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Abstract  

Breast cancer is the most common malignancy among females, and the 

second leading cause of cancer death among Canadian women.  Despite improved 

survival, both short and long term detrimental effects have been observed with 

both novel and conventional anti-cancer therapies. In particular, the effects of 

cancer therapy on the cardiovascular system, or ‘cardiotoxicity’, are increasingly 

recognized in terms of morbidity and mortality. Subtle or ‘sub-clinical’ early 

effects of anti-cancer therapies on cardiac structures may remain undetected, 

conveying potentially devastating longer-term effects. The overarching theme of 

this thesis is to examine the short and long-term effects of a novel anti-cancer 

therapy, trastuzumab, on left ventricular (LV) morphology and function in breast 

cancer patients.  

Two studies were undertaken; study #1 was a cross-sectional study of 17 

female breast cancer survivors exposed to trastuzumab-based chemotherapy, 

examining LV remodeling and exercise capacity. We found that early breast 

cancer patients had significant alterations in left ventricular geometry and 

impairment of cardiorespiratory function four years following exposure to 

trastuzumab-based chemotherapy. The second study was performed to examine 

the effects of three months of standard heart failure therapy, consisting of 

angiotensin-converting enzyme inhibitor or beta-blocker vs placebo, on LV 

remodeling in breast cancer patients receiving trastuzumab-based therapy. The 

major finding was that that standard heart failure pharmacotherapy appeared to be 

effective in attenuating LV dysfunction associated with trastuzumab-based 



therapy. When compared to patients randomized to the pharmacotherapy group, 

significant decline in left ventricular ejection fraction occurred in the placebo 

group.  
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Chapter 1 

Introduction and Purpose 

__________________________________________________________________ 

1.1 Introduction 

Forty-five percent of men and 39% of women will be diagnosed with a 

malignancy at some point in their life(1). Given improvements in the 

understanding of cancer biology, improved detection and the use of novel 

adjuvant therapies, increasing numbers of Canadians survive a cancer diagnosis.  

Notably, the number of cancer survivors is increasing at twice the rate of new 

cancer diagnoses(2). These statistics confirm that cancer may be a ‘chronic’ 

disease that many Canadians will experience and survive, however a chronic 

condition that often requires complex medical management and care coordination 

over many years.  

Breast cancer is the most common malignancy among females, and the 

second leading cause of cancer death among Canadian women(1).  Research in 

tumor growth-signaling pathways has led to the discovery of human epidermal 

growth factor receptor 2 (HER2 or, HER2neu), a member of a trans-membrane 

tyrosine kinase receptor family including HER1, HER3 and HER4. These 

receptors have multiple activities including cell growth and survival regulation, 

adhesion, migration and differentiation(3). With the exception of HER3, each 

receptor has an extracellular binding domain and an intracellular tyrosine kinase 

domain(4). With activation, the signaling cascades of these receptors promote 

cellular proliferation and survival via transcription factor nuclear factor –kappa 
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beta and the phosphatidylinositol 3 kinase-Akt (PI3K-Akt) kinase signaling 

pathway. “Over-expression” of HER2 is observed in approximately 20% of all 

breast malignancies; rather than two copies of the gene per cell, as many as 50 – 

100 gene copies per cell may be present. As a result, kinase activity is greatly 

enhanced, resulting in greatly increased cell signaling, proliferation and potential 

to metastasize to other regions of the body(5). Accordingly, tumor HER2 over-

expression is understood as a predictor of disease relapse and shorter survival(6); 

as such, HER2 inhibition has presented an attractive target for cancer drug 

therapy.  

Consequently, trastuzumab (Herceptin®) a humanized monoclonal 

antibody was specifically developed. In combination with chemotherapy, women 

receiving first-line treatment for metastatic breast cancer experienced significantly 

longer time to disease progression, higher rate of response, longer duration of 

response, and improved overall survival(7). This was the pivotal study 

demonstrating the effectiveness of trastuzumab, and also the first clinical 

experience revealing the potential for significant cardiotoxicity associated with 

trastuzumab therapy. Clinical signs and symptoms of heart failure (HF) occurred 

in 27% of the group given anthracycline, cyclophosphamide, and trastuzumab and 

13 percent of the group given paclitaxel and trastuzumab. As a result, activities of 

cardiac HER2 attracted attention once these deleterious effects became evident.  

Notably, the signaling proteins and pathways affected by trastuzumab 

(transcription factor nuclear factor –κB and PI3K-Akt)  are now understood to 

protect myocardial cells during stress by inhibiting apoptosis(8, 9)  Overall, the 
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anti-cancer activities of HER2 pathway inhibition, including promotion of 

angiogenesis, cell apoptosis and inhibition of metastases, are the same vital 

pathways in the myocardium influencing cell survival in the presence of stress, 

ischemia, hypertension or advancing age(8).  

Nonetheless, in patients with HER2 overexpressing (HER2+) breast 

cancer, trastuzumab-based chemotherapy is standard of care and a vital treatment. 

In multivariate analysis of HER2 status, treatment and survival among 2091 

women with stage IV breast cancer, receiving trastuzumab was shown to decrease 

risk of death by 44% among HER2+ women compared to HER2 normal (HER2-

)(10), thus altering high-risk disease into lower risk. Meta-analysis of 5 

randomized, controlled trials of women with early breast cancer (EBC) receiving 

trastuzumab-based chemotherapy regimens showed significant reductions in 

mortality, disease recurrence, rates of metastases and secondary tumors when 

compared to non-trastuzumab regimens(11). Notably, the likelihood of 

cardiotoxicity was 2.5-fold higher in trastuzumab treatment arms, compared to 

non-trastuzumab regimens.  The Cochrane group conducted a review of the 

trastuzumab randomized controlled trials (RCT) in the adjuvant setting, which 

included 11, 991 patients participating in 8 trials. Hazard ratios for overall 

survival and disease-free survival favored trastuzumab vs non-trastuzumab 

regimens (hazard ratio 0.66, p < 0.00001; hazard ratio 0.60, p < 0.00001, 

respectively)(12). However, there was a fivefold increase in the relative risk of 

heart failure (HF) and near doubling risk of left ventricular ejection fraction 

(LVEF) decline. Importantly, the risks may be considerably higher in the 
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community, among patients whom may not have met the clinical trial criteria. 

Bowles et al performed a population-based study of 12,500 breast cancer patients 

and incidence of HF and/or cardiomyopathy, observing a hazard ratio of 4.12 for 

trastuzumab therapy alone, and 7.19 for anthracycline plus trastuzumab five years 

following treatment initiation(13). Taken together, trastuzumab-related 

cardiomyopathy in both the short and long-term survivorship course presents a 

major clinical issue.  

1.2 HER2 signaling and cardiac remodeling/cardiotoxicity 

The target presented by HER2 pathway inhibition  is one of the same vital 

pathways in the myocardium influencing cell survival in the presence of stress, 

ischemia, hypertension or advancing age(8). After infancy, the human heart 

develops by enlargement of cardiac myocytes rather than replication.  The adult 

heart will change shape of myocyte arrangement, or ‘remodel’ in response to 

physiologic or pathologic stimuli. LV remodeling has been traditionally described 

as ‘concentric’ or ‘eccentric’. Concentric hypertrophy represents an increase in 

LV wall thickness and mass while eccentric hypertrophy is associated with an 

increase in LV chamber volume and mass. Both remodeling patterns  occur in 

response to pressure or volume loading, respectively, in health(i.e. athletes heart) 

or disease states such as HF(14). Physiologic LV remodeling occurs in response 

to increased systemic demand (i.e., regular exercise or pregnancy). In response to 

activities creating a pressure load (i.e., wrestling), myocyte cell thickness 

increases by addition of sarcomeres in parallel, resulting in increased LV wall 

thickness and mass.  With increased volume loading LV chamber enlargement 
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may occur, or ‘eccentric’ hypertrophy, further enhancing cardiac pump efficiency. 

In this setting, the LV is enlarged by sarcomeres added in series, increasing 

myocyte cell thickness. Additionally, chronic exercise promotes adaptation of the 

collagen network supporting the myocytes, enhancing LV function by facilitating 

efficient myocyte shortening. Physiologic remodeling is also reversible, for after 

pregnancy or prolonged withdrawal from exercise habits, cardiac size and 

function returns to the baseline state without negative consequences. Taken 

together, physiologic remodeling, both eccentric and concentric, contributes to 

proportional LV chamber development and enhanced cardiac pump function 

(Figure 1.1).  

Pathologic LV remodeling is an established indicator of cardiac insult, 

which progresses to worsening cardiac function and overt HF(15-17). Four major 

contributors to remodeling include negative changes to cardiac myocyte 

structures, proliferation of fibroblasts, degradation of collagen and pathologic 

apoptosis. In response to insult, cardiac myocyte numbers decrease (necrosis and 

apoptosis) while remaining myocytes become elongated as new sarcomeres are 

added in sequence resulting in eccentric remodeling.  With lengthening and 

weakening of the LV wall, increased wall stress occurs, increasing oxygen 

demand and ischemia. In response to ischemia and myocyte loss, fibroblasts are 

stimulated, promoting collagen synthesis and the development of LV fibrosis. 

With excess collagen, a stiff, fibrotic LV results, with impaired conduction and 

reduced capillary density.  Stiffening of the LV results also in impaired relaxation, 

with decreased filling (diastolic dysfunction) and impaired contractility (systolic 
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dysfunction). With progressive myocyte loss, increasing fibrosis and reduced 

capillarity, oxygen transport is eventually impaired, leading to cardiac ischemia. 

Finally, overall cardiac pump performance is sufficiently compromised for the 

patient to become symptomatic with transition to HF(18).  

