, continuous individual
increase in wattage with the aim of achieving a maximal workload
on the test person within 8 to 12 minutes, 5 minutes recovery
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» Table 1 Baseline characteristics by median Adrenomedullin levels.

Characteristic bio-ADM bio-ADM
<13.8 pg/mL 213.8 pg/mL
(n=147) (n=145)
Age, years, mean + SD 41.2+9.7 43.8+10.4
BRCA mutation status, n (%)
= BRCAT 96 (33.2%) 87 (30.1%)
= BRCA2 46 (15.9%) 56 (19.4%)
= BRCAT and BRCA2 2(0.7%) 2(0.7%)
Parous, n (%) 90 (30.8%) 95 (32.5%)

Prophylactic bilateral salpingo-oophorectomy (PBSO), n (%)

= Yes 44(15.1%) 36(12.3%)
= No 102 (34.9%) 110 (37.7%)
Age at PBSO, years, median 45 (29-60) 45 (36-65)
(range)

Breast cancer

Previous diagnosis of breast cancer, n (%)

= Non-diseased 67 (22.9%) 57 (19.5%)
= Diseased 80 (27.4%) 88(30.1%)
Age at breast cancer diagnosis, 39.3+8 40.3+8.3
years, mean * SD

Time between breast cancer 4.5+6 4.9+5.1

diagnosis and study entry, years,
mean +SD

Tumour biology

= Hormone receptor-positive

31(18.4%) 38(22.6%)

= HER2-positive 3(1.8%) 3(1.8%)
= Triple negative 46 (27.4%) 47 (28%)
Breast cancer treatments

= Chemotherapy 63 (37.5%) 61 (36.3%)
= Chest radiation therapy 42 (25%) 46 (27.4%)
= Antihormonal treatment 31(18.4%) 38(22.6%)
= HER2-targeted treatment 3(1.8%) 3(1.8%)
Anthropometric measurements

BMI, kg/m?, mean + SD 22.7+33 27.7+6.2
Waist circumference, cm, 76.5+9.4 88.3+15.2
mean = SD (cm)

Hip circumference, cm, 96.3+9.6 107.6+12.7
mean +SD (cm)

Waist-to-hip-ratio, mean + SD 0.80+0.078 0.82+0.076

after exercise) with the target of being exhausted with a respira-
tory exchange ratio (RER) > 1.05.

Statistical analysis

Women were categorized into high vs. low plasma bio-ADM based
on the median levels in the entire cohort (<13.8 and >13.8 pg/
mL). Baseline statistics are presented as mean * standard devia-
tion or as median and range (continuous variables) or as propor-
tions (binary and categorical variables). Logistic regression analy-
sis was performed to estimate the odds ratios (OR) and their asso-
ciated 95% confidence intervals (95% Cl) of having high circulat-
ing bio-ADM levels by different cardiovascular risk factors. A mul-
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» Table 1 Baseline characteristics by median Adrenomedullin levels.
(Continued)

Characteristic bio-ADM bio-ADM
<13.8 pg/mL >13.8 pg/mL
(n=147) (n=145)

Metabolic variables

Systolic blood pressure, mmHg, 113.4+13.08 120.1+£14.9

mean = SD

Diastolic blood pressure, mmHg, 74.1+8.5 78.8+8.8

mean +SD

Fasting glucose, mg/dL, 85.2+10.2 93.6+28.3

mean + SD

Total cholesterol, mg/dL, 197.9+38.9 199.5+43.5

mean = SD

High-density lipoprotein 77.1+17.9 66.5+17.4

cholesterol, mg/dL, mean + SD

Low-density lipoprotein 114.5+33.6 121.9+40.5

cholesterol, mg/dL, mean + SD

Triglycerides, mg/dL, mean + SD 73+26.8 102.3£47

Metabolic syndrome, n (%)

= No 145 (49.7 %) 111 (38%)

= Yes 2(0.7%) 34 (11.6%)
hs-CRP, mg/L, mean + SD 1.48+2.85 2.96+3.69
Insulin, pU/mL, mean + SD 7.04+4.51 11.22+8.85
HOMA-IR score = 2.5, n (%) 14 (4.8%) 43 (14.7%)
Other variables

MEDAS score (percentage of 0.5+0.16 0.47+0.15
positively answered questions),

mean = SD

VO3zpeaks ml/min/kg, mean + SD 28.2+6.3 23.0+6.2
Ever smoked, n (%)

= No 85(29.1%) 62 (21.2%)
= Yes 67 (22.9%) 78 (26.7%)
Number of pack-years smoked, 3.7%+6.3 59+9.4

mean +SD

tivariate analysis was carried out to control for potential con-
founders. These analyses were adjusted for age (years) and history
of breast cancer (diseased or non-diseased).

Statistical significance was defined at the level of p <0.05, and
all analyses were carried out using SPSS version 25.0 (IBM Corp.,
Armonk, NY).

Results

There were 292 women with a BRCAT and/or BRCA2 mutation in-
cluded in the current study. » Table 1 summarizes selected partic-
ipant characteristics by median bio-ADM levels. The median bio-
ADM level was 13.8 pg/mL. The median age of the entire study co-
hort was 43 years (range: 18-72 years). Of all women, 57.5% had
a previous diagnosis of breast cancer. The median time between
breast cancer diagnosis and study entry was three years (range:
0-32 years). 19.6% of all participants had undergone PBSO. The
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» Table 2 Associations between bio-ADM levels (low vs. high) and
selected patient characteristics among BRCA mutation carriers (uni-
variate logistic regression).

Predictor OR[95% Cl] p
Age 1.026 [1.002; 1.050] 0.03*
BRCA mutation status 1.29[0.82;2.02] 0.27
Parity 1.2[0.75; 1.9] 0.45
PBSO 1.32[0.79; 2.21] 0.29
Age at PBSO 1.01[0.95; 1.09] 0.69
Previous diagnosis 1.29[0.81;2.06] 0.28
of breast cancer

Age at breast cancer 1.02[0.98; 1.06] 0.42
diagnosis

Time between breast cancer 1.01[0.96; 1.07] 0.71

diagnosis and study entry

Time between breast 1.91[1.00; 3.66] 0.05*
cancer diagnosis and study

entry 24 years

BMI 1.28[1,19;1,37] <0.001*
Waist circumference 1.09[1.06;1.11] <0.001*
Hip circumference 1.10[1.07; 1.14] <0.001*
Waist-to-hip-ratio 49.22[1.98; 1225.97] 0.02*
Systolic blood pressure 1.04[1.02; 1.06] <0.001*
Diastolic blood pressure 1.07[1.04;1.1] <0.001*
Fasting glucose 1.04[1.02; 1.07] <0.001*

Total cholesterol 1.001 [0.995; 1.007] 0.74

High-density lipoprotein 0.97[0.95; 0.98] <0.001*
cholesterol

Low-density lipoprotein 1.005[0.999; 1.012] 0.09
cholesterol

Triglycerides 1.02[1.02; 1.03] <0.001*
Metabolic syndrome 22.21[5.22;94.42] <0.001*

hs-CRP 1.19[1.01; 1.41] 0.04
Insulin 1.13[1.07; 1.19] <0.001*
HOMA-IR score > 2.5 4.01[2.08;7.72] <0.001*
MEDAS score (continuous) 0.28 [0.06; 1.4] 0.12
MEDAS score >0.5 0.64[0.41;1.02] 0.06
VO2peak 0.88[0.84; 0.92] <0.001*
Ever smoked 1.72[1.08; 2.74] 0.02*
Number of pack-years 1.04[1.01;1.07] 0.02*

smoked

* Results are statistically significant at a p value of < 0.05 (in bold).

median age at PBSO was 45 years (range: 29-65 years). Tumour
biology and breast cancer treatments were similar between the
two groups.

Anthropometric variables between the two groups differed
substantially: Women with low bio-ADM levels had a lower BMI
and smaller waist and hip circumferences compared to women
with high bio-ADM levels. Women among the high bio-ADM levels
group had higher systolic blood pressure, higher diastolic blood
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pressure, higher fasting glucose levels, higher triglyceride levels,
and lower HDL levels as compared to the low bio-ADM levels
group. Thus, metabolic syndrome was more prevalent among
women with high bio-ADM levels (11.6% vs. 0.7 %). Peak oxygen
uptake was substantially higher in the low bio-ADM levels group
(28.2 ml/min/kg vs. 23.0 ml/min/kg). Among the high bio-ADM
levels group, there were more women who have ever smoked
(26.7% vs. 22.9%).

Univariate analysis

» Table 2 summarizes the odds ratios (OR) and associated 95%
confidence intervals (95 % Cl) of traditional cardiovascular risk fac-
tors associated with low vs. high bio-ADM levels among BRCA1
and BRCA2 mutation carriers. Increasing age was associated with
a tendency to higher bio-ADM levels (OR=1.03, p=0.03). Bio-
ADM levels were not associated with BRCA mutation status
(p=0.27), a previous history of breast cancer (p =0.28) or PBSO
(p=0.29).

However, women who received their breast cancer diagnosis at
least four years prior to study enrolment had higher odds of hav-
ing increased bio-ADM levels (OR =1.91, p=0.05). Women fulfill-
ing the criteria of metabolic syndrome had over 22-times higher
odds of having increased bio-ADM levels compared to those who
did not meet the criteria (OR=22.2, p<0.001). Moreover, higher
bio-ADM levels were significantly associated with a bigger body
size, as determined by BMI (OR = 1.28; p<0.001), waist circumfer-
ence (OR=1.09; p<0.001), hip circumference (OR=1.1;
p<0.001), and waist-to-hip-ratio (OR=49.22, p=0.02). More-
over, high bio-ADM levels were associated with insulin resistance
(OR=4.01, p<0.001) and higher hs-CRP levels (OR=1.19,
p =0.04). Although not statistically significant, there was a trend
which suggested that adaptation of the Mediterranean diet at
baseline was associated with lower bio-ADM levels (OR=0.64,
p =0.06). Cardiorespiratory fitness as indicated by peak oxygen
uptake was associated with lower bio-ADM levels (OR=0.88,
p<0.001). Bio-ADM levels were higher in women who have ever
smoked (OR=1.7; p=0.02), and increased with the number of
pack-years smoked (OR =1.04; p=10.02).

