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Abstract

Advances in detection and supportive care strategies have led to improvements in cancer-specific
and overall survival after a diagnosis of early-stage breast cancer. These improvements, however,
are associated with an increase in competing forms of morbidity and mortality particularly
cardiovascular disease (CVD). Indeed, in certain subpopulations of patients after early breast
cancer, CVD is not only the leading cause of mortality but these women also have an increased
risk of CVD-specific morbidity, including elevated incidence of coronary artery disease and heart
failure (HF) compared to sex- and age-matched counterparts. Exercise treatment is established as
the cornerstone of primary and secondary prevention of CVVD in multiple clinical populations. The
potential benefits of exercise treatment to modulate CVD or CVD risk factors before, immediately
after, or in the months/years following adjuvant therapy for early-stage breast cancer has received
limited attention. Here, we discuss the risk and extent of CVD in breast cancer patients, review the
pathogenesis of CVVD, and highlight existing evidence from select clinical trials investigating the
efficacy of structured exercise treatment across the CVD continuum in early breast cancer.
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Introduction

Advances in early detection and adjuvant therapy have led to significant improvements in
the five-year survival rate from 80% in 1950 to 98% today among women diagnosed with
early-stage breast cancer.1:2 However, improvements in overall survival are at risk of being
offset by an increased risk of late occurring cardiovascular toxicities.2:3 In comparison with
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age-matched counterparts, breast cancer patients have a 1.7 to1.8-fold increased risk of
CVD-specific mortality,*® a 1.2 to 1.3-fold increased risk of CVD® (e.g., coronary artery
disease, cerebrovascular disease, and HF), and a 1.3 to 3.1-fold increased risk of CVD risk
factors (e.g., hypertension, diabetes, and dyslipidemia).6 The excess CVD risk is likely a
consequence of acute direct (i.e., direct cytotoxic/radiation-induced injury) as well as
indirect (i.e., impacts secondary to therapy such as deconditioning) effects of breast cancer
therapy.®""11 Given the growing clinical importance, a research agenda that systematically
addresses CVD prevalence, pathogenesis, and treatment in early-stage breast cancer is
important and timely.5.

In recent work, our group adapted a classical cardiology paradigm (i.e., primordial, primary,
secondary, tertiary prevention) to develop a continuum framework for cancer therapy-
associated acute and long-term cardiovascular toxicities in early-stage breast cancer.8 This
framework can be applied to better understand: (1) the role of tools and methodologies to
identify those individuals with, or at high-risk of, cardiovascular toxicity, and, (2) the type
and timing of strategies to prevent, mitigate, or treat cardiovascular toxicities.8 In terms of
the latter, several research groups have started to investigate the efficacy of cardiovascular
medications (e.g., angiotensin converting enzyme inhibitors, statins) as prophylactic
strategies to prevent,®10 as well as treat,11.12 cardiac-related effects (e.g. decreases in left
ventricular ejection fraction (LVEF)) of known cardiotoxic agents such as anthracyclines or
trastuzumab.

However, therapy-induced toxicity is not only limited to the heart, but can have deleterious
effects across the cardiac/pulmonary/vascular/muscular axis.”:8:13 For example, both
localized (e.g. radiotherapy) and systemic (e.g., chemotherapy or hormone therapy)
treatment modalities can cause pulmonary dysfunction, anemia, arterial stiffness, and
skeletal muscle dysfunction (e.g. reduced oxidative phosphorylation).”-14:15 The pleiotropic
nature of these therapy-induced deficits creates a strong rationale for the design and testing
of intervention strategies that can simultaneously improve function across these multiple
organ systems, and consequently, the overall reserve capacity of the cardiovascular
network.16 Exercise treatment has the unique capacity to improve the reserve function of
multiple organs cumulating in marked augmentation of global cardiovascular reserve
capacity in numerous clinical settings.1’

Against this background, here we outline the extent of CVD in breast cancer patients, briefly
overview the pathogenesis of CVD, and adopt our cancer - CVD continuum framework
(Figure 1) to review existing evidence from investigations of structured exercise treatments.

Prevalence of CVD

The prevalence of CVD has been comprehensively reviewed previously2:2% and is
summarized in Table 1. Importantly, evidence indicates that there is considerable long-term
risk of CVD, particularly for women older than 65 years of age.18 For instance, data from
the Surveillance, Epidemiology and End Results (SEER) indicated that after 12 years of
follow-up, CVD was the leading cause of death (15.9%), closely followed by breast cancer
(15.1%).19 Furthermore, Hooning et al.® reported that compared to women from the general
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population, early breast cancer patients had a 30% increased standardized incidence ratio of
CVD events. These findings demonstrate both an increased CVD prevalence and incidence
in breast cancer patients and highlight the prematurity of its development compared to
women matched in age and without a history of cancer. Unfortunately, in the absence of
effective CVD screening and prevention strategies, there is no reason to expect that these
rates will improve over time — especially against the backdrop of increasing breast cancer
incidence, high survival rates, and rapidly evolving treatment regimes.13

Pathogenesis of CVD

As patients progress through treatment regimens they sustain subclinical and overt therapy-
induced cardiovascular injuries which, when coupled with adverse lifestyle perturbations,
may result in a significantly elevated incidence of CVD risk factors, overt CVD, and CVD-
related mortality.#-6:20 We labeled this phenomenon the ‘multiple hit” hypothesis:’ a brief
overview is provided herein.