Elegant preclinical studies have demonstrated the essential role of HER2 

in cardiomyocyte survival and stress adaptation, with mutation or gene deletion 

leading to dilated cardiomyopathy (increased LV cavity size and decreased 

LVEF, Figure 1.2)(19, 20).  The best-described signaling pathway mediating 

physiological and pathological cardiac remodeling is the PI3K/Akt pathway, in 

part activated by extracellular HER2 signaling. The importance of the PI3K 

enzyme family is increasingly recognized, with roles in cell growth, survival, 

differentiation and proliferation(14). Of the 3 classes, Class 1 PI3K subtypes 

(p110alpha, p110beta and p100gamma) are highly expressed in the heart. 

Importantly, McMullen et al highlighted the vital and distinct activities of PI3K, 

showing in preclinical studies that p110alpha is implicated in physiologic 

exercise-induced cardiac growth, but not pathologic hypertrophy(21). The Akt 

family is known to be involved in various cellular processes, including 

survival/anti-apoptosis, cell cycle activities, metabolism and protein 

synthesis(22). In blocking the PI3K/Akt pathway, trastuzumab may negatively 

impact cardiomyocyte survival, additionally the Ras/Raf/MEK/MAPK/VEGF 

pathway also effected by trastuzumab blocks normal cellular proliferation 

activities and angiogenesis(23) (Figure 1.3).  Also, roles are emerging for HER2 

dependent activation of kinases implicated in cell-cell contact, suggesting 



7 
 

potential activities in the maintenance /repair of cardiac electrical and mechanical 

coupling(3).  

Loss of cardiomyocytes may initiate LV remodeling and negative 

adaptation, including activation of the renin-angiotensin-aldosterone system and 

fibrosis(24). Pathologic cardiac remodeling precedes systolic dysfunction and in 

response to chronic loading LV mass initially increases to normalize wall stress, 

however if wall stress is not reduced, compensatory LV dilation occurs as well as 

a concurrent decrease in contractile function leading to overt HF(15, 16, 25)  In 

the general population, HF is a lethal condition, with an approximately 50% five-

year mortality rate(26-28).  Overall, the activities of this pathway play a critical 

role in cardiac remodeling, hypertrophy and cardiac morbidity/mortality in 

humans. 

1.3 Issues in detecting cardiotoxicity: clinical detection and imaging  

1.3.1 Clinical detection of cardiotoxicity 

Routine approaches in detecting cardiac toxicity associated with breast 

cancer treatment include clinical examination and diagnostic imaging. However, 

the cardinal symptoms of HF (dyspnea, fatigue and edema) are also common in 

cancer patients(29, 30), and prove challenging for the practitioner to distinguish 

from cardiac causes. Further, regular symptom inquiry(31, 32), routine vital sign 

measurements, and identification or management of cardiac risk factors(33, 34) 

are not routinely attended to in the oncology outpatient clinic. Patients’ reports of 

fatigue and dyspnea are frequently overlooked (38% and 77% of the time, 

respectively) by health care professionals(32). Basch et al conducted a paired 
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study of patients and physicians reporting of common symptoms on the Common 

Terminology Criteria for Adverse Events (CTCAE), finding agreement was 

higher for symptoms that could be observed directly, such as vomiting and 

diarrhea, than for more subjective symptoms, such as fatigue and dyspnea(35). 

Therefore, clinical and sub-clinical cardiotoxicity remains undetected in the 

majority of patients. 

1.3.2 Diagnostic imaging to detect cardiotoxicity 

In the oncology clinic, determination of cardiotoxicity (and decision-

making regarding initiation or ongoing therapy) is guided by resting LVEF, with 

the lower limit of normal generally accepted at 50%(36, 37). In the clinical 

practice setting, asymptomatic cardiac dysfunction is observed in 20 - 25% of 

patients during one-year of trastuzumab therapy. Chia et al reported that in 

unselected EBC patients receiving sequential chemotherapy with trastuzumab, 

21.6% of women experienced a cardiac event, requiring temporary or permanent 

discontinuation of trastuzumab(38). Jassal et al observed similar dysfunction rates 

with 10/42 women (25%) developing trastuzumab-related cardiotoxicity, 

requiring discontinuation of treatment(39). Given that trastuzumab is prescribed 

in the EBC setting with the aim of improving long-term survival, dose reductions, 

delay or discontinuation due to cardiotoxicity are potentially life-threatening 

events, from the competing risks of cancer and/or cardiac mortality(40).  

Multiple-gated acquisition (MUGA) or echocardiography are clinically 

available imaging modalities for baseline screening and ongoing monitoring of 

cardiotoxic effects of anti-cancer therapy, with LVEF the sole metric routinely 
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considered in the oncology clinic. Given that LVEF is load and rate dependent, 

marked changes in LV size (cavity dilation) can occur to compensate for a decline 

in contractile function, resulting in no absolute change in LVEF. Further, MUGA 

cannot determine evolving LV remodeling, a particular challenge in patients with 

diastolic dysfunction, frequently represented by older females with cardiovascular 

risk factors ie breast cancer patients(41).  Diastolic HF, also termed ‘heart failure 

with preserved ejection fraction’ accounts for 50% of HF cases, with outcomes 

equally dismal as that of systolic HF(42). Reduced LV systolic function is now 

recognized as a late effect of cardiotoxic drug exposure and not detectable by the 

usual imaging modalities until significant damage has already occurred(43). 

Unfortunately, MUGA and echocardiography are limited by poor accuracy, 

reproducibility and resolution(44) and are often insensitive to early negative 

changes in cardiac function and remodeling. Cardiac magnetic resonance imaging 

(cMRI) is considered the “gold standard” for quantifying LV volumes and 

LVEF(45-47). cMRI is considered a powerful research tool, as the high accuracy 

and reproducibility of cardiac measures allows significant reduction of sample 

size in the population of interest(46, 48).  Importantly, patterns of remodeling can 

be readily determined by cMRI. Given the established limitations of other 

imaging modalities, cMRI offers the capacity to better detect subtle abnormalities 

and evolution of heart dysfunction related to cancer therapy; further, cMRI is the 

reference standard to which enhancements to other modalities should be 

compared.  
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 Taken together, relying on LVEF decline by conventional imaging or 

overt clinical symptoms limits detection of cardiotoxicity to the late stage of 

disease process, if detected at all, and increases the likelihood of irreversible 

injury. Unfortunately, improvement in cardiac dysfunction is not always possible.  

Cardinale et al showed a four-fold decrease in the chance of complete recovery 

from cardiac dysfunction for each doubling in time-to-HF treatment(49), 

emphasizing the urgency for early monitoring and intervention, as well as the 

need for research into preventive strategies. 

1.3.3 Population and long-term impacts of trastuzumab exposure 

Another major issue is apparent regarding long-term effects of 

trastuzumab-based therapy. Health Canada provided Notice of Compliance for 

trastuzumab in the adjuvant treatment of breast cancer on 18 October 2006(50). 

Since then, approximately 5000 Canadians per year have been exposed to 

trastuzumab-based therapy. Some investigators postulate trastuzumab-associated 

cardiotoxicity as muscle ‘stunning’, similar to myocardial infarction and 

reversible(51, 52).  However, this assertion is based on retrospective reviews of 

small numbers of select cases, and as such remains unproven. To date, no 

prospective studies with sufficiently sensitive testing ie cMRI to accurately 

distinguish long-term cardiotoxicity have been undertaken. Accordingly, the true 

prevalence of clinical and subclinical cardiotoxicity in treated survivors is 

unknown.  Furthermore, interventions that may prevent cardiotoxicity during 

trastuzumab-based breast cancer therapy, such as exercise or pharmacotherapy, 

warrant study and form the basis of this thesis. Against this background, the 
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overarching theme of this thesis is to examine the short and long-term effects of 

trastuzumab-based therapy on LV morphology and function in breast cancer 

patients.  

1.4 Study 1: Long term effects of trastuzumab on left ventricular function 

and aerobic capacity in women with HER2 overexpressing breast 

cancer.  

 Guidelines recommend lifestyle modifications as primary approaches in 

treating stage A HF, defined as patients at high risk but without structural heart 

disease or HF symptoms(53).  Moreover, aerobic training has been shown to 

attenuate LV remodeling in clinically stable HF patients(54). We previously 

assessed the effects of four months of aerobic training during trastuzumab-based 

chemotherapy in EBC patients(55). Following baseline cMRI and 

cardiopulmonary (VO2peak) exercise testing, a supervised exercise training 

program was provided to participants, with re-evaluation with cMRI and VO2peak 

at the 4 month time point. Participants continued their adjuvant trastuzumab-

based chemotherapy during the study period according to routine clinical care. 

The primary finding was that 4 months of trastuzumab therapy was associated 

with an increase in LV volumes and decreased LVEF in spite of the exercise 

intervention (55).  As a logical extension of this work, in the first study of this 

thesis, LV morphology and function and aerobic capacity were assessed 4 years 

following completion of trastuzumab-based therapy.  

1.5 Study 2: A prospective evaluation of LV remodeling among breast 

cancer patients receiving trastuzumab-based chemotherapy and 



12 
 

randomized to receive conventional heart failure pharmacotherapy or 

placebo. 

 Importantly, the work of our group and others has shown that 

trastuzumab-related LV remodeling and/or cardiotoxicity occurs early(39, 55, 56) 

and potentially conveys long-term negative consequences, highlighting the need 

for preventive maneuvers. National evidence-based guidelines recommend HF 

pharmacotherapy in patients with LV remodeling(53, 57), and therapies aimed at 

reversing this process have been associated with clinical benefit(58). Angiotensin-

converting enzyme inhibitors (ACEI) slow progress of LV dilation, reducing 

preload and afterload, reducing sympathetic activation and preventing angiotensin 

II from exacerbating further remodeling(59). Angiotensin-receptor blocking 

agents (ARB) are considered second-line therapy for patients unable to tolerate 

ACEI, usually due to bothersome cough. Beta-blocker (BB) cardio-inhibitory 

effects (chronotropy and inotropy) have been shown to improve LV function and 

reduce mortality in HF patients; while the mechanism is not understood, blockade 

of excessive and chronic sympathetic influences may alleviate further 

exacerbation/remodeling(59). Accordingly, in the second study of this thesis, the 

effects of that standard HF pharmacotherapy compared to placebo in preventing 

LV remodeling during the first three months of trastuzumab-based therapy was 

studied.   
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Figure 1.1: Patterns and characteristics of cardiac remodeling, adapted from 

Bernardo(60). 
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Figure 1.2:  Left ventricular morphology and function in erbB2 wild-type and 
conditional knock-out mice. Adapted from Crone (19). 
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Figure 1.3: Potential effects of trastuzumab on the heart  
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Chapter 2 
 

Long term effects of trastuzumab on left ventricular function and aerobic 

capacity in women with HER2 overexpressing breast cancer 

_________________________________________________________________ 

2.1 Introduction 

Trastuzumab is a proven therapy for HER2+ breast cancer, improving overall 

survival compared to non-trastuzumab containing chemotherapy regimens(1, 2). 