Multivariate analysis

Results were similar in the multivariate analysis adjusting for po-
tential confounders including age and previous history of breast
cancer (as described in » Table 3).

Discussion

There is a need for early detection of subclinical cardiac dysfunc-
tion in breast cancer survivors. This need is not yet reflected in an
effective screening program [5]. Several CVD risk scores have
been investigated in the general population but were not found
to be suitable for breast cancer survivors [13]. In current practice,
echocardiography is the most widely used technique in the diag-
nosis, prevention and risk stratification of CVD before, during and
after cancer treatment. Yet, there is no clear consensus on follow-
up cardiac monitoring in breast cancer survivors. While conven-
tional echocardiography can detect significant structural and
functional changes, global left ventricular systolic function often
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» Table 3 Associations between bio-ADM levels (low vs. high)
and selected patient characteristics among BRCA mutation carriers
(multivariate logistic regression).

Predictor OR[95% CI] p

BRCA mutation status 1.26 [0.8; 2.0] 0.32
Parity 1.02[0.61;1.71] 0.95
PBSO 1.06 [0.78; 1,44] 0.69
Age at PBSO 0.996 [0.85; 1.17] 0.96
BMI 4.33[2.39;7.85] <0.001*
Waist circumference 1.08[1.06; 1.11] <0.001*
Hip circumference 1.1[1.07;1.14] <0.001*
Waist-to-hip-ratio 31.1[1.2; 805.8] 0.04*
Systolic blood pressure 1.04[1.02;1.06] 0.001*
Diastolic blood pressure 1.06[1.03; 1.1] <0.001*
Fasting glucose 1.04[1.02; 1.07] 0.001*
Total cholesterol 0.999[0.99; 1.01] 0.75
High-density lipoprotein 0.97 [0.95; 0.98] <0.001*
cholesterol

Low-density lipoprotein 1.004[0.997;1.011] 0.26
cholesterol

Triglycerides 1.02[1.02; 1.03] <0.001*
Metabolic syndrome 20.99 [4.91; 89.79] <0.001*
hs-CRP 1.21[1.02;1.43] 0.03*
Insulin 1.13[1.07; 1.19] <0.001*
HOMA-IR score = 2.5 4.05[2.09;7.85] <0.001*
MEDAS score (continuous) 0.28 [0.06; 1.42] 0.124
MEDAS score > 0.5 0.63[0.4;1.01] 0.056
VO2peak 0.87[0.83;0.91] <0.001*
Ever smoked 1.68[1.05; 2.7] 0.03*
Number of pack-years 1.04[1.00; 1.07] 0.04*

smoked

Adjusted for age (in years) and previous diagnosis of breast cancer

(diseased vs. non-diseased).

* Results are statistically significant at a p value of < 0.05 (in bold).

remains preserved until late in the course of CVD. Vasoactive pep-
tides are directly related to the development and progression of
CVD. Recent studies indicate that ADM might identify subclinical
cardiac impairment prior to detectable changes in ejection frac-
tion [43].

One way to make a screening program efficient is to apply it to
a high-risk population. BRCA1/2 mutation carriers are suggested
to be at an increased risk for CVD, regardless of a previous cancer
diagnosis [31,33]. This is the first study to examine plasma bio-
ADM levels among BRCA mutation carriers. In line with previous
studies among the general population [44], high bio-ADM levels
were associated with traditional cardiovascular risk factors, in-
cluding age [45], BMI [45], insulin resistance [46,47], metabolic
syndrome [48], low cardiorespiratory fitness [49] and smoking
[20,50]. Central obesity (as measured by the waist-to-hip-ratio),
rather than general obesity (as measured by BMI), was a strong

predictor for high bio-ADM levels which corresponds to other in-
vestigations suggesting that adipose tissue is a major source of
ADM [51-53]. Consistent with our findings, recent studies have
shown that adipose tissue distribution outperforms BMI in identi-
fying breast cancer survivors with a high risk for CVD [54]. As de-
scribed previously in a cohort of cancer survivors [43,50], we were
able to confirm a significant association between the inflamma-
tory marker hs-CRP and bio-ADM. Although not statistically signif-
icant in our baseline analysis conducted before intervention, there
was a trend which suggested that adherence to the Mediterra-
nean diet was associated with lower bio-ADM levels. After adjust-
ment for age and history of breast cancer, the associations be-
tween bio-ADM levels and traditional cardiovascular risk factors
remained stable.

Given its robust association with multiple CVD risk factors, our
data suggest that bio-ADM might be useful in estimating the bur-
den of CVD attributable to modifiable risk factors in BRCA muta-
tion carriers.

ADM is an almost ubiquitously expressed peptide with vasodil-
atory and natriuretic properties. Previous studies have observed a
link between high ADM levels and worse prognosis in patients
with myocardial infarction and heart failure. With a prognostic
value superior to that of brain natriuretic peptide [55], ADM plays
a crucial role in the pathophysiology of major adverse cardiac
events. More recently, studies among healthy individuals have
shown that ADM levels become elevated years before the onset
of CVD and cancer [16, 56]. Identification of the underlying mech-
anisms associated with this co-occurrence is of great public health
importance.

Whilst ADM is a well-established biomarker for CVD, the role of
ADM in breast cancer aetiology is less clear. ADM is expressed in
sporadic breast cancer tissue [57,58], and the degree of expres-
sion is associated with tumour growth [57,59,60], local tumour
progression [58] and bone metastases [60,61]. Preliminary evi-
dence suggests that ADM influences the osteoclast differentiation
mediated by Receptor Activator of NF-kB Ligand (RANKL) [61], an
important signalling pathway in BRCAT-associated breast carcino-
genesis [62,63].

Contrary to expectations, history of breast cancer was not as-
sociated with elevated bio-ADM levels in our analysis. Neverthe-
less, we noted that women who were diagnosed with breast can-
cer at least four years before study entry had significantly higher
bio-ADM levels, delineating them as a higher-risk cohort. Likewise,
an older age was associated with a tendency to higher bio-ADM
levels which might be attributable to longer oestrogen depriva-
tion. However, due to the median age of the entire study cohort
of 43 years, PBSO uptake was low in this population. Therefore,
both PBSO and age at PBSO were not associated with higher bio-
ADM levels. With respect to our study cohort, it is not entirely sur-
prising that we found no association between circulating bio-ADM
levels and history of breast cancer. In our cohort, the median time
between breast cancer diagnosis and study entry was three years
(range: 0-32 years), resulting in a selection bias for diseased
women. Although this finding needs further confirmation, it is an
interesting area of research with respect to the long latency peri-
ods between the initial diagnosis of breast cancer and the devel-
opment of manifest CVD.
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Strengths and limitations

Strengths associated with the current analysis include the com-
prehensive evaluation of cardiovascular risk factors using several
objective measurements. After adjusting for age and prior history
of breast cancer, the adjusted and unadjusted results did not dif-
fer significantly. Therefore, any additional confounding was likely
small. Although our results provide an exciting direction for pre-
vention research, this study had several limitations. The median
age of our study cohort was 43 years. Thus, the prevalence of
manifest CVD is expected to be low. The proportion of women
who met the criteria of metabolic syndrome was 12.3% in our
analysis. This compares to a prevalence of 18-21% among the
general German population [64]. Considering the substantially
lower prevalence of CVD risk factors among our study cohort, re-
sults obtained in this analysis likely underestimate the true associ-
ations between bio-ADM levels and outcomes attributable to
modifiable risk factors. In order to estimate the association be-
tween ADM and traditional CVD risk factors, we used single mea-
surements of bio-ADM at baseline only. Our study is limited by the
fact that there is no reference cohort of BRCA-negative women.
With regard to the lack of reference values for bio-ADM among
the general population, we were not able to provide suitable bio-
ADM thresholds for subclinical cardiac impairment. Pavo et al.
have shown that patients with cancer and without prior cancer
treatment had elevated levels of ADM even in the absence of overt
CVD [43]. Although a continuous information would have been
more informative and would have provided more decisive infer-
ence, we decided to dichotomize our outcome variable based on
the median value of bio-ADM in order to increase robustness of
our regression models. Given the prospective nature of the LIBRE
trials, we will be able to elucidate the impact of a lifestyle inter-
vention, namely physical activity and a healthy diet, on the
change in bio-ADM levels over time. Finally, our cohort was not
sufficiently powered to conduct analyses stratified by BRCA muta-
tion type.

Conclusions

Identifying, monitoring and reducing CVD risk factors should be a
priority for the long-term care of breast cancer survivors. Prelimi-
nary evidence suggest that BRCA1/2 mutation carriers are more
prone to CVD. In line with previous studies conducted in the gen-
eral population, our results indicate that ADM is associated with
several cardiovascular risk factors among BRCA1/2 mutation car-
riers, irrespective of a previous breast cancer diagnosis. Further
research is needed to define suitable bio-ADM thresholds for sub-
clinical cardiac dysfunction. Moreover, the long-term clinical im-
plications of reducing bio-ADM levels through lifestyle and/or
medical interventions in women at high risk for breast cancer,
complemented by mechanistic evidence, are yet to be deter-
mined.
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1 | INTRODUCTION

Breast cancer screening and preventive measures should ideally be tai-

lored to an individual’s risk profile to ensure that the cost/benefit ratio

of the selected option is favourable.!

| AnitaR. Skandarajah?® |

Susan Thomas?* |

Kylie Shackleton?%> |

Geoffrey J. Lindeman?4>¢ |

Abstract

Obijectives: The value of a high-risk surveillance program for mutation carriers and women at
high familial breast cancer risk has not been extensively studied. A Breast and Ovarian Cancer
Risk Management Clinic (BOCRMC) was established at the Royal Melbourne Hospital in 2010
to provide multimodality screening and risk management strategies for this group of women.
The aims of this study were to evaluate the program and describe breast cancer diagnoses for
BRCA1,BRCA2, and other germline mutation carriers as well as high-risk noncarriers attending the
BOCRMC.

Methods: Clinical data from mutation carriers and noncarriers with a >25% lifetime risk of devel-
oping breast cancer who attended between 2010 and 2018 were extracted from clinic records and

compared. The pattern and mode of detection of cancer were determined.