Therapy-Related Direct Cardiovascular Injury

For a comprehensive overview of the mechanisms of therapy-induced cardiovascular
toxicity, the reader is referred to prior excellent reviews.21.22 |n the following sections, we
briefly outline the biological mechanisms that may underlie therapy-associated (i.e.,
anthracyclines, radiotherapy, trastuzumab, endocrine therapy) cardiovascular toxicity.

The adverse cardiovascular effects of anthracycline (e.g. doxorubicin) therapy are well-
recognized.1123 In brief, anthracycline-induced generation of reactive oxygen species
influences multiple pathways of cardiotoxicity risk including the tumor suppressor protein
and p53,24 and suppresses sarcomere protein synthesis through depletion of GATA-4
dependent gene expression2> and cardiac progenitor cells.2® Indeed, anthracycline-induced
myocyte necrosis may elicit a maladaptive biomechanical effect, ultimately manifesting as a
dilated cardiomyopathy, or HF with reduced ejection fraction in the years following
therapy.27+28 The risk of HF increases with a cumulative dose of anthracycline, as such, the
maximum lifetime cumulative dose for doxorubicin is 400 to 550 mg/m?2-29

Radiation therapy has been demonstrated to be an independent risk factor for death from
CVD up to 20 years after breast cancer.8:30:31 |onizing radiation therapy can cause coronary
vascular injury characterized by endothelial cell proliferation, intimal thickening, medial
scarring, lipid deposits and adventitial fibrosis.32 Together with the perturbation of
homoeostatic control of reactive oxygen species, this cascade of events ultimately
contributes to CAD.8:30.31

Trastuzumab is approved by the U.S. Food and Drug Administration (FDA) for the treatment
of early breast cancer.33 Trastuzumab prevents heterodimerization of £rbB4and ErbB2in
cardiomyocytes,3* thus limiting myocardial cell growth, glucose uptake and protein
regulation.35 These alterations may ultimately trigger the progression of HF.36 Evidence also
indicates an additive, and possibly synergistic, adverse interaction between anthracyclines
and trastuzumab, where trastuzumab may constitute sequential stress on an already
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compromised heart.3” Indeed, trastuzumab could prevent the myocyte’s adaptive response
to, or repair of, the anthracycline injury — further compounding the damage.38

Endocrine therapy (e.g., tamoxifen, aromatase inhibitors) for women with hormone receptor-
positive breast cancer has been associated with cardiotoxicity; however, recent data indicates
that aromatase inhibitors and tamoxifen have different toxicity profiles.3% For example, in
comparison with tamoxifen, aromatase inhibitors are associated with increased risk of CAD
and HF.3940 Furthermore, in 47 women receiving endocrine therapy, we reported those
receiving aromatase inhibitors had a less favorable profile for several established (e.g. lipid
profile) and emerging (e.g. C-reactive protein) risk factors for CVD.4! The marked reduction
in serum estrogen associated with aromatase inhibitors therapy may contribute to the
development of atherosclerosis. 42

Therapy-Related Indirect Cardiovascular Injury

In addition to the aforementioned direct treatment-related mechanisms of cardiovascular
injury, preexisting and treatment-related moderators may also drive the observed increases in
CVD risk.

Preexisting CVD risk factors such as hypertension, diabetes, hyperlipidemia, and obesity
may be higher in breast cancer patients than in the general population, likely because there
are common risk factors for both CVD and cancer.43 Importantly, preexisting CVD risk
factors are strong predictors of anthracycline,18 trastuzumab,** and radiation-related3! CVD.
For example, Chapman et al.20 investigated the competing causes of death in a randomized
trial of extended adjuvant endocrine therapy among 5,170 early breast cancer patients. After
3.9 years median follow-up, non-breast cancer-related deaths (primarily CVD) accounted for
60% of overall mortality. Moreover, patients with pre-existing CVD risk factors at baseline
(i.e. self-report; yes vs. no) were 54% more likely to die from non-breast cancer-related
causes. The development of de novo CVD risk factors following therapy also likely
increases risk of CVD.4145 Hooning et al.#8 examined the long-term causes of mortality
among 7,425 women treated for early breast cancer and found that, after a median follow-up
of 13.8 years, patients diagnosed with one CVD risk factor (i.e., smoking, hypertension,
diabetes mellitus, and hyperlipidemia) at any time during the study follow-up had 1.4 to 3.1-
fold higher risk of CVVD-related mortality relative to age-matched women in general
population.