As a result of these and other highly effective adjuvant therapies, five-year 

survival rates approach 88% among EBC patients(3). Another consequence of this 

favorable response is that cardiovascular disease is now the major cause of death 

in EBC survivors(4), therefore, a need for improved understanding of the 

increasing risks and rates of late-onset effects are warranted. Short-term effects of 

trastuzumab on LV remodeling (LV dilation and decline in LVEF) may, over 

time, progress to further LV dysfunction, reduced exercise tolerance and overt 

HF(5-7), highlighting the need for long-term study of these metrics.  

Our group previously evaluated the effects of four months of aerobic 

training on LV remodeling during trastuzumab-based chemotherapy in EBC 

patients(8). In brief, following baseline cMRI and cardiopulmonary (VO2peak) 

exercise testing, a supervised aerobic exercise training program was provided to 

participants, with re-evaluation with cMRI and VO2peak at the 4 month time point. 

Participants continued their adjuvant trastuzumab-based chemotherapy during the 

study period according to routine clinical care. The primary finding was that 4 
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months of trastuzumab therapy and aerobic training was associated with an 

increase in LV volumes and decreased LVEF(8).  

Currently, the long-term sequelae of trastuzumab-related LV remodeling 

remain unknown. As an extension of this prior work, a follow-up study was 

performed to determine the long-term effects of trastuzumab-based 

chemotherapy, examining LV remodeling, and aerobic  capacity. Given decision-

making in the oncology clinic is guided by LVEF, our primary outcome of 

interest was change in LVEF from baseline, while secondary outcomes included 

patient reported symptoms and cardiovascular risk profile.  Further,  as aerobic 

training has been shown to be an effective intervention in improving peak VO2 in 

clinically stable HF patients that adhere to prescribed training sessions,(9) a sub-

analysis comparing those who adhered (ADH)  to the exercise intervention during 

the original study (defined as 80% or greater attendance to the exercise program) 

vs those who did not adhere to training (NAD) was performed(9).   

2.2 Methods 

2.2.1 Participants  

Seventeen women with histologically confirmed HER2 overexpressing early 

breast cancer who participated in the 2009 study were contacted by telephone to 

explain the project and establish interest in participation. Exclusion criteria 

included: recurrent malignancy, contraindication to MRI (i.e., metal implants) or 

unwillingness or inability to undergo study-related testing. Upon arrival at the 

research center, study procedures were reviewed in detail and written informed 

consent was obtained. Vital signs, height and weight, medication history and 
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functional status(10) were evaluated. Ethics approvals were secured from the two 

relevant Boards. 

2.2.2 Cardiac MRI LV morphology and function.  

Assessment of LV volumes, mass, and LVEF was performed with a 1.5 Tesla 

Magnetom Sonata scanner (Siemens Medical Solutions). Steady-state free 

precession cine techniques acquired parallel, 8-mm-thick short-axis slices (plus a 

2-mm gap) throughout the LV. Standard post-processing software (Syngo 

MR;Siemens) was used to calculate LV volumes, mass and function from 

baseline, 4 month and 4 year scans. Heart rate and blood pressure were monitored 

throughout the examination.  

2.2.3 Cardiopulmonary (VO2peak) exercise testing.  

This test was performed on an electrically braked cycle ergometer;  power output 

was initiated at 15 W and increased by 15 W every 2 min. HR, BP, rate of 

perceived exertion (RPE), and expired gas analysis was measured.  The highest 

oxygen consumed over a 1-min period determined the VO2peak score.  

2.2.4 Statistical considerations 

Descriptive statistics were obtained for all study variables. Mean and 

standard deviations were reported for continuous variables, frequency and 

proportions were reported for categorical variables. One way analysis of variance 

was used to compare the means of the continuous variables between two or more 

groups. For post hoc comparison between the groups Tukey’s tests were used. 

Independent t-tests were used to compare the mean difference between two 
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groups.  All analysis was conducted using SPSS version 19 (IBM SPSS 

Statistics). A p-value ≤ 0.05 was considered for all statistical tests.  

2.3 Results 

2.3.1 Participant characteristics 

From March 2012 to June 2012, 16 of the 17 eligible women agreed to 

participate in the study and attended the clinic for study-related testing (Table 

2.1).  All 16 women underwent cardiac MRI and VO2peak testing, with no adverse 

events.  

The subjects’ mean age was 58 ± 7 years, with nearly four years elapsing 

since completion of trastuzumab therapy. Eight participants had received 

anthracycline-containing regimens. Three patients did not complete the entire year 

of trastuzumab therapy due to LVEF decline, two in the NAD group and one in 

the ADH group. Two participants were receiving their final year of tamoxifen.   

All reported full functional status (KPS(10)) and denied any symptoms limiting 

their usual activities of daily living. None reported an adverse cardiac event (MI 

or stroke) nor clinical diagnosis of HF since their anti-cancer therapy. Two 

participants were current smokers, 4 were ex-smokers with the remainder never-

smokers. One participant had succeeded in quitting smoking since the original 

study. The mean BMI was 26.5 ± 8 compared to 26.4 ± 9 at baseline, p = 0.9. 

Antihypertensive therapies (ACEI, beta-blocker or ARB) were prescribed for 5 

participants, compared to 3 at baseline. Two were receiving treatment for type 2 

diabetes (one at baseline), two received lipid-lowering agents (one at baseline) 

and one received both antihypertensive and lipid-lowering therapy.  
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 The ADH group consisted of six of the 16 participants who attended at 

least 80% of the prescribed sessions; of these, three women received 

anthracycline-based regimens and two received left breast/chest wall 

radiotherapy. The ten patients in the NAD group attended an average of 50% of 

the exercise sessions. Of these, four patients received anthracycline-containing  

therapy and three received left breast/chest wall radiotherapy.   

2.3.2 Cardiac MRI LV morphology and function 

Left ventricular ejection fraction  significantly decreased from baseline to 

4 months, and returned to baseline at the 4-year  timepoint.  Left ventricular end-

systolic volume significantly increased from baseline to 4 months (54 ± 11 versus. 

68 ± 12, p = 0.02) followed by a 15 mL reduction after 4 years compared to 4 

months (68 ± 12 versus 52 ± 15, p = 0.003).  Left ventricular end-diastolic volume  

was significantly lower when comparing 4 month and 4-year measures, with an 

absolute volume difference of approximately 25mL (153 ± 20 versus 128 ± 27, p 

= 0.002).  A 10% difference in longitudinal strain was found at 4 months 

compared to baseline (-17.4 ± 2.2 versus -15.7 ± 2.1, p = 0.05), returning to 

baseline values at 4 year testing.  LV mass was significantly reduced at 4 years 

versus baseline.   No significant difference was found in LVSV or LV 

mass/volume ratio across timepoints (Table 2.2).  

Examining the results by exercise adherence, LVEF was not significantly 

different when comparing 4-year testing with baseline and 4 month observations 

for either group (Tables 2.3 and 2.4). Left ventricular end diastolic  volume 

decreased in the NAD group by 26mL from 4 months to 4-years (p = 0.06) while 
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LVESV was significantly different from baseline and 4 months and  4 months to 4 

years ( +13mL and -15mL, p = 0.03 and p = 0.02,  respectively). Lastly, a 13% 

decrease in longitudinal strain was observed from baseline to 4 months in the 

NAD group, that persisted at the 4 year evaluation.  

2.3.3 Cardiopulmonary exercise and hemodynamics 

No statistically significant differences were observed for the entire group 

for peak VO2 (L/min or ml/kg/min), power output, heart rate, systolic blood 

pressure, rate of perceived exeetion, or respiratory exchange ratio (Table 2.5). 

Diastolic blood pressure  increased after 4-years compared to the 4 month (89 ± 9 

versus 81 ± 7 mmHg, p = 0.02).  Exercise outcomes by adherence revealed a 

higher peak VO2 (L/min) in the ADH between baseline and 4 months (p = 0.08, 

Table 2.6).  Peak diastolic blood pressure DBP in the NAD group was 

significantly different in 2012 versus 4 months, with an absolute difference of 

13mmHg (p = 0.01, Table 2.7).   

2.4 Discussion 

2.4.1 Long-term effects of trastuzumab on LV morphology and function 

Currently, the long-term effects of trastuzumab-based therapy on LV 

remodeling and exercise capacity are not known. We performed a cross-sectional 

study of 16 female breast cancer survivors to determine the long-term effects of 

trastuzumab-based chemotherapy, examining LV remodeling and aerobic  

capacity. Our primary outcome, LVEF assessed by cardiac MRI, declined 

signficantly by 6% at the 4 month timepoint vs baseline, and returned to baseline 

values 4 years post trastuzumab therapy. Exercise adherence did not alter this 
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finding.  This result is  consistent with longer term observations reported by the 

investigators of the pivotal breast cancer studies, suggesting that LVEF recovers 

over time (2, 11, 12).  However, LVEF may be an insensitive measure of gradual 

remodeling of the LV.  Rather, assessment of LV volumes is important in the 

early detection and characterization of LV remodeling(5, 6).   

Accordingly, the key findings of this study are the observations of long-

term and significant alterations in LV geometry following trastuzumab exposure. 