Results: A total of 206 mutation carriers and 305 noncarriers attended the BOCRMC and under-
went screening on at least one occasion. Median age was 37 years. After a median follow-up of
34 months, 15 (seven invasive) breast cancers were identified in mutation carriers, with seven (six
invasive) breast cancers identified in noncarriers. Of these, 20 (90.9%) were detected by annual
screening, whereas two (9.1%) were detected as interval cancers (both in BRCA1 mutation car-
riers). Median size of the invasive breast cancers was 11 mm (range: 1.5-30 mm). The majority
(76.9%) were axillary node negative. In women aged 25-49 years, the annualized cancer incidence
was 1.6% in BRCA1, 1.4% in BRCA2 mutation carriers, and 0.5% in noncarriers. This compares to

0.06% annualized cancer incidence in the general Australian population.

Conclusions: Screening was effective at detecting early-stage cancers. The incidence of events in
young noncarriers was substantially higher than in the general population. This potentially justi-
fies ongoing management through a specialty clinic, although further research to better personal-
ize risk assessment in noncarriers is required.

KEYWORDS
BRCA1 gene, BRCA2 gene, breast cancer screening, early detection of cancer, hereditary breast

and ovarian cancer syndrome

A family history of breast cancer is the most widely recognized
risk factor: approximately 10-15% of breast cancers are assumed to
be familial, with 25% of these being associated with a mutation in a
high-penetrance hereditary breast cancer gene.23 Hence, the major-

ity of women with a substantial family history for breast cancer will

Asia-Pac J Clin Oncol. 2019;1-11.
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test negative for a genetic mutation. Among this group, the clinical
value of genetic modifiers identified through genome-wide associa-
tion studies (GWAS)* has yet to impact on patient risk assessment and
management.”

An international collaborative study that included Australian
women found that the cumulative breast cancer risk by age 80 years
was 72% for BRCA1 and 69% for BRCA2 mutation carriers. Breast can-
cer risk for BRCA mutation carriers increased rapidly with age in early
adulthood, then plateaued to a relatively constant rate. The peak haz-
ard ratio for breast cancer risk occurred in the 30s for BRCA1 and
in the 40s for BRCA2 mutation carriers.® Although guidelines vary
across countries, BRCA1/2 mutation carriers (and women with a known
hereditary cancer syndrome) are generally encouraged to participate
in dedicated high-risk clinics that offer regular breast cancer screen-
ing and risk-reducing options. For the larger group of women at high
familial risk of breast cancer where no heritable germline mutation has
been identified, the optimal approach in managing their cancer risks is
unknown.” Cancer Australia provides a familial risk assessment online
tool, FRA-BOC,8 to determine an unaffected woman'’s risk of devel-
oping breast cancer based on her family history that categorizes the
risk level as 1 (representing general population risk), 2 (moderately
increased risk), or 3 (potentially high risk). Category 3 (estimated to
approximate to >25% lifetime risk) includes women

1. having two first degree or second degree relatives on one side of
the family diagnosed with breast or ovarian cancer plus one or more
of the following features on the same side of the family: additional
relative(s) with breast or ovarian cancer, breast cancer diagnosed
before the age of 40, bilateral breast cancer, breast and ovarian can-
cer in the same women, Jewish ancestry, and/or breast cancer in a

male relative,

2. having a family member with a known mutation predisposing to
breast cancer, and

3. who are at potentially high risk of ovarian cancer.

A detailed description of the FRA-BOC classification is provided in
the addendum.

Since 1 February 2009, breast magnetic resonance imaging (MRI)
screening has been subsidized by Medicare Australia for annual
surveillance in women under age 50 who are at high risk for breast
cancer.? The Australian Government funds annual breast MRI screen-
ing for “the diagnosis of breast cancer in asymptomatic women with
a high risk of developing breast cancer when used as part of an orga-
nized surveillance program.” Subsidized access to this test is provided
to women under the age of 50 who tested positive for a genetic muta-
tion that predisposes to breast cancer or to mutation-negative women
who fit the FRA-BOC category 3.10

The Breast and Ovarian Cancer Risk Management Clinic
(BOCRMC) was established in August 2010 at the Royal Mel-
bourne Hospital to centralize the assessment and management of
high-risk women. This is conducted in conjunction with the Gynaeco-
logical Oncology Service at the Royal Women’s Hospital, Melbourne,

for ovarian cancer preventive surgery. Initially, referral criteria for

the BOCRMC were in accordance with the category 3 FRA-BOC
classification as proposed by Cancer Australia and/or with eligibility
for Medicare coverage of surveillance MRI. From late 2015, referral
criteria were defined as a lifetime risk of developing breast cancer
of at least 25% based on the Breast and Ovarian Analysis of Disease
Incidence and Carrier Estimation Algorithm (BOADICEA)!! and/or
MRI eligibility as per category 3 of the FRA-BOC. The clinic provides
regular breast screening and clinical breast examinations (CBEs), and
informs patients about risk-reducing strategies including bilateral
prophylactic mastectomy (BPM),12 bilateral risk-reducing salpingo-
oophorectomy,! endocrine preventive strategies,213 and lifestyle
recommendations.*

The aim of this study was to evaluate the current approach to
patient selection in the BOCRMC, and to investigate whether the ref-
erence criteria should be restricted to mutation carriers only, or should
remain more broad. Therefore, we assessed the clinical outcomes of
high-risk women attending the BOCRMC with regard to breast malig-
nancies detected through the screening services provided and their
uptake rate of preventive options, and described these outcomes in
both mutation carriers and noncarriers.

2 | METHODS

A retrospective review was performed using prospectively collected
data from women attending the BOCRMC at the Royal Melbourne
Hospital between 3 August 2010 and 31 July 2018. These patients
were referred from familial cancer centers, public and private breast
clinics, and general practitioners.

Initially, high risk was broadly defined as eligibility for Medicare cov-
erage of surveillance MRI and/or category 3 of the FRA-BOC classifi-
cation. Eligible subjects included both carriers of a pathogenic BRCA1,
BRCA2, CDH1, MSH6, TP53, PALB2, PTEN, or STK11 mutation and non-
carriers.

The BOADICEA tool!! was introduced in late 2015 to further esti-
mate the lifetime risks of breast cancer in women attending clinic with
no known mutation in a cancer predisposing gene.

At the BOCRMC, breast surgeons discuss the available breast can-
cer risk management options with the patient. A personalized risk man-
agement plan is devised based on the mutation status, age, youngest
age of cancer diagnosis in the family, and any medical condition that
might affect the screening modality. The screening methods utilized
in the clinic include yearly CBE and breast ultrasound from age 25
years, yearly breast MRI for women aged between 25 and less than 50
years, and mammogram from age 30 years. Self-funded MRI screening
is offered to women aged 50 years or older. In addition, other options
are discussed with the patient, including prophylactic surgeries, for
example, bilateral mastectomy and risk-reducing bilateral salpingo-
oophorectomy (after child bearing is completed), lifestyle recommen-
dations (weight management, physical activity, diet, smoking, and alco-
holintake),1® and, if eligible, risk-reducing medication® and clinical tri-
als (eg, the BRCA-D study).'”
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For this study, de-identified data were extracted from the local
clinical database FamBIS (Cancer Council Victoria, version 3.8.1),
and entered into a separate study database with institutional ethics
approval.

Demographics, personal and family cancer history, genetic test
results, screening history, and risk reduction data were collected.
Within the follow-up period of up to 8 years, data included any new
cancers detected within the BOCRMC, including detection modal-
ity, tumor size, pathology and therapies, updated information on the
uptake of risk-reducing services, and if applicable, date and reason for
discharge from the clinic.

The study was approved by the Human Research Ethics Committee
of the Royal Melbourne Hospital.

All data were analyzed in a descriptive fashion using R version 3.5.2

(https://www.R-project.org/).

WILEY——
3 | RESULTS

Between August 2010 and July 2018, a total of 511 women attended
the BOCRMC at the Royal Melbourne Hospital for breast cancer
surveillance due to the presence of a genetic mutation or strong per-
sonal family history.

The patient characteristics are shown in Table 1. The median age of
the study population was 37 years (range 18-70 years) at the time of
their first consultation. The median follow-up time within the clinic was
34 months (range 1-96 months).

Three hundred and five women (59.7%) had no known germline
mutation, but had a strong family history of breast and/or ovarian can-
cer. Of these, 296 women tested negative for a genetic mutation. Based
on their family history, these women were offered genetic testing for
mutations in the BRCA1 or BRCAZ2 genes from 2010 to 2012, and panel

TABLE 1 Characteristics of 511 women at the time of their first consultation in the BOCRMC

Median age (range)

37 years (18-70 years)

Median follow-up time (range)
34 months (1-96 months)

Mutation status Number of patients

BRCA1 90
BRCA2 99
CDH1 3
MSHé6 1
STK11 6
PALB2 2
PTEN 1
TP53 4
None detected 305
Women tested negative for a mutation 296
Women who did not undergo genetic 9
testing

Pathology of previously diagnosed

Additional information

One subject had a BRCA2 variance of unknown significance
(VUS) at the same time.

One subject had a concomitant pathogenic MSH2 mutation.