Additionally, preliminary evidence suggests that indirect treatment-related factors such as
physical inactivity and weight gain, strong independent predictors of CVD and all-cause
mortality in non-cancer populations,*6 may also contribute to the observed increased CVD
mortality risk in the breast cancer setting. In a meta-analysis of twelve studies involving
23,832 early-stage breast cancer patients, Playdon et al.#’ reported that a weight gain of
more than 5% from diagnosis to post-treatment (1 to 8 years) was associated with a 12%
increase risk of all-cause mortality (HR = 1.12, 95% CI = 1.03 to 1.22) compared with
weight maintenance. Similarly, Nichols and colleagues*® found that 3993 women with early-
stage breast cancer (5.8 years post-diagnosis) with a body mass index greater than 30 kg/m?
(classified as obese) had a CVD mortality rate 1.65 times that of women with a normal body
mass index (18.5-24.9 kg/m?2); each 5 kg weight gain was associated with a 19% increase in
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CVD mortality (p = 0.04). This may be clinically important since weight gain during
adjuvant therapy is common.49

Exercise Treatment Trials in Early-Stage Breast Cancer

Meta-analyses and systematic reviews conclude that structured exercise is a safe and well-
tolerated adjunct strategy associated with significant improvements in a wide range of
psychosocial (e.g., patient reported fatigue, quality of life, physical functioning) and
physiological (e.g., peak oxygen consumption (VOzpeak), muscle strength, body
composition) outcomes among women with early-stage breast cancer.50-52 However, beyond
investigation of changes in VOypeak, there is scant information on the effects on
cardiovascular events as well as conventional and novel cardiovascular risk factors.59-52 The
rationale for examining the effect and underlying mechanisms of exercise on CVD events
and risk factors in women with early-stage breast cancer, as well as other cancer populations
at high-risk of chronic and late-occurring cardiovascular toxicity, is supported by a growing
number of observational studies indicating that post-diagnosis exercise is associated with
reductions in all-cause mortality in women with non-metastatic breast cancer.5354 In a
recent meta-analysis, post-diagnosis exercise was associated with a significant summary
effect size of 0.52 (0.43 to 0.64) for all-cause mortality.53 Of importance, all prior work has
used broad clinical event classifications such as death from other causes or total deaths, and
has not specifically assessed cardiovascular-specific mortality or non-fatal cardiovascular
morbidity/events. To this end, our group recently reported that post-diagnosis exposure to
exercise was associated with substantial graded reductions in a composite of newly
diagnosed CVD events or CVD death in 2973 women with early-stage breast cancer.
Adherence to national exercise guidelines for adult cancer patients (i.e., 29 MET hours/
week) was associated with an adjusted 23% reduction in the risk of CVD events, in
comparison with not meeting the guidelines (<9 MET hours/week; p=0.0002). The
association with exercise did not differ according to age, CVD risk factors, menopausal
status, or anticancer treatment.

To provide insight into the potential effects of structured exercise on cardiovascular
outcomes, we selected exemplar clinical trials that included cardiovascular outcomes (e.g.,
LVEF, VO2peak, resting heart rate, systolic blood pressure) in women with early-stage breast
cancer; if trials among women with breast cancer were not available, trials involving other
cancer populations were included. Studies were reviewed adopting our prior CVD-cancer
continuum as an organizing framework to facilitate data interpretation and clinical
application. Specifically, studies are reviewed using the four following distinct categories as
described in Figure 1:8 primordial, primary, secondary, and tertiary prevention.

Primordial setting—Characterization of global cardiovascular reserve with VOypeqi is @
powerful predictor of cardiovascular and all-cause mortality in a broad range of adult
populations.5>°6 Emerging evidence indicates that VOppea is also predictive of all-cause
mortality in cancer patients.>6-58 For instance, we found that in breast cancer patients with
metastatic disease (n=52), the adjusted HR for all-cause mortality was 0.59 (95% CI, 0.29 to
1.19) for patients achieving a VOgpeak <15.4 mL/kg/min compared to patients achieving a
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VOzpeak >15.4 mL/kg/min.5® No prospective, observational studies have examined
longitudinal changes in VOypeak during and following adjuvant therapy in patients with solid
tumors; however, in the context of patients assigned to the usual care condition in
randomized controlled trials of exercise training, it is possible to glean information. For
example, Courneya et al.50 reported that 12 weeks of standard neoadjuvant chemotherapy
was associated with a 9.5% decline in VO;pea from pre-chemotherapy to post-
chemotherapy. Given that VOypeak typically declines 10% every decade in healthy women,
these findings suggest there may be accelerated ‘physiological aging’ during short-term
chemotherapy.>®