Detrimental LV remodeling is established as an early indicator of cardiac injury, 

which progresses to worsening cardiac function and overt HF(5-7). We observed 

acute LV dilatation at 4 months, reflected by increases in LVEDV and LVESV 

(15mL and 14mL, respectively). This was followed by statistically significant 

decrease of LV volumes after 4-years of cessation of trastuzumab therapy, with 

LVEDV decreasing by 25mL and LVESV by 16mL (Figures 2.1, 2.2).  Changes 

in LV mass also occurred, with a 5g increase from baseline at 4 months, followed 

by a statistically significant 14g decrease at 4 years (Figure 2.3). These alterations 

may be explained by two processes. Cardiomyocytes represent the approximately 

75% of cardiac tissue volume(13). ErbB2 inhibition blocks the Akt pathway, an 

established cardiomyocyte growth-promotion and anti-apoptotic regulator(14). 

Furthermore, PI3K is intimately associated with Akt activities, and has an 

established role in physiologic cardiac hypertrophy(15) (16).  Inhibition of these 

pathways could potentially result in cardiomyocyte apoptosis, contributing to 

decreasing cardiac mass. As a result, loss of mass with thinning LV walls could 

potentially lead to eccentric hypertrophy and LV dilation over time.  
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Secondly, alterations in LV mass and volumes could be explained by the 

effect of chronic physical inactivity over time. Dorfman et al used cardiac MRI to 

examine cardiac mass and volumes in 24 healthy females before and after 60 days 

of head-down-tilt bedrest(17). Subjects were randomized to no intervention, 

supine treadmill and resistance training or protein supplementation.  In the 

subjects randomized to the exercise intervention, LV mass was preserved and 

negative remodeling was prevented, however, in the control group significant 

decreases in LV mass and LV volumes were observed. Sedentary lifestyle is 

highly prevalent in breast cancer patients. In a long-term study of 631 breast 

cancer survivors, Mason et al observed that before diagnosis, 34 percent of the 

women met U.S. physical activity guidelines, dropping to 21.4 percent at 10 

years(18). Similar negative lifestyle patterns could explain the findings observed 

here. Indeed, peak VO2 remained unaltered in the non-adherent subjects at all 

testing points. 

Aside from 4-year LVESV in the nonadherence group, we did not observe 

significant interactions of exercise adherence on LV geometry. McMullen’s 

preclinical work showed that p110alpha is implicated in physiologic exercise-

induced cardiac growth(19), suggesting a theoretical opportunity to offset 

trastuzumab’s inhibition of this important pathway(20). It is also possible that 

exercise habit could up-regulate VEGF, enhance cardiac capillarity, and attenuate, 

to some degree, subclinical fibrotic remodeling(21).   However, preclinical 

observations may not apply in humans, specifically breast cancer patients 

receiving chemotherapy, additionally complicated by the multiple toxic therapies 
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administered concurrently with exercise. Further, even with adherence to exercise, 

intensity of effort may not be sufficient to offset direct and indirect cardiotoxic 

effects. Finally, it is likely, given the redundancy of cellular signaling pathways 

(and the importance of PI3K/Akt) that escape pathways exist, hampering 

remediation of toxicity by any single intervention. 

  Reduced LV mass has been reported in long-term imaging studies of adult 

survivors of pediatric malignancy. In 156 survivors at a median 11 years, 

echocardiography revealed decreased LV mass and LV wall thickness(22).  

Armstrong et al performed cMRI and echocardiography in 114 survivors a 

median 28 years after diagnosis, observing 48% with reduced cardiac mass(23).  

These findings were even more pronounced in those patients who received 

anthracyclines, even at conservative doses of 150mg/m2 or less. Here, reduced 

LVEF was observed in 27% and reduced cardiac mass in 56%. Importantly, in 

both studies cardiac abnormalities were also observed in survivors who did not 

undergo systemic or radiation therapy, suggesting a complex interplay between 

malignancy, cardiovascular disease and effects of lifestyle factors (Figure 2.4). 

Preclinical work is necessary to elucidate these phenomenon, for current 

understanding suggests the same gene pathways are activated, regardless of 

whether the heart hypertrophies or atrophies(24).  

Loss of LV mass may also represent cardiac muscle wasting (atrophy) or 

accelerated cardiac aging. Loss of skeletal muscle mass (termed cachexia or 

sarcopenia) has been documented in the elderly, HF patients(25) and across the 

cancer continuum(26, 27), however little attention has been paid to cardiac 
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muscle atrophy. In an elegant murine model study, Cosper et al showed that 

presence of malignancy causes a loss of cardiac mass, associated with decreased 

cardiac myocyte size(28). Further, fibrosis was significantly increased in both 

male (50% ) and females (65%). Notably, in spite of extensive cardiac muscle 

loss, no change in ejection fraction was observed in M-mode 

echocardiography(28). These observations not only confirm the effects of cancer 

on both skeletal and cardiac muscle, but that LVEF drop does not occur until 

significant impairment has occurred. 

The potential contribution of aging in this population also warrants 

consideration. Aging is associated with progressive fibrosis occurring in multiple 

organ systems(29) which, even in healthy older individuals, is associated with 

gradual structural and functional alterations. Typically, increased LV mass is 

observed with age, attributed to fibrotic remodeling and response to peripheral 

vascular stiffening and increased hemodynamic load(30). However, this increase 

in mass is accompanied by age-related senesence of functional cardiomyocytes. 

Potential interactions may influence the evolution of LV mass in cancer survivors,  

such as baseline individual risk factors, the type of anti-cancer therapy received, 

gender and lifestyle before, during and after therapy. Large scale studies of these 

factors are necessary to elucidate these interactions.  

Longitudinal strain decreased from baseline to 4 months, and persisted 4 

years later in the nonadherence group. Novel measures such as longitudinal strain 

may be early indicators of cardiac dysfunction. In serial echocardiography in 35 

breast cancer patients receiving trastuzumab-based chemotherapy, a decrease in 



37 
 

longitudinal strain rate was observed in 18 (51%) patients; 5 of these patients 

experienced LVEF reduction concurrently or within 20 months follow-up(31). In 

43 breast cancer patients receiving anthracycline and trastuzumab-based 

chemotherapy, Sawaya et al showed that early decrease in myocardial strain 

(baseline to 3 month assessment) was an independent predictor of later 

cardiotoxicity (32). Here, a decrease of longitudinal strain by >10% at 3 months 

predicted those patients who developed a significant decrease in LVEF at 6 

months.  We observed a greater than 10% decrease in strain from baseline to 4 

months, which persisted in 2012 in the nonadherence group. It is possible that the 

exercise intervention, even with less than optimal participation, provided some 

degree of initial cardioprotection. Further study of this particular metric is 

warranted.  

2.4.2 Long-term effects of trastuzumab on cardiopulmonary function 

Another key finding is that, on the background of normal LVEF, we 

showed that significant impairment of cardiopulmonary function remains an 

average of four years after adjuvant trastuzumab-based chemotherapy. The 

average VO2peak of 22.4 ml/kg/min in this group of women, mean age 58, is 

equivalent to that of a 72 year old sedentary female(33). These findings are 

similar to our previous observations in breast cancer populations, where VO2peak is 

consistently and significantly impaired, regardless of the timing of assessment 

(before or after definitive therapy, survivorship period)(34).  In a pooled study of 

248 breast cancer patients across the disease continuum, we observed that 

approximately one third of breast cancer patients have a VO2peak lower than 15.4 
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ml/kg/ml (threshold for independent functioning) and reach a predicted age-

related VO2peak approximately 20 to 30 years earlier than healthy women. We also 

performed a meta-analysis of the published literature on RCTs of exercise 

interventions in cancer patients, with VO2peak as the gold standard measure. Here, 

exercise training was associated with a variety of healthful benefits, and a modest 

but statistically significant VO2peak (weighted mean difference = +2.90 mL kg/min 

relative to sedentary control group subjects(35).  

Notably, we observed that adherence to exercise resulted in higher VO2peak 

measures at 4 months and 4 years, with a 4.1 mL/kg/min difference between ADH 

and NAD. The clinical importance of this difference in this specific population is 

unknown, however, Gulati found mortality risk decreases by 17% for every 1-

MET (3.5 mL/kg/min) difference in aerobic capacity in healthy females(36). 

Further, this difference in VO2peak was observed on a background of stable HR 

and lower LVEF, implying a non-cardiac contribution i.e. skeletal muscle. Similar 

findings have been observed in elderly patients with heart failure and preserved 

ejection fraction. Haykowsky et al studied 40 elderly patients after 4 months of 

supervised endurance training compared to controls, observing improved peak 

VO2 in trained vs controls (16.3 +/- 2.6 vs 13.1 +/- 3.4 ml/kg/min)(37). 

Importantly, this was observed on a background of improved peak A-VO2 diff but 

no significant improvements in peak LVEDV, stroke volume or cardiac output. 

This key finding suggests improved skeletal muscle functioning as a result of 

exercise training, and that rather than cardiovascular improvements, adaptations 

to other components of the oxygen cascade may be more important. Future work 
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should focus on better understanding of the contribution of both cardiovascular 

and systemic effects of exercise interventions.  

2.4.3 Strengths and limitations 

This study is the first to examine the long-term effects of trastuzumab 

using cardiac MRI and aerobic capacity. While access to both of these modalities 

may present challenges at some centers, both represent ‘gold standard’ measures 

of LV remodeling and cardiorespiratory function in this and other clinical 

settings. Further, cardiac MRI is established as a powerful research tool, given the 

high reproducibility of cardiac measures allowing a significant reduction in the 

sample size(38, 39). 

The main limitation of this project is the lack of healthy, age-matched 

controls with serial scanning performed at similar timepoints. This hampers our 

ability to elucidate the relative contributions of exercise, chemotherapy agents and 

aging. Further, late gadolinium contrast imaging was not available at the time of 

the original study, and given the lack of a baseline comparator, was not peformed 

in this follow-up project. Accordingly, our ability to examine other characteristics 

such as acute inflammation, scarring or evolving fibrosis was limited. Given our 

findings, future projects should include this additional imaging technique.  