Lifetime risk of developing breast cancer in N =201, based on
the risk model BOADICEA, median: 20%, range: 10.7-40%

Four refused to undergo predictive genetic testing, two index
patients did not receive genetic testing (one refused, one
lived overseas), three family members were tested positive
for a likely benign variant of uncertain significance (VUS) in
the BRCA1 or BRCA2 genes—no predictive genetic testing
was offered for the VUS

Number of previous cancers by mutation status

cancers in 36 patients

Breast cancer

Ovarian cancer

Endometrial cancer
Multiple myeloma
Mucoepidermoid cancer of the lung

Cervical cancer

Number of previous cancers

7 x invasive ductal carcinomas (IDC)

1 x invasive lobular carcinoma (ILC)
2 x lobular carcinomas in situ (LCIS)
2 x ductal carcinomas in situ (DCIS)

21

=

4 x BRCA1 (one had a BRCA2 VUS at the same time),
1x BRCA2, 1 x TP53 (bilateral breast cancer)

1x BRCA2

2 x noncarriers
2 x noncarriers
14 x BRCA1

7 x BRCA2

1x PALB2

1x BRCA2

1x BRCA2

1 x noncarrier
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genetic testing for mutations in BRCA1, BRCA2, TP53, and PTEN from
2012 to 2016. The panel was extended by the ATM genes in 2017.
Nine patients were not tested for a genetic mutation due to the follow-
ing reasons: four refused to undergo predictive genetic testing after a
genetic mutation was detected in a family member, one index patient
refused genetic testing—consequently, the unaffected patient was not
tested, one index patient lived in Nepal and did not receive subsidized
genetic testing—consequently, the unaffected patient was not tested,
the family members of three patients were tested positive for a likely
benign variant of uncertain significance (VUS) in the BRCA1 and BRCA2
genes—no predictive genetic testing for the VUS was offered. As the
subgroup of women who did not undergo genetic testing (n = 9/305)
was negligibly small, we did not treat them separately from the women
who tested negative for a deleterious mutation, but included them in
the “noncarriers” group. BOADICEA scores for lifetime risk estimates
of breast cancer were calculated for 201 of the 305 (65.9%) women.
The median BOADICEA lifetime risk of developing breast cancer in
this subgroup was 20% (range 10.7-40%). BOADICEA scores were not
calculated for the remaining 104 (34.1%) women, mostly (82, 78.8%)
because they had been discharged from the clinic before 2016, that is,
before the algorithm was introduced. For this study, we decided to not
calculate the BOADICEA scores retrospectively in already discharged
patients because it would not have changed their subsequent risk man-
agement.

The remaining 206 women (40.3%) were carriers of a pathogenic
mutation in breast cancer and/or ovarian cancer predisposition gene.
Germline mutations were as follows: BRCA1 (n = 90), BRCA2 (n = 99),
STK11/LKB1 (Peutz Jeghers Syndrome, n = 6), CDH1 (n = 3), TP53 (Li-
Fraumeni Syndrome, n = 4), MSHé (n = 1), PALB2 (n = 2), and PTEN
(Cowden Syndrome, n =1). The STK11, CDH1, and MSHé6 carriers were
also undergoing separate gastrointestinal surveillance.

Thirty-six study subjects already had a personal history of cancer
when entering the BOCRMC, including 12 breast cancers and 21 ovar-

ian cancers (Table 1).

3.1 | Discharges from the clinic

To date, 210 women have been discharged from the clinic (Table 2). Of
the women discharged, 55 (26.2%) were discharged due to the com-
pletion of risk-reducing surgeries and 53 (25.2%) due to not being at
sufficiently high risk after re-evaluation of their family pedigree in sub-
sequent screening rounds (eg, corrections to the number of cancer
cases in the family or the age of disease onset in a family member) or
after a negative predictive genetic test result became available. These
women were then referred to BreastScreen Australia’s recommended
screening interval of 2 years. Twenty-five women (11.9%) were dis-
charged from the BOCRMC due to the transfer to oncologic care
because of a cancer diagnosis. During the study period, four BRCA1
mutation carriers died from cancer. Two had a recurrent ovarian cancer
after 2 and 5 years, respectively, and two developed brain metastases
1.5 and 5 years, respectively, after their breast cancer diagnosis and
deceased shortly after. One patient self-discharged from the clinic as
she decided to opt out of regular surveillance and preventive surgery.

TABLE 2 Reasons for discharge from the clinic (N = 210)

Reason for discharge

Not at high risk

Number of patients

53 (BRCA predictive testing
resulted in a negative
test result in 10 subjects)

Prophylactic surgeries 55
Managed elsewhere 21

Transfer to oncologic care due 16 x invasive carcinoma

to arecent cancer diagnosis

8x DCIS
1xLCIS
Deceased (due to cancer) 4
Missed appointments 28
Moved interstate/overseas 19
Self-discharged due to high 1
cancer anxiety
To be re-referred 4

The remaining 72 (34.3%) were discharged from the clinic for other
reasons (ie, personal decision not to continue with management in the
clinic, missed appointments, managed elsewhere, and patient moved

interstate or overseas).

3.2 | Cancer diagnoses

Twenty-two breast malignancies and two fallopian tube cancers were
detected within the BOCRMC. Outside of the BOCRMC, another
five cancers were detected in three patients: one in situ melanoma
in a noncarrier, three unrelated primary cancers (metastatic uterine
leiomyosarcoma, rectal adenocarcinoma, and primary lung adenocarci-
noma) detected in a TP53 mutation carrier, and one metastatic gastric
cancer (regular gastroscopies were being conducted with gastroen-
terologist oversight) detected in a CDH1 mutation carrier (data not
shown).

The pathologic features of the breast cancer cases detected during
the study period are detailed in Table 3.

The breast cancers included nine ductal carcinomas in situ (DCIS),
12 invasive ductal cancers (IDC), and one invasive lobular cancer. Of
the 22 breast malignancies detected in the series, 15 occurred in muta-
tion carriers and seven in noncarriers. The median BOADICEA life-
time risk for developing breast cancer in the seven noncarriers was
only 14.7% (range: 12.4-26.2%). One BRCA2 mutation carrier had two
metachronous tumors (DCIS diagnosed in 2013 and 2016).

In women aged 25-49 years, the annualized breast cancer inci-
dence rate was 1.6% in BRCA1 and 1.4% in BRCA2 mutation carri-
ers, compared to 0.5% in noncarriers. Limiting the group of noncarri-
ers to women who were tested negative for a genetic mutation, the
annualized breast cancer incidence rate was 0.6% in mutation-negative
women between ages 25 and 49 years.

Twenty of the 22 breast cancers were detected during annual
screening. All screen-detected cancers were incident cases. The

median number of screening rounds at which the breast cancers were
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TABLE 3 Characteristics (at time of diagnosis) of the 22 breast malignancies detected in the BOCRMC between August 2010 and July 2018

Cancer type BRCA1

DCIS (N = 9in 8 subjects)
e Six high-grade DCIS
e Three intermediate-grade DCIS

2 (one was previously diagnosed
with stage IV ovarian cancer)

IDC (N =12)
ILC(N=1)
Grade of invasive cancers (N = 13)
BRCA1
Grade 1 0
Grade 2 2
Grade 3 2
Axillary lymph node involvement
BRCA1
Positive 0
Negative 4
Receptor status of invasive cancers (N = 13)
BRCA1
Triple-negative, basal-like 3
ER positive, PR positive, HER2 1
negative
ER positive, PR negative, HER2 0
negative
ER positive, PR positive, HER2 0
amplified
Surgical treatment
BRCA1
Lumpectomy only 0
Mastectomy 5
Breast cancer detection methods
MRI
Total numbers of tumors detected by 12(12)
each method
Women aged under 50 years (n= 15 12(12)

women)

Women aged at least 50 years (n=6 0
women, 7 cancers)

Number of screening rounds at which the breast cancer was detected
BRCA1

Median (range) 3(2-6)

detected was 4 in mutation carriers (range: 2-7 rounds) and 4 in non-
carriers (range: 2-8 rounds). Thirteen breast cancers were detected in
women before age 50 years, and nine breast cancers were detected
in eight women aged at least 50 years. In the 13 women diagnosed
before age 50 through annual screening, MRI detected 100% (12/12)
of the cases and mammogram 72.7% (8/11). Seven out of nine DCIS

were diagnosed in women aged under 50. Of these, all (7/7) DCIS

BRCA2 STK11

3 (one had two metachronous 2
diagnoses; one had a MSH2
mutation at the same time)

BRCA2
1

Positive nodes/all extirpated
nodes: 4/12

BRCA2

BRCA2 STK11

2 (one had two distinct diagnoses 0
of DCIS; one had a MSH2
mutation at the same time)

Self-detected
1(1)

Ultrasound

7(8)

Mammogram

12(18)

8(11) 1

4(7)

BRCA2
4(3-7)

STK11
6.5(6-7)

Noncarrier

4(2-8)

were detected by MRI. Mammography failed to identify DCIS in one
of these women. In women aged 50 or older, mammogram identified
57.1% (4/7) of breast cancer cases. The remaining 42.9% (3/7) were
detected by ultrasound. As no (self-funded) breast MRI scans were
undertaken in the patients >50 years of age who developed breast
cancer, its sensitivity could not be documented for this group. MRI

recall rates have been previously reported at our institution, where
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we found that recall rates decreased substantially with increasing
experience.18

For the two interval breast cancers, one was detected as an inciden-
tal finding in a prophylactic mastectomy specimen in a BRCA1 muta-
tion carrier and the other BRCA1 mutation carrier presented as a
self-detected axillary lump during pregnancy 10 months after her last
screening MRI.

The two fallopian tube cancers were incidental findings made at the
time of prophylactic surgery and elective surgery undertaken to treat
uterine prolapse. Both cancers were detected at an early stage (1A and
1B).

The median age at breast cancer diagnosis was 45.5 years (range
28-60 years). The median age at diagnosis for the 14 mutation carriers
was 45 years (range 28-60 years) and for the seven noncarriers was 48
years (range 35-60 years).

In five cases (22.7% overall), breast conserving surgery was chosen,
whereas the majority (17, 77.3%) of cases proceeded with mastectomy.

The median size of the invasive breast cancers was 11 mm (range
1.5-30 mm). In total, 69.2% of the invasive breast cancers were 15 mm
or smaller. The majority (61.5%, 8/13) of these tumors were low to
intermediate grade. At time of diagnosis, 3/13 (23.1%) patients with
invasive breast cancer had axillary lymph node metastases (one muta-
tion carrier and two noncarriers).

Phenotypic evaluation of the 13 invasive tumors by IHC and HER2
CISH revealed that three were triple-negative, basal-like breast can-
cers (all BRCA1 mutation carriers), eight were hormone receptor-
positive and HER2 nonamplified (one BRCA1, two BRCA2 mutation car-
riers, and five noncarriers), and two were hormone receptor positive
and HER2-amplified (noncarriers only).

Although all cases presented as early breast cancer, two patients
experienced distant recurrence on long-term follow-up. Patient 1
was first diagnosed with a BRCA1-associated, 8 mm Grade 3 triple-
negative, node-negative breast cancer. Despite undergoing bilateral
mastectomy and adjuvant chemotherapy, she presented with regional
axillary node metastasis (10/28 lymph nodes) 2.5 years later, treated
by axillary dissection and chemotherapy. She was subsequently diag-
nosed with brain metastases and died 2 years later. The second patient

was first diagnosed with a BRCA1-associated 16 mm Grade 3 basal-

like triple negative breast cancer during pregnancy, with no involved
axillary nodes. She was treated with wide excision, adjuvant radiother-
apy, and chemotherapy. She developed a second ipsilateral Grade 3
basal-like triple negative tumor 9 months later, presumed to be a local
recurrence. She was then treated with bilateral total mastectomies
and chemotherapy. She developed bone and brain metastases and died

shortly after.