A growing number of studies have sought to assess the efficacy of exercise training
interventions to improve VO3peqk in breast cancer patients. In a recent meta-analysis of six
exercise training randomized controlled trials (involving 571 patients) that assessed the
effects of exercise training in adults with cancer, exercise training led to significant
improvement in VOapeak (Mean weighted difference =+2.90 mL/kg/min, 95% CI: 1.16 to
4.64), compared to non-exercising sedentary control participants.>2 However, the data from
individual studies is more heterogeneous. For instance, in 242 operable breast cancer
patients receiving standard adjuvant chemotherapy, Courneya et al.%0 reported that aerobic
training was associated with a non-significant improvement in VOypeak (+0.5 mL/kg/min)
but completely abrogated the VOypeak decline observed in the usual care group. Our group
conducted a phase Il randomized trial to determine the efficacy of 12 weeks of aerobic
training in attenuating anthracycline-induced changes in VOppeak (n = 10 exercise; 10 usual
care).%1 Intention-to-treat analysis indicated that VOgpeak increased by 2.6 + 3.5 mL/kg/min
(+ 13.3%) in the exercise group and decreased by 1.5 + 2.2 mL/kg/min (=8.6%) in the usual
care group (between group difference, p = 0.001). Thus, aerobic training not only mitigated
the detrimental impact of chemotherapy but also resulted in significant improvements in
VOypeak during therapy. The discrepancy in exercise-induced improvement in VOapeak
between these studies may be attributable to the differences in adjuvant therapy (taxanes®?
vs. no taxanes®l), exercise prescription (i.e. linear82 vs. non-linear®1), or exercise intensity
(i.e. <75% VO2peakd? vs. >90% VO2peak8h).

Autonomic function may be another marker of central importance for CVD risk. For
instance, in a 2012 study of 112,680 men and women without a history of cancer pooled
from 12 cohort studies, higher resting heart rate (=80 beats/min compared to <65 beats/min)
was associated with an increased risk of both CVD events (HR, 1.44, 95% CI: 1.29-1.60)
and all-cause mortality (HR 1.54, 1.43-1.66).%3 In early stage breast cancer, several
investigations have reported that following the completion of primary adjuvant therapy
resting heart rate is, on average, 9% to 16% (7-16 beats/min) higher compared to age-
matched controls.4145:59 |nitial exercise intervention studies in breast cancer patients have
shown that following traditional exercise prescription guidelines (i.e., 3 days/week for 30
min at 60—-70% of peak heart rate for 8 to 16 weeks) there is a reduction in resting heart
rate®465 of ~2 beat/min. 8990 The prognostic relevance of these changes in breast cancer
patients is unknown at present; however, prior work suggests that exercise training can shift
autonomic balance and improve survival among CVD patients.%6
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Only one study to date, to our knowledge, has evaluated the efficacy of aerobic exercise on
cardiac function and morphology in any cancer population. Haykowsky et al.8” conducted a
single-arm study to examine the efficacy of 4 months of supervised aerobic training (3 days/
week for 30-60 min at 60-90% peak heart rate) on cardiac function in women receiving
trastuzumab for HER2 positive early breast cancer in 17 women (53 + 7 years). Cardiac
function was evaluated using magnetic resonance imaging to evaluate resting and
dobutamine-induced peak LV volumes, mass, and LVEF. From baseline to post-intervention,
resting and peak end diastolic and end systolic volumes significantly increased, while resting
and peak LVEF significantly decreased. There was no change in VO;peai from baseline to
post-intervention (19.8 £ 4.2 vs. 21.7 + 6.6, p=0.2). These intriguing findings may provide
initial insight into the integrative reserve of the oxygen cascade that contributes to VOppeak.
Specifically, given that VOopeqx is equal to the product of cardiac output and the
arteriovenous O, content difference (a-VO5), standard exercise training prescriptions may
improve a-VO5 in women receiving trastuzumab, but may not counteract the mechanisms
underlying trastuzumab-induced LV remodeling. However, whether exercise training
improves peripheral vascular, microvascular function, and/or skeletal muscle oxygen
extraction resulting in increased a-VO, remains to be elucidated.

Primary setting—The therapy-induced decline in VOopeax May not recover even years
following the cessation of primary therapy, For example, Jones et al.>® found that despite
‘normal’ resting cardiac function (i.e., LVEF 250%), VOgpeak Was, 0n average, 22% below
that of age-matched sedentary women in 140 early breast cancer patients, a mean of 27
months following the completion of primary adjuvant therapy. Similarly, Khouri et al.58
found that VOppeak Was, on average, 20% below that of age-matched sedentary women in 57
early breast cancer patients a mean of 26 months following the completion of primary
therapy. These findings suggesting VOpeak Will remain low or become even further
impaired without exercise training highlight the need for intervention strategies to offset the
direct and indirect effects of anticancer therapy.