 We did not administer a self-reported exercise measurement tool as none 

were administered as part of the original project. Further, given the design of this 

project no true control group was possible. Future projects would benefit by 

including a validated patient-reported outcomes tool completed at various 

timepoints, and in the years of survivorship to further examine the longer-term 
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effects of toxic cancer therapies. Additionally, prospective examination with 

randomized controlled trials would support the findings of such projects.  

2.4.4 Conclusions 

In summary, we found that, on a background of normal LVEF, long-term 

and significant alterations in LV geometry and significant impairment of 

cardiorespiratory function are present in EBC patients four years following 

exposure to trastuzumab-based chemotherapy. Adherence to regular aerobic 

exercise may attenuate these deleterious effects.  
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Table 2.1: Participant characteristics  

Median age, range  (years) 58 (47 – 76) 

Median time since last  trastuzumab infusion, range 

(years) 

3.9 (3.0 – 5.3) 

Mean chemotherapy dose, range (mg) 

 

Fluoruracil:  3887 (2850 – 5100) 

Epirubicin:  778 (564 – 1020) 

Doxorubicin:  462 (388 – 534) 

Cyclophosphamide:  4060 (1520 – 5900) 

Carboplatin:  3819 (2981 – 5443) 

Docetaxel:  650 (180 – 965) 

Trastuzumab:  6721 (1560 – 11,320) 

Mean left breast or chest wall radiotherapy dose, range  

(cGy), n = 4  

4875 (4500 – 6000) 

 

Current smoking status 10 = never, 4 = ex-smokers, 2 = current 

Karnofsky performance status 100% 

Mean hemoglobin, range (g/L) 140.0 (125 – 158) 

n=16  
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Table 2.2: LV morphology and function in breast cancer patients prior, 4 months and 4 years after trastuzumab therapy 

 Baseline 4 months 4 years Baseline vs 4 

months 

p-value 

Baseline vs 4 

years 

p-value 

4 months vs 4 

years 

p-value 

LVEF (%) 61 ± 5 55 ± 4 60 ± 6 0.04 0.88 0.12 

LVEDV (mL) 138 ± 27 153 ± 20 128 ± 27 0.21 0.47 0.02 

LVESV (mL) 54 ± 11 68 ± 12 52 ± 15 0.02 0.89 0.003 

LVSV (mL) 84 ± 20 85 ± 13 76 ± 16 0.97 0.35 0.25 

LV Mass (g) 78 ± 16 83 ± 14 69  ± 14 0.65 0.22 0.03 

M/V ratio 0.57 ± 0.06 0.54 ± 0.09 0.54 ± 0.05 0.63 0.59 0.99 

Long strain -17.4 ± 2.2 -15.7 ± 2.1 -16.3 ± 1.5 0.05 0.29 0.66 

n=16; Values are mean and standard deviation 

Abbreviations: LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left 

ventricular end-systolic volume; LVSV, left ventricular stroke volume; LV mass, left ventricular mass; M/V ratio, mass 

to volume ratio. 
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Table 2.3: LV morphology and function in exercise adherent breast cancer patients prior, 4 months and 4 years after 

trastuzumab therapy  

 Baseline 4 months 4 years Baseline vs 4 

months 

p-value 

Baseline vs 4 years 

p-value 

4 months vs 4 

years 

p-value 

LVEF (%) 58 ± 4 54 ± 5 59 ± 7 0.52 0.94 0.34 

LVEDV (mL) 125 ± 29 147 ± 22 123 ± 21 0.29 0.99 0.24 

LVESV (mL) 53 ± 17 68 ± 18 50 ± 14 0.30 0.96 0.20 

LVSV (mL) 72  ± 13 79 ± 6 73  ± 14 0.52 0.99 0.60 

LV Mass (g) 72 ± 11 79 ± 12 65 ± 11 0.52 0.52 0.09 

M/V ratio 0.59  ± 0.08 0.54 ± 0.06 0.53 ± 0.06 0.50 0.32 0.94 

Long strain -17.0  ± 1.9 -16.2  ± 2.9 -17.0 ± 2.0 0.83 1.0 0.82 

n=6; Values are mean and standard deviation 

Abbreviations: LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left 

ventricular end-systolic volume; LVSV, left ventricular stroke volume; LV mass, left ventricular mass; M/V ratio, mass 

to volume ratio. 
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Table 2.4: LV morphology and function in exercise non-adherent breast cancer patients prior, 4 months and 4 years 

after trastuzumab therapy 

 Baseline 4 months 4 years Baseline vs 4 

months 

p-value 

Baseline vs 4 

years 

p-value 

4 months vs 4 

years 

p-value 

LVEF (%) 62 ± 5 56  ± 4 60  ± 6.0 0.06 0.63 0.32 

LVEDV (mL) 146 ± 23 157 ± 19 131 ± 30 0.59 0.35 0.06 

LVESV (mL) 55 ± 7 68 ± 7 53 ± 16 0.03 0.93 0.02 

LVSV (mL) 91 ± 20 89 ± 15 78 ± 18 0.96 0.22 0.34 

LV Mass (g) 82 ± 18 85 ± 15 72 ±  16 0.90 0.39 0.20 

M/V ratio 0.55 ±  0.05 0.55 ± 0.11 0.55 ±  0.04 0.96 0.99 0.98 

Long strain -17.6 ± 2.5 -15.4 ± 1.5 -15.9±  1.04 0.03 0.09 0.82 

n=10; Values are mean and standard deviation 

Abbreviations: LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left 

ventricular end-systolic volume; LVSV, left ventricular stroke volume; LV mass, left ventricular mass; M/V ratio, mass 

to volume ratio. 
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Table 2.5: Peak exercise cardiorespiratory capacity and hemodynamics 

 Baseline 4 month 4 years Baseline vs  

4 months 

p-value 

Baseline vs  

4 years 

p-value 

4 months vs  

4 years 

p-value 

HR 166 ± 13 163 ± 16 158 ± 19 0.85 0.34 0.66 

SBP (mmHg) 183 ± 24 175 ± 24 172 ± 15 0.53 0.29 0.90 

DBP (mmHg) 86 ± 8 81 ± 7 89 ± 9 0.16 0.55 0.02 

RER 1.18 ± 0.10 1.20 ± 0.11 1.14 ± 0.08 0.83 0.50 0.21 

RPE (10 scale) 8.6 ± 1.7 8.8 ± 1.8 8.4 ± 1.4 0.97 0.81 0.68 

VO2 (L/min) 1.49 ± 0.39 1.58 ± 0.35 1.64 ± 0.30 0.76 0.43 0.85 

VO2 (mL/kg/min) 20.0 ± 4.3 22.0 ± 6.6 22.4 ± 5.0 0.44 0.55 0.98 

PO (watts) 103 ± 24 104 ± 22 120 ± 30 0.99 0.17 0.20 

 n=16 

Abbreviations: HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; RER, respiratory exchange 

ratio; RPE, rate of perceived exertion; VO2, oxygen consumption, PO, power output.  
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Table 2.6: Peak exercise cardiorespiratory capacity and hemodynamics in breast cancer patients who were adherent 

with exercise program  

 Baseline 4 month 4 years Baseline vs  

4 months 

p-value 

Baseline vs  

4 years 

p-value 

4 months vs  

4 years 

p-value 

HR 169 ± 13 162  ± 17 160  ± 18 0.76 0.63 0.97 

SBP (mmHg) 183 ± 11 182 ± 18 173 ± 10 0.99 0.44 0.50 

DBP (mmHg) 87 ± 6 83 ± 4  85 ± 8 0.67 0.90 0.90 

RER 1.23 ± 0.09 1.22 ±  0.14 1.14 ± 0.10 0.98 0.40 0.50 

RPE (10 scale) 8.8 ±  1.9 9.2 ± 1.2 8.0 ± 1.5 0.93 0.64 0.43 

VO2 (L/min) 1.32 ± 0.22 1.70 ± 0.34 1.62 ± 0.26 0.08 0.18 0.89 

VO2 (mL/kg/min) 20.9 ± 5.8 26.4 ± 5.9 24.9 ±  6.6 0.28 0.49 0.91 

PO (watts) 93 ± 17 100 ± 15   115 ± 29 0.82 0.20 0.47 

n=6 

Abbreviations: HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; RER, respiratory exchange 

ratio; RPE, rate of perceived exertion; VO2, oxygen consumption, PO, power output.  
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Table 2.7: Peak exercise cardiorespiratory capacity and hemodynamics in breast cancer patients who did not adhere 

with exercise program  

 Baseline 4 month 4 years Baseline vs  

4 months 

p-value 

Baseline vs  

4 years 

p-value 

4 months vs  

4 years 

p-value 

HR 165 ± 13 164 ± 16 157 ± 21 0.99 0.57 0.65 

SBP (mmHg) 183 ± 30 171 ± 27 171 ± 17 0.52 0.52 1.00 

DBP (mmHg) 86 ± 9 79 ± 9 92 ± 9 0.23 0.31 0.01 

RER  1.15 ± 0.10 1.19 ±  0.10 1.15 ± 0.06 0.58 0.97 0.43 

RPE (10 scale) 9.0 ±  0.816 9.1 ± 1.215 8.7 ± 1.38 1.0 0.99 0.99 

VO2 (L/min) 1.59 ± 0.44 1.50 ± 0.35 1.66 ± 0.33 0.87 0.92 0.65 

VO2 (mL/kg/min) 19.5 ± 3.8 19.4 ± 5.8 20.8 ± 3.33 0.99 0.77 0.74 

PO (watts) 110 ± 26 107  ± 30 123 ± 32 0.97 0.55 0.41 

 n=10 

Abbreviations: HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; RER, respiratory exchange 

ratio; RPE, rate of perceived exertion; VO2, oxygen consumption, PO, power output.  
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Figure 2.1: Effect of exercise adherence on resting LVESV (mL) 
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Figure 2.2: Effect of exercise adherence on resting LVEDV (mL) 
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Figure 2.3: Effect of exercise adherence on LV mass (g) 
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Figure 2.4: Potential factors involved in reduced LV mass in breast cancer 

patients 
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Chapter 3 

A prospective evaluation of LV remodeling in breast cancer patients 

receiving trastuzumab-based chemotherapy and randomized to receive 

conventional heart failure pharmacotherapy or placebo.  