3.3 | Risk-reducing surgery

A total of 12.6% of all unaffected women elected to undergo BPM and
13.1% risk-reducing bilateral salpingo-oophorectomies (BSO; Table 4).
The majority of these were BRCA1 or BRCA2 mutation carriers. A total
of 37.5% (24/64) of the BRCA1 mutation carriers underwent BPM at
amedian age of 39 and 19.2% (15/78) of the BRCA2 mutation carriers
underwent BPM at a median age of 39. Of the BRCA1 mutation carriers
who had BPM, 33.3% (8/24) were 35 years or younger at the time of
the procedure. Of all BRCA2 mutation carriers who underwent BPM,
73.3% (11/15) were <45 years old at the time of BPM. Overall 5.7%
(16/283) of noncarriers underwent BPM at a median age of 44.5 years.

Out of 65 unaffected patients who were BRCA1-positive, 30.8%
(20/65) had a BSO at a median age of 46 years. Until age 45 years,
18.5% (10/54) of the unaffected BRCA1 mutation carriers underwent
a BSO. Of all unaffected BRCA2 mutation carriers, 26.6% (21/79) had
a BSO at a median age of 45 years. Until age 45 years, 18.8% (12/64)
of the BRCA2 mutation carriers had a BSO conducted. A total of 5.3%
(15/283) of the noncarriers underwent BSO at a median age of 43
years. All noncarriers who proceeded with a BSO had a family history

of ovarian cancer.

3.4 | Endocrine medical prevention

As previously reported, all patients attending the BOCRMC between
February 2014 and May 2015 received evidence-based information on
endocrine preventive therapy.1é There was a 6.8% collective uptake
of tamoxifen (Table 4). Among the BRCA1 mutation carriers, 1.5%
(1/65) opted for chemoprevention. Among the BRCA2 mutation car-
riers, 8.9% (7/79) decided to initiate chemoprevention. These women

TABLE 4 Prophylactic surgery and preventive medicine uptake cancer-free women

Proportion of patients by mutation status

Prophylactic measurement BRCA1
Bilateral prophylactic mastectomy (BPM) 36.9% (24/65)
Median age (range) in years 39(27-59)
BRCA1
Bilateral risk-reducing salpingo-oophorectomy (BSO) 30.8% (20/65)
Median age (range) in years 45,5 (37-55)
BSO conducted at age <45 years 18.5% (10/54)
BRCA1
Tamoxifen (1-60 months) 1.5% (1/65)

Median age (range) in years 42

BRCA2 PTEN Noncarrier
19% (15/79) 100% (1/1) 5.7%(16/283)
39(20-53) 53 44.5 (26-60)
BRCA2 STK11 Noncarrier
26.6%(21/79) 50% (2/4) 5.3% (15/283)
45 (34-68) 38(33-43) 43(39-59)
18.8% (12/64) 66.7% (2/3) 5.3% (11/209)
BRCA2 CDH1 Noncarrier
8.9% (7/79) 50% (1/2) 7.4% (21/283)
42(33-58) 46 43.8(31-67)
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went on tamoxifen at a median age of 42 years. Of 283 noncarriers,
7.4% took tamoxifen for chemoprevention at a median age of 44 years.
Most patients had a short duration of tamoxifen uptake, i.e. less than
avyear.

4 | DISCUSSION

Although risk management protocols for BRCA mutation carriers are
well defined,8 the optimal approach to managing the cancer risks of
women who have a strong family history, but no known familial muta-
tion for breast cancer, remains uncertain. The impact of intensified
screening, prophylactic surgeries, and chemoprevention has not been
extensively studied,” meaning that best practice for the care of this
population is unclear.

The main goal of a breast cancer screening program is to iden-
tify breast cancers at the earliest stage possible due to its associa-
tion with superior prognosis. DCIS is a nonobligate precursor, with
an extremely low breast cancer specific mortality.1? The natural his-
tory of untreated DCIS is not fully understood, but almost all high
and intermediate grade lesions and a majority of low grade lesions will
eventually progress to invasive cancer,20 so prevention of breast can-
cer by diagnosis and treatment of DCIS is an important objective of a
screening program in younger women. Death from breast cancer after
a diagnosis of DCIS is substantial for women diagnosed before age
35 years.1?

Therefore, we report on the breast cancer incidence rate including
both invasive cancers and DCIS.

Among the general population, the annualized breast cancer inci-
dence rate in women aged 25-49 years is approximately 0.06%.21:22
This compares to 1.6% in BRCA1 and 1.4% in BRCA2 mutation carriers
and 0.5% in noncarriers at the BOCRMC.

4.1 | Breast cancer risk assessment

Risk definitions and management practices are highly variable across
countries. In Australia, “high risk” is defined as a lifetime risk of 25%
or greater, which is captured by the FRA-BOC category 3,8 whereas,
in contrast, some countries apply other thresholds (eg, American Can-
cer Society: lifetime risk >20%; United Kingdom: lifetime risk >30%
according to the National Institute of Health Care Excellence).!
Furthermore, internationally, neither guideline clearly specifies
which empirical model to use to calculate awoman’s risk of developing
breast cancer; rather, a number of applicable risk models are recom-
mended to estimate a woman’s lifetime and age-specific risk of devel-
oping breast cancer,2® applying indicators in various detail (family his-
tory + genetic factors, and sometimes nongenetic factors) and weigh-
ing them differently. Internationally, there is no clear consensus on
which risk estimation model is the most accurate and reliable, and com-
parative evaluations of different models showed minimal agreement
in the assigned risk estimates.2*2> Ozanne et al used the BRCAPRO,
Claus, and Tyrer-Cuzick calculators to determine a woman'’s eligibility
for breast MRI screening based on a lifetime risk of >20%.24 The per-
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centage of women identified by the Tyrer-Cuzick model was 5.6%, by
BRCAPRO was 0.4% and by the Claus model was 0.9% using data from
10 000 women. Only 0.2% of the study population was found to be eli-
gible by all three methods. Quante et al comparatively evaluated the
performance of the risk models IBIS and BOADICEA to determine a
woman’s eligibility for MRI screening (lifetime risk of >20%).2> Based
on data from 1764 women, IBIS identified 59.3% of women to be eligi-
ble, compared to only 20.1% identified by BOADICEA.

For the selection of patients in Australia, Cancer Australia recom-
mends to use category 3 of the FRA-BOC. Although the FRA-BOC is
easy to apply in the clinical setting, it is a large category and, there-
fore, may result in underestimating risk in small sized families with
few at-risk female relatives or paternally inherited risk, and overes-
timating risk in large families with multiple at-risk female relatives.
Furthermore, the online tool does not incorporate tumor pathology.
BOADICEA has been validated in an Australian population of Euro-
pean ancestry earlier,2¢ and was introduced to the BOCRMC in late
2015. The BOADICEA risk score was calculated for 201 mutation-
negative women. Using BOADICEA, only 22.4% (45/201) would have
been classified as high risk using the FRA-BOC threshold of >25%.
Based on a lifetime risk of >20% (as proposed by the American Can-
cer Society), the proportion of eligible women would equal 50.7%
(102/201) using BOADICEA. Thus, a substantial number of mutation-
negative women would not have met the inclusion criteria basing
breast cancer risk status on BOADICEA only. Although BOADICEA
was introduced to tailor breast cancer risk better, six out of seven
mutation-negative women who had screen-detected breast cancers
met the FRA-BOC criteria, but not the BOADICEA lifetime risk of at
least 25%. Of these six cases, four women were diagnosed with breast
cancer (3 x IDC, 1 x DCIS) before age 50 years (median age: 38 years,
range: 35-48 years). If BOADICEA is likely to underestimate cancer
risk in these individuals, a combination of validated risk models may
be useful in reducing misclassification bias as proposed by Park et al.2”
In order to help with choosing the right breast cancer risk estimation
model, the web-based decision support tool iPrevent uses initial ques-
tions to determine whether IBIS or BOADICEA is best to use, thereby
providing a more accurate risk assessment at the individual level.28
Mavaddat et al have recently published a polygenic risk score includ-
ing 313 Single Nucleotide Polymorphisms (SNPs), based on the largest
available GWAS dataset (derived from white European populations)
and optimized for prediction of ER-positive and ER-negative disease.
The polygenic risk score has the potential to improve risk stratifica-
tion for screening and prevention strategies, and may be incorporated
into risk prediction models, for example, BOADICEA. Clinical transla-
tional studies are necessary to evaluate the predictive value of the new
PRS313 combined with family history and lifestyle risk factors in the

context of current screening protocols.2?

4.2 | Multimodality screening for breast cancer

The addition of MRI to mammography is beneficial in the early detec-
tion of breast cancer in high-risk individuals.30-3% MRI has consis-
tently been shown to outperform mammography and ultrasound with



LAMMERT ET AL.