Several groups have examined whether exercise training can improve VOopeqi after the
completion of breast cancer therapy. For instance, Courneya et al.%® examined the effects of
15 weeks of aerobic training (3 days/week for 30-60 min at power output that elicited
ventilatory threshold) on VOppeak in 53 postmenopausal breast cancer survivors (15 months
post-therapy surgery, radiotherapy, and/or chemotherapy with or without current hormone
therapy use) randomly assigned to an exercise (n = 25) or control (n = 28) group. Peak
oxygen consumption increased by 2.7 mL/kg/min in the exercise group, whereas it
decreased by 0.6 mL/kg/min in the control group (mean difference, 3.4 mL/min; 95%
confidence interval, 2.1 to 4.6; P <.001). Dolan et al.”? conducted a pilot study to examine
the effects of supervised aerobic interval training and continuous moderate exercise training
(6 weeks) against an unsupervised control group in 33 postmenopausal breast cancer
survivors (15 months post-therapy). VOapeak improved in both exercise groups by 12 % (p <
0.001) with no significant difference between exercise groups. The prognostic value of these
exercise training-induced improvements in VOapeq in early breast cancer survivors is
unknown; large-scale prospective studies are now warranted.
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Secondary/tertiary settings—No studies have examined the efficacy of exercise
treatment in secondary or tertiary settings among women with early-stage breast cancer.
However, in the tertiary setting, an ancillary, unplanned retrospective analysis of the Heart
Failure: A Controlled Trial Investigating Outcomes of Exercise Training (HF-ACTION) was
conducted to investigate the safety and efficacy of exercise in patients with multiple tumor
types with stable HF.”1 Patients were randomly assigned to 4 months of aerobic training (3
days/week for 20—45 min at 60—-70% heart rate reserve; n = 47) or usual care control (n =
43).7! There were no differences between exercisers and controls (exercise: +0.6 mL/kg/
min; control: +0.8 mL/kg/min) in VOgpeqk; however, post hoc analyses as a function of
protocol-specified exercise adherence indicated that higher exercise dose (i.e. >90 minutes
per week, n=25) was associated with an improvement in VO;pea. After a mean of 4 year
follow-up, there was no significant difference in the combined end point of cardiovascular
mortality and HF hospitalization in the exercise group compared with the usual care group
(32% vs. 20%; adjusted hazard ratio, 1.77; 95% confidence interval, 0.85 to 3.70). However,
the rate of all-cause mortality or hospitalization was lower in adherent patients (66.1%)
compared with non-adherent patients (i.e., < 90 minutes per week; 83.9%). The
generalizability of these findings to breast cancer is not known, but results highlight the
critical need to develop individualized pre-exercise screening and personalized exercise
prescriptions to both identify patients at risk for adverse response patterns and optimize the
efficacy of exercise therapy in the tertiary setting.

Research Gaps

The current evidence base across the cancer-CVD continuum is emergent with many
fundamental questions still to be answered. Some, but certainly not all, of the major
questions are as follows.

Primordial/Primary Settings—The time course of therapy-induced subclinical
cardiovascular alterations and manifestation of CVD risk factors (e.g., hypertension,
dyslipidemia), CVD events (e.g., myocardial infarction, unstable angina, arrhythmias,
stroke, HF), and CVD mortality remains poorly defined. Novel assessment techniques
incorporating exercise testing, blood and imaging markers could enable the detection of
subclinical CVD in breast cancer survivors, and thereby potentially lead to earlier and more
accurate identification of patients at high risk for overt CVD. For example, speckle tracking
assessment of systolic function with strain revealed impaired myocardial function prior to
LVEF decline 7273 and HF symptoms "4 in patients treated with anthracycline-containing
therapy. This, in turn, may enable selection of survivors most likely to benefit from exercise
treatment.

Secondary/Tertiary Settings—No studies have been conducted in the secondary or
tertiary settings; accordingly, there is a clear need for research into the efficacy of exercise
treatment in patients with asymptomatic (i.e. secondary setting) and symptomatic (i.e.
tertiary setting) CVD. Indeed, exercise treatment has been shown to improve VOjpeqk With
concomitant improvements in LVEF in non-cancer HF patients;’® whether exercise
treatment confers similar benefits in women with breast cancer and asymptomatic or
symptomatic CVD is unknown. Cross sectional studies are needed so that medical,
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demographic, and physiological variables in high risk patients can be extensively
characterized, and the central versus peripheral mechanisms underlying reduced VOapeak
and symptoms among patients with HF can be understood. These studies will provide the
basis for future prospective trials investigating the safety and efficacy of exercise training in
patients with anticancer therapy-induced CVD.

All Settings—First, aside from a growing number of studies examining VOypeak, NO trial to
date has been specifically designed to test the efficacy of exercise treatment to modulate
CVD risk factors or events. In this regard, exercise trials in primordial and primary settings
will likely need to focus on CVD risk factors and surrogates since event rates will be low.
Second, the optimal exercise therapy dose (i.e., frequency, intensity, time and type) to
modulate CVD is unknown. The majority of studies followed traditional guidelines
consisting of aerobic training or aerobic training combined with resistance training (2 to 3
sessions per week, for 10 to 60 min per exercise session at 50-75% of a predetermined
physiological parameter (typically age-predicted heart rate maximum or reserve) for 12 to 15
weeks). In the primordial setting, these traditional guidelines failed to prevent declines in
VO2peak®%62 suggesting that novel prescriptions may be required. Moreover, recent findings
suggest there is considerable patient heterogeneity in physiological adaptability to exercise
treatment - some patients demonstrate robust improvements in cardiovascular outcomes
(€.9., VO2zpeak, Systolic blood pressure) while others seem not to respond at all.”®
Consequently, a more targeted approach matching the exercise prescription to the clinical/
treatment characteristics of an individual patient or patient groups is likely required to
optimally mitigate CVD-related morbidity and mortality in the breast cancer setting.”’