 

3.1 Introduction  

Trastuzumab is a proven therapy for HER2+ breast cancer, improving 

overall survival compared to non-trastuzumab containing chemotherapy 

regimens(1, 2). As a result of these and other highly effective adjuvant therapies, 

five-year survival rates approach 88% among EBC patients(3). While trastuzumab 

is a vital anti-cancer therapy, significant cardiac safety concerns have been 

observed. In population-based studies, longer-term observations indicate fourfold 

increase of HF or cardiomyopathy in women who received trastuzumab alone, 

and sevenfold for anthracycline plus trastuzumab over time(4). Accordingly, 

detection and prevention of such negative sequelae are of great clinical interest. 

However, conventional imaging modalities routinely available in the oncology 

clinic are hampered by poor accuracy, reproducibility and resolution(5) and are 

insensitive to early negative changes in cardiac function and remodeling. Cardiac 

MRI is established as the gold standard for quantifying LV volumes and patterns 

of remodeling(6-8). Detrimental LV remodeling is established as an early 

indicator of cardiac injury, progressing to worsening cardiac function and overt 

HF in the general population(9-11).  In Study One, we observed LV remodeling 
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occurs as early as four months of trastuzumab therapy, in spite of lifestyle 

modifications i.e. aerobic exercise training(12).   

Overall, the work of our group and others has convincingly shown that 

trastuzumab-related LV remodeling and/or cardiotoxicity occurs early and may be 

permanent(12-14), therefore, definitive preventive approaches are necessary. 

National evidence-based guidelines recommend pharmacotherapy in HF patients 

(15-17).  Angiotensin-converting enzyme inhibitors (ACEI) are first-line therapy, 

slowing progress of LV dilation, reducing preload and afterload, reducing 

sympathetic activation and preventing angiotensin II from exacerbating further 

remodeling(18).  Beta-blockers have been shown to improve cardiac function and 

reduce mortality in HF patients; while the mechanism is not fully understood, 

blockade of excessive and chronic sympathetic influences may alleviate further 

exacerbation/remodeling.  

Heart failure therapy guidelines have been extrapolated to cancer patients 

with cardiotoxicity(19) with data gradually accumulating to suggest that such 

therapy may be beneficial in anthracycline-induced cardiomyopathy(20-22).  

Carvedilol has been shown to be an effective single-agent therapy in 

anthracycline-induced cardiomyopathy in various malignancies(23). Cardinale et 

al demonstrated that that ACEI can prevent a decline in LVEF and cardiac events 

in heterogeneous cancer patient groups receiving high dose anthracyclines(24).  

However, to date, no investigators have specifically examined the effect of ACEI 

or BB in preventing cardiotoxicity in the setting of trastuzumab-based therapy. 

Accordingly, the purpose of this randomized study was to examine the effects of 3 
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months of ACEI or BB vs placebo on LV remodeling in breast cancer patients 

receiving trastuzumab-based therapy. Our hypothesis was that standard HF 

pharmacotherapy would prevent trastuzumab mediated LV remodeling compared 

to placebo.   

3.2 Methods 

This substudy examined baseline and 3 month clinical and MRI data in 

patients participating in MANTICORE (Multidisciplinary Approach to Novel 

Therapies in Cardiology Oncology Research), a randomized trial to determine if 

conventional HF pharmacotherapy (perindopril or bisoprolol versus placebo) can 

prevent trastuzumab-mediated LV remodeling, as measured with cardiac MRI, 

among patients with HER2+ early breast cancer. 

3.2.1 Participants 

3.2.1.1  Inclusion criteria: patients with HER-2 positive EBC from the 

outpatient clinic of the Cross Cancer Institute (CCI) scheduled to receive 1 year of 

trastuzumab; age > 18 years; able to give informed consent;  no contraindication 

to MRI; estimated glomerular filtration rate (GFR) > 30ml/min due to risk of 

nephrogenic systemic fibrosis from MRI contrast.  

 3.2.1.2  Exclusion criteria: known contraindication to ACEI therapy (i.e., 

baseline potassium > 5.3mmol/L, glomerular filtration rate < 30 mls/min); known 

contraindication to BB therapy (i.e., heart rate < 50/min, severe asthma); current 

treatment with ACEI or BB therapy for other indication; history of HF, 

cardiomyopathy, or baseline LVEF < 50%; history of uncontrolled hypertension 

or myocardial infarction.  
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Following written informed consent, the participant was scheduled for the 

following baseline assessments: 

3.2.3 Clinical assessment 

 Participants underwent clinical examinations including weight, blood 

pressure, pulse, respiratory rate, comorbidities and concurrent medications. 

Specific inquiry regarding smoking status and alcohol use was undertaken. 

Review of current malignancy and cardiac disease history was performed.  

3.2.4 Cardiac MRI LV function and morphology 

 Assessment of LV volumes, mass, and LVEF was performed with a 1.5 

Tesla Magnetom Sonata scanner (Siemens Medical Solutions). Steady-state free 

precession cine techniques acquired parallel, 8-mm-thick short-axis slices (plus a 

2-mm gap) throughout the LV. Standard post-processing software (Syngo 

MR;Siemens) was used to calculate LV volumes, mass and function. Heart rate 

and blood pressure were monitored throughout the examination.  

3.2.5 Randomization 

Participants were randomized in a 1:1:1 ratio to ACEI, BB or placebo 

using a secure internet randomization service provided by EPICORE 

(Epidemiology Coordinating and Research Centre). For this study and analysis, 

the ACEI and BB groups were combined as a ‘pharmacotherapy’ group. There 

was no run-in period.  Study medication was taken daily per os consisting of 

either placebo, perindopril 2 mg or bisoprolol 2.5 mg. Weekly up-titration 

occurred following clinical assessments (blood pressure, heart rate and symptom 

report) and laboratory (creatinine and electrolytes) to a potential maximum dose 
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of perindopril 8mg or bisoprolol 10mg.  All personnel were blinded to drug 

allocation. At the three month time point, participants underwent the same 

assessments as performed at baseline (Figure 3.1). 

3.2.6 Statistical analysis 

Data were collated by EPICORE as of July 31, 2012, drawn from case 

report forms of the first 31 study participants.  Data were anonymized to maintain 

ongoing blinding of study personnel involved in the main MANTICORE study. 

For each of the outcome variables, a random effects model was fitted to the data, 

and between and within comparison were made. Analysis was performed using 

STATISTICA 7 (StatSoft, Tulsa, OK) software. P < 0.05 was considered 

significant for all statistical measures.  

3.3 Results 

3.3.1 Participant characteristics 

Thirty-one participants were recruited between September 23, 2010 and 

October 27, 2011 (Figure 3.2). All participants completed baseline and 3 month 

assessments, with 20 assigned to pharmacotherapy and 11 to placebo. No adverse 

events were reported, and all participants continued to take the supplied capsules 

through the study period. Both pharmacotherapy and placebo groups were similar 

in terms of clinical demographics (Table 3.1). Mean age was 50.1 ± 8.8 years in 

the pharmacotherapy group versus 48.3 ± 6.1in placebo. Similar mean height and 

weight were observed in each group, with similar mean cumulative dose of 

trastuzumab delivered (1381mg pharmacotherapy versus 1305 mg placebo). 

Chemotherapy doses were not available at the time of this analysis. Fifteen of the 
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20 pharmacotherapy and 9 of the 11 placebo participants had undergone definitive 

surgery; the remaining patients received neoadjuvant therapy with surgical 

intervention planned upon completion of chemotherapy. In terms of 

cardiovascular risk factors, the majority of patients were never-smokers, and only 

2 patients in each group reported a current smoking habit. Vital signs (heart rate, 

systolic and diastolic blood pressure) at baseline were equivalent between groups.  

 3.3.2 Cardiac MRI LV function and morphology 

Baseline comparisons of the pharmacotherapy and placebo groups reveal 

similar LVEF  (62.1 ± 1.1 mL vs 61.6 ± 1.4 mL), LV mass (91 ± 4.2 g versus 94.8 

± 5.6 g) and LVESV (42.7 ± 3.1 mL versus 52.3 ± 4.1 mL).  However, the 

baseline LVEDV was lower in the pharmacotherapy group compared to the 

placebo (112.0 ± 6.7 versus 135.8 ± 8.8 mL, p = 0.031).  

Examining within-group changes over time (Table 3.2), an absolute 8% 

decline in LVEF was found in the placebo group from baseline to 3 months (p < 

0.001) secondary to an increase in LVESV of 13mL (p = <0.001).   By 

comparison, LVEF in the pharmacotherapy group declined by 3.4% from baseline 

to 3 months (p = 0.002), while LVEDV and LVESV increased (14mL and 9.3mL, 

p = 0.006 and <0.001, respectively).  

At three months examining between group changes, a 5% difference in 

LVEF was found in the placebo compared to the pharmacotherapy group (p = 

0.004). Furthermore, both LV end-diastolic (+14 mL) and LV end-systolic 

volume (+13 mL) increased.  No significant differences in HR, SBP, DBP or LV 

mass were observed (Table 3.3). 
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3.4 Discussion 

3.4.1 Effects of heart failure pharmacotherapy on LV function 

This randomized controlled study examined the effects of 3 months of 

ACEI or BB versus placebo on LV remodeling in breast cancer patients receiving 

trastuzumab-based therapy. The major finding was that compared to the 

pharmacotherapy group, a significant decline in LVEF occurred in the placebo 

group secondary to LV cavity dilation (Figure 3.2). Similar to the observations in 

Study One, LVEF decline occurs early, within 3 months exposure to trastuzumab-

based therapy. Importantly, the 8% difference in LVEF observed here approaches 

the critical (10%) cut-point for stopping and re-evaluating trastuzumab therapy. 