* | WiLEY

regard to sensitivity, at the cost of reduced specificity.30 In this series,
MRI was superior to mammography (sensitivity of 100% vs 72.7%)
in the detection of breast cancers in women aged under 50. In line
with the EVA trial,®® MRI was superior to mammography for diag-
nosing DCIS (100% vs 83.3%) among women less than 50 years of
age. Kuhl et al suggest that if the findings of the EVA trial are repli-
cated in empirical studies, it may be conceivable to discontinue mam-
mographic screening in young women who regularly attend quality-
assured screening with breast MRI.3> There is some evidence to
suggest that this might hold true in BRCA1 mutation carriers under
age 40.30

4.3 | Surgical prevention and chemoprevention

Among BRCA1/2 mutation carriers, BPM reduces the risk of breast
cancer by at least 90%,12 and Ingham et al indicated that any
risk-reducing surgery conducted in BRCA mutation carriers reduced
mortality.3¢ A simulation study suggested that although there was a
substantial mortality benefit of BPM for BRCA1 mutation carriers at
age 25 years, the expected benefit declined rapidly with increasing age
at BPM.37 Phillips et al assessed the rate of BPM and BSO in Aus-
tralian BRCA mutation carriers.3® At 3-year follow-up from genetic
testing, 5.2% (7/134) had undergone BPM at a mean age of 40 and
16.3% (20/123) had undergone BSO at a mean age of 47 years. Met-
calfe et al reported on large differences in the uptake of BPM according
to country of residence, with uptake rates varying from 2.7% in Poland
to 36.3% in the United States.3? The BPM uptake rate of 27.1% in BRCA
mutation carriers in our study cohort is comparable to Western Euro-
pean countries (eg, France: 25%), but is higher than the rate reported
by Phillips et al, including Australian women who indicated their uptake
of BPM and BSO between 2001 and 2005. Several researchers, for
example, James et al,*® Evans et al,*! and Liede et al,*? have shown
that after Angelina Jolie disclosed that she is a BRCA1 mutation car-
rier and opted to have a BPM, there was a significant, long-lasting, and
global increase in genetic testing and mastectomy rates since 2013.
The different analysis periods may have had an impact on the BPM and
BSO rates. Considering the reduction in clinical benefit of BPM with
increasing age, the fact that 66.7% of the BRCA1 mutation carriers who
underwent BPM at the BOCRMC were older than 35 years at the time
of the procedure is of concern.

Evans et al reported on the uptake of risk-reducing surgery among
3515 women with no known BRCA1/2 mutation from England.*3 After
a median follow-up of 8.1 years, 3.2% (112/3,515) opted for BPM.
The uptake of BPM was largely dependent on lifetime risk estimates
of developing breast cancer using the Tyrer-Cuzick model: 1.8% of
women at 25-32% lifetime risk, 2.5% of women at 33-39% lifetime risk,
and 6.4% of women at 40-45% lifetime risk underwent BPM (P <.005).
We found an uptake rate of BPM of 5.7% (16/283) in women with no
mutation identified.

Tamoxifen treatment for 5 years will reduce the incidence of estro-
gen receptor positive (but not estrogen receptor negative) breast
cancer by 38%,%* with the preventive effect being sustained for at
least 5 years.** According to the IBIS-II trial, anastrozole reduces the

incidence of breast cancer in high-risk postmenopausal women by
53% compared to placebo.*> There have not been any primary pre-
vention trials of tamoxifen conducted specifically among BRCA1 or
BRCA2 mutation carriers, and only limited data from observational
studies and secondary analyses are available.*® Yet, as triple-negative
cancers predominate in BRCA1 mutation carriers, selective estrogen
receptor modulators do not seem to substantially reduce the rate of
breast cancers in this particular group.*” Although guidelines recom-
mend endocrine preventive therapy for high-risk women, the uptake
of chemoprevention remains low, as reported by Skandarajah et al.1¢
In our updated analysis, only 1.5% of BRCA1 mutation carriers, 8.9% of
BRCA2 mutation carriers, and 7.4% of the noncarriers decided to take

tamoxifen for medical prevention.

4.4 | Strengths, limitations, and future directions

This study is of a large number of women being managed in a uni-
form manner via a dedicated risk management clinic. We had com-
prehensive data available, and most of the noncarriers had their risk
assessed using the BOADICEA program. Adherence to annual screen-
ing was high in our center, with less than 6% choosing to discontinue
screening.

The small number of 22 breast cancer cases allowed for a descrip-
tive analysis only. Also, the median follow-up time of 34 months is too
short to assess the impact on mortality. Future analyses with a longer
follow-up period will allow for a cost-effectiveness analysis of the cur-
rent management practices at the BOCRMC that will not only account
for the numbers of cancers detected within the clinic, but also for the
number of women who benefited from the early breast cancer detec-
tion in terms of better survival.

Despite these limitations, our findings highlight the significant
implications of centralizing the care of women at high risk for breast
cancer with regard to tailor screening advice, early detection, and facil-
itate preventive strategies and provide up access to genetics services
and research trials in women at high risk.

Cancers in high-risk noncarriers occur at ages that are similar to
mutation carriers, and may require MRI to identify them. The multi-
modal surveillance program in the BOCRMC is effective in detecting
early-stage breast cancers and the uptake of preventative strategies
mirrors that of other studies.

The FRA-BOC tool provided by Cancer Australia is not optimal in
assessing breast cancer risk. BOADICEA was introduced to further
estimate the lifetime risks of breast cancer in noncarriers. However, a
cutoff of 25% lifetime risk on BOADICEA would make us dismiss 77.6%
of the noncarriers, even though a substantial amount of these women
seems to be at high risk of developing breast cancer. Moreover, when
compared to the FRA-BOC tool, there is a chance that BOADICEA
would have defined other women to be at high risk for breast cancer.
The introduction of SNP data and other risk factors is likely to improve
the ability to identify those who benefit most from intensified surveil-
lance. We need more follow-up data to determine an appropriate cut-
off value on BOADICEA before refining referral criteria for noncarriers
in Australia.
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5 | CONCLUSIONS

Based on our findings, noncarriers at high risk for breast cancer should
not be discharged from the BOCRMC. Further understanding of the
apparent genetic components in noncarriers is imperative to stan-
dardize risk assessment and tailor recommendations for breast cancer
screening and risk-reducing measures in BRCA-negative women. The
growing number of GWAS may bring further insights into personalized
risk assessment, ensuring that the limited resources available are used

to maximum benefit.
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APPENDIX
Addendum: Familial Risk Assessment—Breast and Ovarian Cancer (FRA-BOC)”

Category 1: At or slightly above average risk
>95% of the female population

e No confirmed family history of breast
cancer

o One 1° relative diagnosed with breast
cancer at age 50 or older

e One 2° relative diagnosed with breast
cancer at any age

e Two 2° relatives on the same side of the
family diagnosed with breast cancer at age
50 or older

e Two 1° or 2° relatives diagnosed with
breast cancer, at age 50 or older, but on
different sides of the family (ie, one on each
side of the family).

Risk of breast cancer up to age 75 is between
1in4and 1in 2. Risk may be more than
three times the population average.
Individual risk may be higher or lower if
genetic test results are known.

Category 2: Moderately increased risk
<4% of the female population

o One 1° relative diagnosed with breast
cancer before the age of 50 (without the
additional features of the potentially
high-risk group—see category 3)

o Two 1° relatives, on the same side of the
family, diagnosed with breast cancer
(without the additional features of the
potentially high-risk group—see category 3)

e Two 2° relatives, on the same side of the
family, diagnosed with breast cancer, at
least one before the age of 50, (without the
additional features of the potentially
high-risk group—see category 3).

Risk of breast cancer up to age 75 is between
1lin8and 1in4. Thisriskis 1.5 to three
times the population average.

Category 3: Potentially high risk

<1% of the female population

o Women who are at potentially high risk of
ovarian cancer

e Two 1° or 2° relatives on one side of the
family diagnosed with breast or ovarian
cancer plus one or more of the following on
the same side of the family:

O  Additional relative(s) with breast or
ovarian cancer

O Breast cancer diagnosed before The
age of 40

O Bilateral breast cancer

O Breast and ovarian cancer in the same
woman

O  Jewish ancestry
O Breast cancer in a male relative.

One 1° or 2° relative diagnosed with breast
cancer at age 45 or younger plus another 1°
or 2° relative on the same side of the family
with sarcoma (bone/soft tissue) at age 45 or
younger

o Member of a family in which the presence

of a high-risk breast cancer gene mutation
has been established.

Risk of breast cancer up to age 75 is between
1lin4and 1in 2. Risk may be more than
three times the population average.
Individual risk may be higher or lower if
genetic test results are known.
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Summary
Increasing rates of obesity, lack of physical activity, sed-
entary behavior, and frequent alcohol consumption are
major lifestyle-related risk factors for breast cancer. In
fact, it has been estimated that about one-third of breast
cancer cases are attributable to factors women can
change. Most research has focused on examining the
impact of one single exposure on breast cancer risk
while adjusting for other risk modifiers. Capitalizing on
big data, major efforts have been made to evaluate the
combined impact of well-established lifestyle factors on
overall breast cancer risk. At the individual level, data in-
dicate that even simple behavior modifications could
have a considerable impact on breast cancer prevention.
Moreover, there is emerging new evidence that adopting
a healthy lifestyle may be particularly relevant for
women with hereditary susceptibility to breast cancer.
On the absolute risk scale, studies suggest that the pres-
ence of certain risk factors, such as excessive body
weight, had a substantially higher impact on breast can-
cer risk if women had a hereditary predisposition to can-
cer. The existing body of knowledge gives the medical
professionals guidance as to which factors to focus on
when counseling patients. However, well-designed ran-
domized controlled trials utilizing objective methods are
crucial to providing concrete recommendations.

© 2018 S. Karger GmbH, Freiburg

Introduction

Four out of ten cancer cases among US women are believed to
be preventable by healthier lifestyle choices [1]. In particular, ex-
cessive body weight, physical inactivity, frequent alcohol con-
sumption, and the increased availability of calorie-dense foods
are adding to the growing breast cancer burden. Furthermore,
these unhealthy lifestyle choices threaten to offset the steady de-
cline in cancer mortality [2]. Yet, the American Society of Clinical
Oncology identified serious gaps in public knowledge about life-
style factors contributing to cancer risk: Despite obesity being a
leading preventable cause of cancer, only 31% of the people sur-
veyed recognized the link [3]. Major public health efforts are nec-
essary to improve public awareness and to incorporate lifestyle
recommendations into clinical practice which can be applied both
at the individual and the collective level. Here, we review the
emerging evidence on modifiable lifestyle factors across the life-
span that offer an opportunity for breast cancer prevention by
means of healthier living — even in women with genetic suscepti-
bility to breast cancer.