Future Directions: Phenogrouping and Precision Exercise Treatment

An interesting development in HF is the use of phenogrouping, an approach that
incorporates extensive patient characterization and identification of novel disease subtypes
on the basis of patient physiological, medical, and/or demographic variables.”-80 For
example, Shah et al.81 performed phenogrouping in 397 HF with preserved EF patients
using 67 continuous phenotypic variables and established 3 mutually exclusive phenogroups
with unique CVD and mortality risk profiles. Similarly, Ahmad and colleagues®? conducted
phenogrouping analysis using 45 phenotypic variables in 1619 HF with reduced EF patients
(HF-ACTION) and found that significant improvements in VOpeai levels and reductions in
CVD death and/or CVD hospitalization were remarkably phenogroup specific following 3
months of exercise treatment. Such studies demonstrate that by looking beyond traditional
classifications using phenogrouping, it may be possible to better characterize exclusive
groups of individuals with related CVD pathophysiologies. To this end, phenogrouping may
well offer similar advantages in cardio-oncology settings where pathophysiologically similar
individuals with similar CVD risk profiles are grouped together for improved
prognostication. Such work could then, in turn, guide the development of phenogroup-
specific exercise-treatment prescriptions and optimize the safety and efficacy of exercise
training in women with early-stage breast cancer.

To illustrate the potential utility of phenogrouping to improve the safety and efficacy of
exercise treatment in the breast cancer setting, Figure 1 depicts hypothetical phenogroups
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and the mechanistically-driven precision exercise treatment that could be used to prevent/
treat phenogroup-specific CVD sequelae. Importantly, each prescription would be
individualized based on cardiovascular reserve testing (CPET) (for aerobic training-centric
prescriptions) and/or strength testing (for resistance-centric prescriptions), and the intensity
and duration of training sessions would be sequenced in such a fashion that training volume
is continually increased across the entire program.’’ Moreover, each phenogroup would
have a unigue mechanistically driven exercise treatment focus (e.g. high intensity or
resistance exercise treatment). For example, a precision exercise treatment prescription for
one phenogroup may incorporate more high intensity aerobic exercise training (e.g. 4 x 4
minutes at 290% of VOpeqk) given the evidence that high intensity exercise has been shown
to reverse eccentric LV remodeling, and improve LV contraction.”> Another precision
exercise treatment prescription may incorporate more continuous aerobic (e.g. 30 minutes at
55-70% VOzpeak) and resistance exercise (e.g., 3 X 8 repetition maximum) training -- given
the evidence that moderate intensity continuous exercise and resistance exercise have been
shown to improve vascular dysfunction, reverse LV concentric remodeling, and increase
arterial-venous oxygen content difference, thus improving cardiorespiratory fitness.83 Such
efforts, in conjunction with existing tools used in the oncology setting, could guide the
design and implementation of preventive and early-intervention strategies to modulate
therapy-induced CVD morbidity and mortality.

Conclusions

With the dramatic improvements in cancer-specific survival, breast cancer patients now have
sufficient survival to also be at risk for the late effects of adjuvant therapy, particularly CVD
morbidity and mortality. Preliminary evidence indicates that general exercise prescription
guidelines may be associated with cardiovascular benefits in primordial and primary
settings; however, it is important to stress that the current evidence base is emergent with a
small number of studies. As reviewed here, much work is needed to optimize exercise
treatment in order to attenuate breast cancer-associated CVD. These have been noted
throughout the text, and a summary of future research is provided in Table 2. Now,
hypothesis-driven studies are needed to define the nature and magnitude of the
cardioprotective effects of exercise treatment. Such research will lead to mechanistically-
driven clinical trials which, in turn, will inform frequency, intensity, duration, and modality
of precision exercise treatment for breast cancer patients.
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CVD-Cancer Continuum

Tertiary
Prevention

Primary
Prevention

Secondary
Prevention

Exercise initiated before Exercise initiated Exercise initiated after Exercise initiated following
or during primary following the cessation of the detection of detection of a new diagnosis
adjuvant therapy primary adjuvant therapy subclinical CVD overt clinical CVD
Figurel.

Exercise-CVD Continuum in Oncology. (1) primordial prevention — exercise initiated before
or during primary adjuvant therapy (i.e., definitive surgery followed by radiotherapy,
chemotherapy, or trastuzumab) to mitigate and/or attenuate potential therapy-induced
toxicity, (2) primary prevention — exercise initiated following the cessation of primary
adjuvant therapy to reverse / attenuate subclinical cardiovascular impairments, (3) secondary
prevention— exercise initiated after the detection of a LVEF decline of >10% from baseline
(pre-treatment) or beyond the lower limit of normal (<53%), poor VOypeak (<15ml/kg/min),
angina, transient ischemic attack, and (4) tertiary prevention — exercise initiated following
detection of a new diagnosis of overt symptomatic HF, coronary artery disease, stroke, valve
replacement, or serious arrhythmia following initiation of anticancer therapy.
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Sample
p Cluster 1 Cluster 2
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Diabetes Hypertension '
. . Vascular dysfunction
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Sample : Low LV relaxation
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Eccentric LV remodeling Low cardiovascular
High NT-proBNP
reserve
Sample . : Continuous and
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Figure 2.