The significance of early LVEF decline is not well described, however Wadhwa 

et al reported that among patients who developed cardiomyopathy, within 3 

months of trastuzumab exposure LVEF drop was observed and was 

progressive(13). In these patients, the average duration of trastuzumab was 6 ± 3 

months compared to those without cardiomyopathy who received the full 12 

month planned doses. The long-term consequences of receiving less than planned 

dose of trastuzumab are unknown, but potentially convey negative long-term 

impacts to survival. Additionally, a decline in LVEF is now increasingly 

understood as a risk factor for late cardiomyopathy, and even with optimal 

pharmacotherapy and medical support, LV function may not recover. Among 

patients referred for LVEF decline secondary to anthracyclines, Cardinale et al 

observed that early intervention predicts long term recovery(25).  In 36 patients 

with trastuzumab-related cardiomyopathy, with optimal pharmacologic support 4 
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patients were able to complete full therapy; the remaining 32 showed no 

improvement or further LVEF decline(13). Taken together, the importance of 

early recognition of treatment-related cardiomyopathy cannot be understated, and 

hence the need for sensitive diagnostic imaging approaches, such as cMRI.       

The underlying mechanisms contributing to trastuzumab-related LVEF 

decline are not well known in humans.  Preclinical studies have shown the 

important role of HER2/erbB2 in maintaining cardiac function. Specifically, 

ventricular restricted deletion of the erbB2 receptor has been shown to result in 

dilated cardiomyopathy (increased LV cavity size and decreased LVEF, Figure 

1.2) in mice(26). Furthermore, isolated murine cardiomyocytes were more 

susceptible to anthracycline mediated toxicity. As this cardiotoxic interaction was 

also observed in humans(27), clinical adjuvant protocols require that 

anthracyclines and trastuzumab to be given sequentially rather than co-

administered, however, other chemotherapeutic agents are co-administered with 

trastuzumab, including taxanes and platinum salts, with varying degrees of toxic 

effects. Debilitating side effects such as poor appetite, nausea, vomiting and 

diarrhea may contribute to episodic dehydration and decreased preload, while 

fluid retention associated with taxane-induced capillary leak syndrome could 

increase peripheral vascular resistance and afterload conditions.  

3.4.2 Effects of heart failure pharmacotherapy on LV morphology 

Examining LVESV reveals a 13mL dilation comparing pharmacotherapy 

to placebo (p = 0.009), which may have ultimately negatively influenced LV 

systolic function and LVEF (Figure 3.4). These observations are consistent with 
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our earlier work, where we observed LV cavity dilation and decreased systolic 

function with four months of exposure to trastuzumab(12).  In the current study, 

interpretations of LVEDV results are hampered by an imbalance at baseline 

between the pharmacotherapy group versus placebo. Reasons for this are 

unknown, but could include the small sample size included, influence of prior 

exposure to anthracyclines in sequential therapy, or a yet undiscovered raw data 

error or outlier. Nonetheless, given the significant differences in LV volumes at 

baseline between the pharmacotherapy and placebo groups, the three month 

observations of this study should be interpreted cautiously.   

In this study, pharmacotherapy appears effective in attenuating LV 

dysfunction associated with trastuzumab-based therapy. International evidence-

based guidelines recommend HF pharmacotherapy as a proven approach in 

treating LV dysfunction in various patient groups(15-17) and have been 

extrapolated to the treatment of cancer patients with cardiotoxicity(19).  In 

blocking the PI3K/Akt pathway, trastuzumab negatively impacts cardiomyocyte 

survival; the parallel Ras/Raf/MEK/MAPK/VEGF pathway also effected by 

trastuzumab blocks normal cellular proliferation activities and angiogenesis(28). 

Loss of cardiomyocytes may initiate negative LV remodeling and negative 

adaptation, including activation of the renin-angiotensin-aldosterone system and 

fibrosis(29). As a result, the LV may dilate, diastolic performance may be reduced 

with increasing fibrosis, and LV mass decline with reduced cardiomyocytes 

(Figure 3.5). Negative remodeling may ultimately evolve to declining pump 

performance, and a HF spectrum characterized by overlapping systolic and 
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diastolic dysfunction(30).  In preventing or attenuating trastuzumab-related 

cardiac dysfunction, ACEI may reduce sympathetic activation, reduce 

preload/afterload and slow the rate of LV remodeling(18, 31).  Beta-blockers may 

also be beneficial in this setting by enhancing cardiac perfusion by rate reduction. 

We did not observe significant differences in HR within or between groups over 

time, an effect that may have been diluted as a result of combining two different 

therapies into one group for this analysis. Also, SBP decreased by 5mmHg over 3 

months with pharmacotherapy accompanied by an approximate 14mL difference 

in 3 month LVEDV measures between pharmacotherapy and placebo groups, 

suggesting that LVEDV systolic wall stress may be attenuated with 

pharmacotherapy.  Future work should also focus on combination therapy, given 

the proven effectiveness of this approach in the HF population.   

Given the interest in preventive pharmacotherapeutic approaches, other 

groups have attempted various interventions in the setting of other chemotherapy 

regimens.  In 114 cancer patients receiving various high-dose chemotherapy 

regimens, if troponin elevations were observed patients were randomized in an 

open-label fashion to placebo or ACEI (enalapril). Patients on the treatment arm 

maintained LVEF over the study observation period, compared to declines 

observed in the non-treatment group(32). Kalay et al randomized a heterogeneous 

group of cancer patients (n = 50) initiating anthracycline-based therapy to 

carvedilol or control, again observing a protective effect on LVEF of ACEI versus 

no therapy(23). The current findings extend this work, confirming that standard 
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HF pharmacotherapy such as ACEI may be efficacious in preventing 

trastuzumab-related cardiomyopathy.  

No significant changes were observed in LV mass across or within the 

groups, which is in contrast with the findings of our study examining the effects 

of a four-month exercise intervention in serial unselected patients receiving 

trastuzumab-based therapy(12). Again, further study of larger groups is warranted 

to better understand the influence of pharmacotherapy on potentially sensitive 

imaging indices.  

3.4.3 Strengths and limitations 

The MANTICORE study will provide the first high-level evidence given 

the randomized, double-blind design, compared to the existing literature of open-

label studies. Additional strength lies in cardiac MRI as the imaging modality of 

choice, allowing for accurate and reproducible metrics.  Limitations of this sub-

analysis include the interim analysis approach, with a small sample size available. 

Further, to allow ongoing blinding of the study team, the treatment arms were 

combined to create one treatment group, twice as large as the placebo group.  As a 

result, the therapeutic effect of one treatment arm may have been potentially 

diluted by the other; furthermore, this approach may have inadvertently created 

group imbalance hampering analysis.   

A major limitation of this sub-analysis of a large study actively recruiting 

patients is limited access to potentially important data points. Specifically, data 

regarding cumulative chemotherapy dosing in patients receiving sequential 

therapy including anthracyclines (administered prior to randomization to the 
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MANTICORE study) were not available at the time of this analysis. Given what 

is known of the potential cardiotoxic effects of anthracyclines and trastuzumab, 

these data may have influenced our findings. With future analysis of the full 

MANTICORE dataset, we expect to clarify this interaction. 

3.4.4 Conclusions 

 In summary, we found that that standard heart failure pharmacotherapy 

appeared to be effective in attenuating LV dysfunction associated with 

trastuzumab-based therapy. When compared to patients randomized to the 

pharmacotherapy group, significant decline in LVEF occurred in the placebo 

group secondary to LV cavity dilation.  
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Table 3.1: Subject characteristics 
 
 pharmacotherapy placebo 
Number 20 11 
Age (years) 50 ± 8.8 48 ± 6.1 
Height (cm) 
Weight (kg) 

162.1 ± 6.7 
72.0 ± 17.5 

165.3 ± 9.2 
73.5 ± 14.4 

Cumulative trastuzumab dose (mg) 1381 ± 107 1306 ± 139 
Cancer surgery 
- Surgery performed 
- Segmental resection 
- Mastectomy 
Stage 
- T1 
- T2 
- T3 
- N0 
- N1 
- N2 

 
15 
3 
12 
 
7 
7 
1 
7 
5 
2 

 
9 
6 
3 
 
4 
5 
0 
8 
0 
1 

Smoking status 
- Never 
- Past smoker 
- Current smoker 

 
13 
5 
2 

 
6 
3 
2 

Alcohol use 
- None  
- Occasional 
- 1 – 2 beverages/day 
- > 2 beverages/day 
- History of alcohol abuse 

 
0 
15 
1 
0 
0 

 
2 
7 
1 
1 
1 

Family history premature heart 
disease 

0 1 

Comorbid diseases 
- Chronic renal failure 
- Diabetes type 1 
- Diabetes type 2 
- Dyslipidemia 
- Hypertension  

 
0 
1 
1 
0 
1 

 
0 
0 
0 
0 
1 
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Table 3.2:  LV ventricular morphology and function in breast cancer patients receiving trastuzumab-based therapy: 

placebo versus pharmacotherapy groups 

 
 Placebo   

N = 11 
 Pharmacotherapy  

N = 20 
 Baseline 3 months Delta p-value  Baseline 3 months Delta p-value 
SBP  

(mmHg) 

121 ± 3 122 ± 3 1 ± 4.2 0.9  121 ± 3 116 ± 2 -5 ± 3.6 0.05 

DBP 

(mmHg) 

78 ± 3 74 ± 3 -4 ± 4.2 0.3  74 ± 2 70 ± 2 -4 ± 2.8 0.08 

HR  

(bpm) 

74 ± 3 76 ± 3 2 ± 4.2 0.7  70 ± 2 73 ± 2  3 ± 2.8 0.13 

LVEF 

(%) 

61.6 ± 1.4 53.6 ± 1.4 -8.0 ± 2.0 <0.001  62.1 ± 1.1 58.7 ± 1.1 -3.4 ± 1.6 0.002 

LVEDV 

(ml) 