Studies considered for this review were obtained from PubMed
searches based on the search terms breast cancer, hereditary breast
cancer, BRCA, risk factor, lifestyle, weight, obesity, physical activ-
ity, exercise, sedentariness, diet, and smoking. We critically re-
viewed references of all relevant publications (including review
articles) to identify additional articles. Only studies published after
2002 that evaluated breast cancer risk were included. Studies ex-
amining the impact of lifestyle factors on clinical outcomes among
breast cancer survivors were excluded.
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Excessive Body Weight, Distribution of Fat Mass,
Insulin Signaling, and Breast Cancer Risk

A large body of research points to the fact that obesity increases
a person’s risk for at least 13 different types of cancer [4, 5], includ-
ing postmenopausal breast cancer. The association between body
weight and breast cancer risk varies by menopausal status: Evi-
dence suggests that a high body mass index (BMI) may be associ-
ated with a decrease in premenopausal breast cancer risk, but is
strongly associated with an increased risk of developing postmeno-
pausal breast cancer [6]. A meta-analysis of cohort studies showed
an 18% decreased risk of premenopausal breast cancer per 5 kg/m?
increase in BMI during young adulthood [7]. In the Nurses’ Health
Study II, women indicating a BMI of >27.5 kg/m? at age 18 years
had a 39% decrease in premenopausal breast cancer risk compared
to their lean counterparts (BMI of 20.0-22.4 kg/m®) [8]. The re-
duction in premenopausal breast cancer risk with increasing BMI
during the teen years has been attributed to irregular menstrual cy-
cles and ovulatory infertility. Yet, after adjusting for these factors in
the Nurses’ Health Study II, they showed only little impact on the
association [8]. Research suggests that body fatness at young ages
may be associated with slower adolescent growth and lower levels
of both progesterone and insulin-like growth factor 1 (IGF-1) [7,
9]. Still, the underlying biological mechanisms are not well-deline-
ated and warrant further evaluation. Examining the role of obesity
in premenopausal breast cancer in terms of specific tumor sub-
types, Pierobon and Frankenfeld [10] observed a positive associa-
tion between obesity and triple-negative breast cancer among pre-
menopausal women, reporting an increase in risk of 43% (95%
confidence interval (CI) 1.23-1.65).

Notably, adipose tissue is a major source of estrogen synthesis
in postmenopausal women, an established risk factor in breast car-
cinogenesis, and evidence supports a clear association between
body fatness and a substantially increased risk of postmenopausal
breast cancer [11]. In a meta-analysis of prospective studies exam-
ining the association between BMI and postmenopausal breast
cancer risk, Renehan et al. [12] found a 12% increase in risk per 5
kg/m? increase in BMI. Carpenter et al. [13] provided evidence that
the positive association between BMI and postmenopausal breast
cancer risk may be modified by family history of breast cancer:
Postmenopausal women who had at least 1 first-degree relative
with breast cancer and who had a current BMI of >27.1 kg/m?
were at a 2.9 times greater breast cancer risk than women with a
positive family history whose current BMI was <21.7 kg/m?* (95%
CI 1.86-4.54).

Several studies examined the association between weight change
throughout the women’s lifespan, i.e., mostly weight gained from
early adulthood to present, and subsequent breast cancer risk [11].
A key limitation of this measure is that it may miss any weight loss
at varying time points in a woman’s lifespan. Eliassen et al. [14]
showed that a weight gain of at least 25 kg since age 18 years ele-
vated postmenopausal breast cancer risk by 45% (95% CI 1.3-1.7,
p-trend < 0.001) compared to women whose weight remained sta-
ble (weight fluctuations of <2 kg). A weight gain of at least 10 kg
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following menopause conferred an 18% increased risk of breast
cancer compared to a stable weight at the same period of time (95%
CI 1.0-1.4, p-trend = 0.002) [14]. Based on data from the Women’s
Health Initiative observational study, Chlebowski et al. [15] dem-
onstrated that a modest weight loss after menopause, i.e., a relative
weight loss of at least 5% of one’s body weight, could lower breast
cancer risk by 12% relative to stable weight (95% CI 0.78-0.98).

In addition to a higher risk of developing breast cancer, over-
weight women tend to present with larger tumors at the time of
diagnosis when compared with their normal-weight counterparts
[16].

Case-control studies suggest that a woman’s body fat distribu-
tion may influence the hormone receptor status of the breast can-
cer she is susceptible to [17]. Both general and central obesity have
been associated with greater breast cancer risk [11]. Obese women
with larger amounts of subcutaneous fat, as measured by BMI, may
have a significantly higher risk of developing hormone receptor-
positive breast cancer. In contrast, larger amounts of visceral fat,
indicated by a high waist-to-hip ratio, may be associated with a
greater risk of developing hormone receptor-negative breast can-
cer, independent of BMI [17].

As scientists continue to explore the relationship between obe-
sity and cancer, there is rapidly increasing interest in the insulin
signaling pathway [18]. Based on data from the Women’s Health
Initiative Study, Gunter et al. [19] conducted a case-control analy-
sis to prospectively examine the incidence of postmenopausal
breast cancer among nondiabetic women. Their findings suggest
that insulin levels were positively associated with breast cancer risk
(hazard ratio (HR) 1.46; 95% CI 1.00-2.13; p-trend = 0.02), con-
firming that hyperinsulinemia is an independent risk factor for
postmenopausal breast cancer. While experimental evidence sup-
ports a synergistic interaction between estrogen receptor activation
and increased IGF-1 signaling with regard to breast carcinogenesis,
the data from the prospective European Prospective Investigation
into Cancer and Nutrition (EPIC) cohort indicate that higher cir-
culating IGF-1 levels may increase the risk of hormone receptor-
positive breast cancer diagnosed after age 50 years (odds ratio (OR)
1.38,95% CI 1.01-1.89; p-trend = 0.01) [20].

Physical Activity and Breast Cancer Risk

Numerous scientific studies have demonstrated a protective role
of physical activity in breast cancer etiology, and anthropometric
factors do not attenuate this association [11]. Collectively, the evi-
dence supports an inverse association between physical activity
and breast cancer, with a risk reduction of 20-30% when compar-
ing the most physically active to the least active women [21, 22]
and depending on the study design, population studied, and level
of physical activity. The relationship exists for both pre- and post-
menopausal women, with greater risk reductions observed among
postmenopausal women [7, 21]. The magnitude of risk reduction
appears to be stronger for strenuous than for moderate levels of
exercise [21, 23].
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Both retrospective and prospective studies confirmed a dose-
response relationship between increasing levels of physical activity
and breast cancer risk, and the association was true for all patho-
logical subtypes of cancer [11, 24]. In the Nurses’ Health Study II,
adolescent physical activity from ages 14-17 years was inversely as-
sociated with premenopausal breast cancer risk, with a risk reduc-
tion of 19% (95% CI 0.69-0.95) [25].

Even though research provides consistent findings linking phys-
ical activity to breast cancer, a big limitation of these studies is the
reliance on women’s self-reports instead of objectively measured
data. To date, only one research group used accelerometer data to
evaluate the association between physical activity level and breast
cancer incidence [6]. Among 2,160 Polish women, Dallal et al. [26]
reported a 61% decrease in risk for women in the highest quartile
of moderate-to-vigorous accelerometer-based measures of physical
activity compared to women in the lowest quartile (95% CI 0.27-
0.56; p-trend < 0.0001).

Sedentariness and Breast Cancer Risk

Long amounts of time spent sitting have been shown to influ-
ence breast cancer risk, and the positive association seems to be
independent of physical activity. Based on accelerometer data and
after adjustment for physical activity, Dallal et al. [26] found an
81% increased risk of breast cancer in women with the longest sed-
entary time compared to women with the shortest duration of sit-
ting (95% CI 1.26-2.60; p-trend = 0.001). With regard to occupa-
tional sedentariness, Johnsson et al. [27] observed a 20% increased
risk of breast cancer diagnosed before age 55 years (95% CI 1.05-
1.37) compared to women with less sedentary occupations. The
results were replicated in a study of African-Americans evaluating
the association between total time spent sitting and subsequent
breast cancer risk [28].

Diet and Breast Cancer Risk

In separate studies, alcohol consumption emerged as the strong-
est and most consistent dietary factor linked with breast cancer. In
2017, the World Cancer Research Fund and the American Institute
for Cancer Research (WCRF/AICR) published a dose-response
meta-analysis for premenopausal breast cancer which revealed a
5% increased risk per 10 g of ethanol consumed per day (95% CI
1.02-1.08) [7]. For postmenopausal breast cancer, the researchers
observed a 9% increased risk per 10 g of ethanol consumed per day
(95% CI 1.07-1.12) [7]. Findings indicate that frequent alcohol
consumption may put a woman with at least 1 breast cancer-af-
fected first-degree relative at greater risk for breast cancer than
women with no family history [29].

Case-control studies suggest that balanced diets, consisting of
substantial amounts of wholegrain, fiber, fruits, and vegetables, are
associated with reduced breast cancer risk, especially when adopted
early in life, i.e., during childhood [6]. Based on the Nurses’ Health

Lifestyle Factors and (Hereditary) Breast Cancer

Study II, Harris et al. [30] reported that an adolescent and early
adulthood dietary pattern characterized by sugar-sweetened soft
drinks, refined grains, red and processed meat, and margarine, and
low intake of leafy vegetables and cruciferous vegetables was asso-
ciated with an increased incidence of premenopausal breast cancer
(HR 1.35; 95% CI 1.06-1.73; p-trend = 0.002 for adolescent diet,
and HR 141, 95% CI 1.11-1.78; p-trend = 0.006 for early adult-
hood diet) [30]. In 2017, the WCRF/AICR indicated that only lim-
ited evidence exists for a decrease in breast cancer risk associated
with the consumption of foods containing carotenoids or the con-
sumption of non-starchy vegetables, respectively [7]. In fact, ran-
domized controlled trials for studying diet-cancer relationships have
failed to demonstrate a significant impact of diet on breast cancer
risk. Only limited and non-significant trends exist for an associa-
tion between a low-fat dietary pattern and reduced breast cancer
risk [7, 11]. The EPIC study investigated the association between
the adherence to the Mediterranean diet and risk of breast cancer
among 335,062 European women, with an average follow-up of 11
years. The data indicate that adherence to the Mediterranean diet
excluding alcohol was associated with a decrease in risk for post-
menopausal breast cancer (HR 0.93; 95% CI 0.87-0.99; p-trend =
0.037), particularly in the case of hormone receptor-negative tu-
mors (HR 0.80; 95% CI 0.65-0.99; p-trend = 0.043). The PRED-
IMED trial was the first randomized controlled trial to support
these findings, providing additional evidence for a protective effect
of a Mediterranean diet, supplemented by extra virgin olive oil, in
breast cancer, with a decrease in risk of 68% (95% CI 0.13-0.79)
[31]. Well-designed prospective studies focusing on diet patterns
rather than dietary components are warranted to address the criti-
cal gap in the current literature regarding the role of diet in breast
cancer risk.