Hypothetical phenogroups and precision exercise treatment that could be used to prevent/
treat phenogroup-specific CVD sequelae. Cluster 1 patients have a prevalence of diabetes,
dyslipidemia, decreased LV strain, eccentric remodeling, and elevated NT-proBNP. Cluster 2
patients have a prevalence of hypertension, vascular dysfunction, impaired LV relaxation,
concentric LV remodeling, and low cardiovascular reserve. Each exercise treatment
prescription would be individualized based on cardiovascular reserve testing (CPET) and/or
strength testing, and the intensity and duration of training sessions would be sequenced in
such a fashion that training volume is continually increased across the entire program.’’
However, each patient cluster may have a unique exercise treatment focus. In cluster 1
patients, a sample precision exercise treatment prescription would incorporate more high
intensity exercise training given the evidence that high intensity exercise has been shown to
lower proBNP, reverse eccentric remodeling, and improve LV contraction.” In cluster 2
patients, a sample precision exercise treatment prescription would incorporate more
continuous and resistance exercise training given the evidence that moderate intensity
continuous exercise and resistance exercise have been shown to improve vascular
dysfunction, reverse concentric remodeling, and increase arterial-venous oxygen content
difference (A-VO, Diff), thus improving cardiorespiratory fitness.83
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Table 1

Incidence of CVD risk factors and CVD in breast cancer patients.

Risk Factor

Incidence

Hypertension
Dyslipidemia
Diabetes

Obesity

Low exercise capacity
Myocardial ischemia

Heart failure

59655084
5%-20%*
0%-—1008586
206294149
20-379%%1:59
19%-17%587
3% to 429588
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	Exercise Treatment Trials in Early-Stage Breast Cancer
	Primordial setting—Characterization of global cardiovascular reserve with VO2peak is a powerful predictor of cardiovascular and all-cause mortality in a broad range of adult populations.55,56 Emerging evidence indicates that VO2peak is also predictive of all-cause mortality in cancer patients.56–58 For instance, we found that in breast cancer patients with metastatic disease (n=52), the adjusted HR for all-cause mortality was 0.59 (95% CI, 0.29 to 1.19) for patients achieving a VO2peak ≤15.4 mL/kg/min compared to patients achieving a VO2peak >15.4 mL/kg/min.59 No prospective, observational studies have examined longitudinal changes in VO2peak during and following adjuvant therapy in patients with solid tumors; however, in the context of patients assigned to the usual care condition in randomized controlled trials of exercise training, it is possible to glean information. For example, Courneya et al.60 reported that 12 weeks of standard neoadjuvant chemotherapy was associated with a 9.5% decline in VO2peak from pre-chemotherapy to post-chemotherapy. Given that VO2peak typically declines 10% every decade in healthy women, these findings suggest there may be accelerated ‘physiological aging’ during short-term chemotherapy.59A growing number of studies have sought to assess the efficacy of exercise training interventions to improve VO2peak in breast cancer patients. In a recent meta-analysis of six exercise training randomized controlled trials (involving 571 patients) that assessed the effects of exercise training in adults with cancer, exercise training led to significant improvement in VO2peak (mean weighted difference =+2.90 mL/kg/min, 95% CI: 1.16 to 4.64), compared to non-exercising sedentary control participants.52 However, the data from individual studies is more heterogeneous. For instance, in 242 operable breast cancer patients receiving standard adjuvant chemotherapy, Courneya et al.60 reported that aerobic training was associated with a non-significant improvement in VO2peak (+0.5 mL/kg/min) but completely abrogated the VO2peak decline observed in the usual care group. Our group conducted a phase II randomized trial to determine the efficacy of 12 weeks of aerobic training in attenuating anthracycline-induced changes in VO2peak (n = 10 exercise; 10 usual care).61 Intention-to-treat analysis indicated that VO2peak increased by 2.6 ± 3.5 mL/kg/min (+ 13.3%) in the exercise group and decreased by 1.5 ± 2.2 mL/kg/min (−8.6%) in the usual care group (between group difference, p = 0.001). Thus, aerobic training not only mitigated the detrimental impact of chemotherapy but also resulted in significant improvements in VO2peak during therapy. The discrepancy in exercise-induced improvement in VO2peak between these studies may be attributable to the differences in adjuvant therapy (taxanes62 vs. no taxanes61), exercise prescription (i.e. linear62 vs. non-linear61), or exercise intensity (i.e. <75% VO2peak62 vs. >90% VO2peak61).Autonomic function may be another marker of central importance for CVD risk. For instance, in a 2012 study of 112,680 men and women without a history of cancer pooled from 12 cohort studies, higher resting heart rate (≥80 beats/min compared to <65 beats/min) was associated with an increased risk of both CVD events (HR, 1.44, 95% CI: 1.29–1.60) and all-cause mortality (HR 1.54, 1.43–1.66).63 In early stage breast cancer, several investigations have reported that following the completion of primary adjuvant therapy resting heart rate is, on average, 9% to 16% (7–16 beats/min) higher compared to age-matched controls.41,45,59 Initial exercise intervention studies in breast cancer patients have shown that following traditional exercise prescription guidelines (i.e., 3 days/week for 30 min at 60–70% of peak heart rate for 8 to 16 weeks) there is a reduction in resting heart rate64,65 of ~2 beat/min. 89,90 The prognostic relevance of these changes in breast cancer patients is unknown at present; however, prior work suggests that exercise training can shift autonomic balance and improve survival among CVD patients.66Only one study to date, to our knowledge, has evaluated the efficacy of aerobic exercise on cardiac function and morphology in any cancer population. Haykowsky et al.67 conducted a single-arm study to examine the efficacy of 4 months of supervised aerobic training (3 days/week for 30–60 min at 60–90% peak heart rate) on cardiac function in women receiving trastuzumab for HER2 positive early breast cancer in 17 women (53 ± 7 years). Cardiac function was evaluated using magnetic resonance imaging to evaluate resting and dobutamine-induced peak LV volumes, mass, and LVEF. From baseline to post-intervention, resting and peak end diastolic and end systolic volumes significantly increased, while resting and peak LVEF significantly decreased. There was no change in VO2peak from baseline to post-intervention (19.8 ± 4.2 vs. 21.7 ± 6.6, p=0.2). These intriguing findings may provide initial insight into the integrative reserve of the oxygen cascade that contributes to VO2peak. Specifically, given that VO2peak is equal to the product of cardiac output and the arteriovenous O2 content difference (a-VO2), standard exercise training prescriptions may improve a-VO2 in women receiving trastuzumab, but may not counteract the mechanisms underlying trastuzumab-induced LV remodeling. However, whether exercise training improves peripheral vascular, microvascular function, and/or skeletal muscle oxygen extraction resulting in increased a-VO2 remains to be elucidated.Primary setting—The therapy-induced decline in VO2peak may not recover even years following the cessation of primary therapy, For example, Jones et al.59 found that despite ‘normal’ resting cardiac function (i.e., LVEF ≥50%), VO2peak was, on average, 22% below that of age-matched sedentary women in 140 early breast cancer patients, a mean of 27 months following the completion of primary adjuvant therapy. Similarly, Khouri et al.68 found that VO2peak was, on average, 20% below that of age-matched sedentary women in 57 early breast cancer patients a mean of 26 months following the completion of primary therapy. These findings suggesting VO2peak will remain low or become even further impaired without exercise training highlight the need for intervention strategies to offset the direct and indirect effects of anticancer therapy.Several groups have examined whether exercise training can improve VO2peak after the completion of breast cancer therapy. For instance, Courneya et al.69 examined the effects of 15 weeks of aerobic training (3 days/week for 30–60 min at power output that elicited ventilatory threshold) on VO2peak in 53 postmenopausal breast cancer survivors (15 months post-therapy surgery, radiotherapy, and/or chemotherapy with or without current hormone therapy use) randomly assigned to an exercise (n = 25) or control (n = 28) group. Peak oxygen consumption increased by 2.7 mL/kg/min in the exercise group, whereas it decreased by 0.6 mL/kg/min in the control group (mean difference, 3.4 mL/min; 95% confidence interval, 2.1 to 4.6; P <.001). Dolan et al.70 conducted a pilot study to examine the effects of supervised aerobic interval training and continuous moderate exercise training (6 weeks) against an unsupervised control group in 33 postmenopausal breast cancer survivors (15 months post-therapy). VO2peak improved in both exercise groups by 12 % (p < 0.001) with no significant difference between exercise groups. The prognostic value of these exercise training-induced improvements in VO2peak in early breast cancer survivors is unknown; large-scale prospective studies are now warranted.Secondary/tertiary settings—No studies have examined the efficacy of exercise treatment in secondary or tertiary settings among women with early-stage breast cancer. However, in the tertiary setting, an ancillary, unplanned retrospective analysis of the Heart Failure: A Controlled Trial Investigating Outcomes of Exercise Training (HF-ACTION) was conducted to investigate the safety and efficacy of exercise in patients with multiple tumor types with stable HF.71 Patients were randomly assigned to 4 months of aerobic training (3 days/week for 20–45 min at 60–70% heart rate reserve; n = 47) or usual care control (n = 43).71 There were no differences between exercisers and controls (exercise: +0.6 mL/kg/min; control: +0.8 mL/kg/min) in VO2peak; however, post hoc analyses as a function of protocol-specified exercise adherence indicated that higher exercise dose (i.e. >90 minutes per week, n=25) was associated with an improvement in VO2peak. After a mean of 4 year follow-up, there was no significant difference in the combined end point of cardiovascular mortality and HF hospitalization in the exercise group compared with the usual care group (32% vs. 20%; adjusted hazard ratio, 1.77; 95% confidence interval, 0.85 to 3.70). However, the rate of all-cause mortality or hospitalization was lower in adherent patients (66.1%) compared with non-adherent patients (i.e., < 90 minutes per week; 83.9%). The generalizability of these findings to breast cancer is not known, but results highlight the critical need to develop individualized pre-exercise screening and personalized exercise prescriptions to both identify patients at risk for adverse response patterns and optimize the efficacy of exercise therapy in the tertiary setting.
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