Smoking and Breast Cancer Risk

The relationship between smoking and breast cancer has been
studied extensively; however, findings have been inconclusive [11].
Emerging evidence derived from better-designed epidemiologic
studies suggests a positive association between breast cancer and
tobacco consumption in populations with high smoking preva-
lence, higher pack-years, and long durations of smoking [11, 32—
34]. In the largest cohort examined, Dossus et al. [33] provide evi-
dence that both active and passive smoking contribute to a sub-
stantially increased risk of breast cancer, particularly for increasing
pack-years of active smoking between menarche and first full-term
pregnancy (HR 1.73, 95% CI 1.29-2.32 for every increase of 20
pack-years).

Joint Impact of Lifestyle Factors on Breast Cancer
Risk

Since cancer predisposition is multifactorial in origin, caused by
a complex interplay between genetic factors and a multitude of
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non-genetic exposures such as environmental influences, repro-
ductive and lifestyle factors — many of them occurring concomi-
tantly, modifiable risk assessment cannot simply be reduced to a
single hypothetical factor. Failure to include relevant exposures
most possibly results in decreased power and biased risk estimates,
whereas considering a large amount of potential influences may
lead to challenges in both statistical implementation and interpre-
tation, particularly in correlated factors. Further, both preventive
and harmful lifestyle behaviors tend to appear in clusters. Recently,
major efforts have been made to evaluate the combined impact of
selected lifestyle factors on breast cancer risk. Based on data from
the EPIC study, McKenzie et al. [35] evaluated a healthy lifestyle
index score (HLIS) to investigate the joint effect of 5 modifiable
lifestyle factors on postmenopausal breast cancer risk. The HLIS is
composed of diet, physical activity, smoking, alcohol consumption,
and anthropometric factors, with higher values indicating healthier
behaviors. With each point added to a person’s HLIS, postmeno-
pausal breast cancer risk decreased by 3%, suggesting that an over-
all healthy lifestyle may substantially lower the risk of developing
postmenopausal breast cancer. Ellingjord-Dale et al. [36] replicated
these findings in a Norwegian cohort. Risky lifestyle behaviors
were defined as follows: ever-smoking, weekly consumption of >2
glasses of alcoholic beverage, <3 h leisure time physical activity
weekly, ever-use of menopausal hormone therapy, and BMI > 25
kg/m?. There was a linear dose-response relationship between the
number of risky lifestyle behaviors and hormone receptor-positive
breast cancer: Women who had 5 risky lifestyle behaviors were at a
2.38 times greater risk of luminal A-like breast cancer compared to
women with no risky lifestyle behaviors (95% CI 1.58-3.59; p-trend
< 0.0001). Taken together, these findings show preliminary evi-
dence that an overall healthy lifestyle may contribute to a sizeable
decrease in breast cancer risk.

Impact of Modifiable Risk Factors on BRCA-
Associated Breast Cancer

Women who inherit a deleterious BRCAI or BRCA2 mutation
face a high lifetime risk of developing breast cancer, between 69
and 72% [37] compared to 12% in the general population [38].
Among BRCA mutation carriers, primary prevention of breast
cancer is limited to prophylactic bilateral mastectomy; however,
mutation carriers frequently inquire about less invasive prevention
options [39]. Both the incomplete penetrance and the regional dif-
ferences in penetrance of an inherited BRCAI or BRCA2 mutation
suggest that environmental exposures may influence risk [40].
While various reproductive and hormonal factors have shown to
impact BRCA-associated cancer risk [41], suggestive evidence ex-
ists that lifestyle factors, including body weight, adolescent physical
activity, calorie restriction, and non-smoking, may contribute to a
decrease in the number of BRCA-associated breast cancer cases
(42, 43].

In an early study, King et al. [44] reported that the risk for early-
onset breast cancer was lower if gene mutation carriers were born
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before 1940, had given birth, had a healthy weight at menarche and
age 21, and were physically active during adolescence. Kotsopoulos
et al. [45] showed that a weight loss of at least 10 pounds between
ages 18 and 30 was associated with a 53% decreased risk of BRCA-
associated breast cancer between ages 30 and 49 (95% CI 0.28-
0.79). Pijpe et al. [46] demonstrated a significant 42% reduction in
risk (95% CI 0.35-0.94; p-trend = 0.05) with increasing levels of
physical activity prior to, but not after, age 30. In addition to mech-
anistic data linking physical activity to reductions in endogenous
sex hormone levels, lower IGF-1 levels, and an improved immune
function [22, 47], gene-environment interactions are of increasing
research interest with regard to BRCA-related tumors. Using an in
vivo model, Wang et al. [48] demonstrated that prepubertal physi-
cal activity was associated with a significant increase in BRCAI,
P53, estrogen receptor (ER)-a, and ER-8 mRNA expression in
mammary glands of adult rats versus control (unexercised) rats (p
< 0.03). We recently reported that, even in a small study cohort of
68 BRCA mutation carriers, study participants indicating a higher
level of physical activity during adolescence had a significantly
lower cancer prevalence (p = 0.019) [49]. Additionally, we ob-
served a significantly higher cancer prevalence in smokers com-
pared to non-smokers (p < 0.001) [49]. Pettapiece-Phillips et al.
[50] showed that uninterrupted sedentary behavior was associated
with decreased BRCAI mRNA expression (p = 0.02). Whether this
finding translates into a potentially harmful effect with regard to
BRCA-associated cancer risk is under active study. Nkondjock et
al. [51] reported a positive association between total energy intake
and BRCA-associated breast cancer risk when comparing the high-
est tertile of calorie intake with the lowest tertile (OR 2.76, 95% CI
1.10-7.02; p-trend = 0.026). In another analysis, Nkondjock and
Ghadirian [52] demonstrated that a balanced diet of high quality
was associated with a 65-82% decreased risk of BRCA-related
breast cancer (OR 0.35, 95% CI 0.12-1.02; p-trend = 0.034 for Diet
Quality Index-Revised (DQI-R) and OR 0.18, 95% CI 0.05-0.68;
p-trend = 0.006 for Canadian Healthy Eating Index (CHEI)). How-
ever, analyses were all limited by a retrospective study design with
small sample sizes, providing significant potential for biases.
Trygvadottir et al. [53] investigated changes in penetrance over
time with regard to the cumulative breast cancer incidence before
age 70 years in Icelandic women. The investigators found a 4-fold
increase in the cumulative incidence of breast cancer between 1920
and 2000 among BRCA2 mutation carriers (from 18.6 to 71.9%)
and women in the general population (from 1.8 to 7.5%). Indeed,
on the absolute risk scale, the adoption of a healthy lifestyle will af-
fect breast cancer risk to a considerably greater extent among
women with a hereditary susceptibility to breast cancer compared
to women without a family history of cancer. Quante et al. [54]
evaluated the performance of the IBIS Breast Cancer Risk Evalua-
tion Tool, with and without accounting for BMI, for predicting
breast cancer occurrence in postmenopausal women. The authors
found a significant absolute BMI-induced difference in IBIS-as-
signed 10-year risk, comparing women with a BMI of 27 kg/m” to
women with a BMI of 21 kg/m” with regards to hereditary predis-
position to cancer: The absolute BMI-induced difference in the
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model-assigned 10-year risk ranged from 0.3% for women with
neither affected first-degree relatives nor a BRCAI mutation to
4.5% for mutation carriers with 3 breast cancer-affected relatives.
Additionally, at the individual level, Quante et al. [54] demon-
strated that overweight women who had originally been classified
as ‘high risk’ patients for developing breast cancer could be reclas-
sified as ‘low risk’ only by reducing their BMI.

Among BRCA mutation carriers, two independent studies dem-
onstrated that the receipt of a positive BRCA1/2 genetic test result
contributed to significant lifestyle changes [55, 56]. We recently
reported that women with hereditary BRCA mutations tend to
adopt healthier lifestyles compared to women from the general
population [49]. However, radical changes in health behavior could
potentially result in the uptake of harmful behaviors. For instance,
given the widespread use of folic acid supplementation, research
efforts have been made to elucidate the relationship between folate
status and breast cancer risk. Even though the role of folate in the
development of BRCA-related breast cancer is not clear, Kim et al.
[57] indicated that elevated plasma folate concentrations might be
associated with an increased risk for breast cancer among BRCA
mutation carriers.

A prospective evaluation of multiple lifestyle behaviors, col-
lected at various time points, with the utilization of objective meth-
ods to capture body size, physical activity, and dietary habits, is
crucial to provide evidence-based, safe, and effective strategies for
this high-risk group. Moreover, providing measurable data is nec-
essary to facilitate the counselees’ understanding of both non-mod-
ifiable and modifiable risk information [58].

Aiming to elucidate the impact of non-genetic modifiers on
BRCA-associated breast cancer risk, the LIBRE study is the first
prospective randomized lifestyle intervention trial worldwide in-

volving cancer-affected and -unaffected BRCA mutation carriers
[59, 60]. The purpose of the randomized, 2-armed (1:1), multi-
center, interdisciplinary, prospective, and open study is to demon-
strate that a structured intervention program, consisting of endur-
ance training paired with the Mediterranean diet, will improve
BMI, physical fitness, and adherence to the Mediterranean diet
pattern. The long-term goals of the trial are to demonstrate a de-
crease in breast cancer risk, an inhibited progression of disease,
and a reduced cancer mortality rate in BRCA mutation carriers fol-
lowing a healthy lifestyle. Ultimately, by utilizing a variety of objec-
tive methods and by analyzing the joint effects of modifiable life-
style factors, the LIBRE trial aims to provide data on lifestyle op-
tions of preventive value that could be translated into the practice
of genetic counseling.

Conclusion

Building upon the growing evidence linking lifestyle factors to
(BRCA-associated) breast cancer, we suggest that action should be
taken to incorporate timely lifestyle recommendations into the
daily practice of clinicians and genetic counselors. To begin with,
maintaining a healthy weight, limiting alcohol consumption,
smoking cessation, and being physically active on a regular basis is
a message medical practitioners and patients can act upon until
more precise recommendations can be made.
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