135.8 ± 8.8 140.3 ± 8.8 4.5 ± 12.4 0.5  112.0 ± 6.7 126.4 ± 6.6 14.4 ± 9.4 0.006 

LVESV 

(ml) 

52.3 ± 4.1 65.4 ± 4.1 13.1 ± 5.8 <0.001  42.7 ± 3.1 52.0 ± 3.0 9.3 ± 4.3 <0.001 

LV Mass 

(g) 

94.8 ± 5.6 97.9 ± 5.6 3.1 ± 7.9 0.6  90.6 ± 4.2 93.9 ± 4.2 3.3 ± 5.9 0.45 

 

Data are within-group comparisons. Values are mean and standard error.  
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; LVEF, left ventricular 
ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LV 
mass, left ventricular mass. 
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Table 3.3:  LV morphology and function in breast cancer patients receiving trastuzumab-based therapy: placebo versus 

pharmacotherapy groups 

Baseline Three months 

 N = 20 N = 11    N = 20 N = 11   

 Pharmaco 

therapy 

Placebo Delta p-value  Pharmaco 

therapy 

Placebo Delta p-value 

SBP  

(mmHg) 

121 ± 3 121 ± 3 0 ± 4.2 0.961  116 ± 2 122 ± 3 6 ± 2.8 0.164 

DBP 

(mmHg) 

74 ± 2 78 ± 3 4 ± 2.8 0.317  70 ± 2 74 ± 3 4 ± 2.8 0.195 

HR 

(bpm) 

70 ± 2 74 ± 3 4 ± 2.8 0.239  73 ± 2 76 ± 3 3 ± 2.8 0.506 

LVEF 

(%) 

62.1 ± 1.1 61.6 ± 1.4 -0.5 ± 1.7 0.778  58.7 ± 1.1 53.6 ± 1.4 -5.1 ± 1.7 0.004 

LVEDV 

(ml) 

112.0 ± 6.7 135.8 ± 8.8 23.8 ± 11.1 0.031  126.4 ± 6.6 140.3 ± 8.8 13.9 ± 11.0 0.206 

LVESV 

(ml) 

42.7 ± 3.1 52.3 ± 4.1 9.6 ± 5.1 0.061  52 ± 3.0 65.4 ± 4.1 13.4 ± 5.1 0.009 

LV Mass 

(g) 

90.6 ± 4.2 94.8 ± 5.6 4.2 ± 7.0 0.549  93.9 ± 4.2 97.9 ± 5.6 4.0 ± 7.0 0.571 

Data are between-group comparisons. Values are mean and standard error. 
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; LVEF, left ventricular 
ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; LV 
mass, left ventricular mass. 
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Figure 3.1: Study Flow Diagram 
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Figure 3.2: MANTICORE Recruitment (September 23, 2010 – October 27 2011)  

N = 101 screened 

32 consented 

29 = personal reasons 
20 = on HF pharmacotherapy 
7 = geography 
5 = no chemotherapy delivered 
5 = co-morbid disease (psychological disease, 
prior chemotherapy (2), prior radiotherapy to 
thorax, prior MVA unable to lie flat) 
1 = laboratory problem with HER2 analysis 
1 = unknown disease extent (metastatic?) 
1 = language barrier 

1 = MRI incompatibility - withdrew 

31 randomized 
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Figure 3.3: Effect of 3 months of pharmacotherapy on LVEF   
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Figure 3.4: Effect of 3 months of pharmacotherapy on LVESV 
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Figure 3.5: Potential cardiac remodeling effects of trastuzumab and pharmacotherapy 
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Chapter 4 

Summary of work completed and future directions 

__________________________________________________________________ 

4.1 Summary 

Given the successes of anti-cancer therapies, clinicians are faced with a 

rapidly increasing population of cancer survivors.  North American statistics 

project that in the next decade, the number of people surviving 5 years or more 

after their cancer diagnosis to increase to approximately 37%, to 11.9 million(1). 

As an example, five-year survival rates approach 88% for early stage breast 

cancer(2); however, treatment-related sequelae are sufficiently significant that 

cardiovascular disease has replaced cancer as the predominant cause of 

mortality(3).  

A major advancement in the treatment of breast cancer is represented by 

trastuzumab, a humanized monoclonal antibody was specifically developed to 

target HER2. Meta-analysis of EBC patients receiving trastuzumab-based 

chemotherapy regimens shows significant reductions in mortality, disease 

recurrence, rates of metastases and secondary tumors when compared to non-

trastuzumab regimens(4). However, a fivefold increase in the relative risk of HF 

and near doubling risk of LVEF decline was observed. Accordingly, the 

potentially devastating short and long-term effects of this and other novel anti-

cancer therapies warrant careful study. The overarching theme of this thesis was 

to examine the short and long-term effects of trastuzumab on LV morphology and 

function in breast cancer patients.  
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Two studies were undertaken; the first a cross-sectional study of 16 female 

breast cancer survivors exposed to trastuzumab-based chemotherapy, examining 

LV remodeling and exercise capacity four years after completion of treatment. 

We found that early breast cancer patients had significant alterations in left 

ventricular geometry and impairment of cardiorespiratory function four years 

following exposure to trastuzumab-based chemotherapy. We observed acute LV 

dilatation at 4 months, reflected by increases in LV volumes, followed by 

statistically significant decrease of LV volumes after 4-years of cessation of 

trastuzumab therapy.  Changes in LV mass also occurred, with a 5g increase from 

baseline at 4 months, followed by a statistically significant 14g decrease at 4 

years. LVEF returned to baseline values after 4 years. We also observed that 

adherence to exercise prescription during the four-month intervention was 

associated with higher VO2peak  at 4 years, with a clinically relevant 4.1 

mL/kg/min difference between patients who attended at least 80% of sessions 

versus those who did not. 

The second study was performed to examine the effects of three months of 

standard heart failure pharmacotherapy, consisting of angiotensin-converting 

enzyme inhibitor or beta-blocker versus placebo, in preventing LV remodeling in 

EBC patients receiving trastuzumab-based therapy. The major finding was that 

that pharmacotherapy appeared to be effective in attenuating early LV 

dysfunction, for when compared to patients randomized to the pharmacotherapy 

group, significant decline in LVEF occurred in the placebo group.  

4.2 Future directions 
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Taken together, the findings of these studies highlight the potential 

contributions of cardiovascular risk reduction and supportive care measures in 

reducing short and long term cardiovascular sequelae of cancer therapy. 

Overweight/obesity, low fruit and vegetable intake coupled with high fat diet, 

physical inactivity, smoking and alcohol use are firmly established cancer-

promoting, modifiable behaviors(5).  Furthermore, disability associated with 

cancer therapy is exacerbated in survivors in the presence of these risk factors, 

termed the ‘multiple-hit’ effect (6). One potential approach is multidisciplinary 

team intervention, as provision of such care has been shown to be effective in 

obesity management(7) as well as  reducing mortality and hospitalizations among 

HF patients(8-10). Accordingly, we are undertaking a randomized controlled trial 

of intensive multidisciplinary care in early breast cancer and lymphoma patients 

(Figure 4.1), delivered by a team of exercise physiologists, pharmacists, 

dieticians, nurses and physicians with the aim of improving health and avoiding 

cardiac dysfunction(11). We expect our results to inform comprehensive, holistic 

care for patients at risk for negative cancer therapy mediated sequelae.  

Given the cardiac MRI observations in Study One, the potential 

contribution of aging among cancer survivors also warrants consideration. Aging 

is associated with progressive fibrosis occurring in multiple organ systems(12) 

which, even in healthy older individuals, is associated with gradual structural and 

functional alterations. Typically, increased LV mass is observed with age, 

attributed to fibrotic remodeling and response to peripheral vascular stiffening and 

increased hemodynamic load(13). However, this increase in mass is generally 
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accompanied by senesence of functional cardiomyocytes. Potential interactions 

may influence the evolution of LV mass, and eventually LV function in cancer 

survivors,  such as pre-existing risk factors at the time of diagnosis, the type of 

anti-cancer therapy received, gender and lifestyle before, during and after therapy. 

Large scale studies of these factors over the long-term cancer trajectory are 

necessary to elucidate these interactions.  

As evidence accumulates, a risk ‘algorithm’ for a specific anti-cancer 

therapy could potentially be developed, including established cardiovascular risk 

factors and emerging risks, genetic influences, biomarkers or clinical 

investigations.  The addition of cardiopulmonary exercise testing to standard 

imaging and clinical assessments may be informative, given the findings of our 

meta-analysis(14). Furthermore, given limited healthcare resources, this algorithm 

would potentially identify those high-risk patients requiring additional monitoring 

and interventions versus those at low risk, minimize unnecessary or 

painful/invasive tests, and offer a ‘personalized medicine’ approach to treatment 

and survivorship.  

The findings of this thesis suggest that additional questions remain 

regarding the direct and indirect effects of trastuzumab (and other cancer 

therapies) on not only the heart, but other body compartments. A bench to bedside 

to bench approach is required to better understand the negative alterations 

observed, and approaches to offset these. Questions also remain regarding the role 

of cardiopulmonary exercise, in terms of the optimal timing, optimal training and 

potentially augmentation of exercise with pharmacotherapy or other experimental 
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agents(15). Here too, basic science efforts are required to elucidate the molecular 

pathways influenced negatively or positively by the various interventions. In 

cancer patient populations with impaired exercise tolerance, different training 

approaches may be more tolerable i.e. high-intensity intervals; well-designed 

trials are currently underway(16).  Randomized controlled trials of combination 

therapy, either combined pharmacotherapy and/or combined exercise intervention 

are warranted. 
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Figure 4.1 – Schematic of TITAN study randomization arms 
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APPENDIX B 
 

 Additional PhD work 
 
 

THE ROLE OF EXERCISE INTERVENTIONS IN REDUCING THE RISK 

OF CARDIOMETABOLIC DISEASE IN CANCER SURVIVORS 

(A version of this chapter has been published as: Pituskin E, Paterson I and 

Haykowsky M. 

Current Cardiovascular Risk Reports, August 2012, Volume 6, Issue 4, pp 313-

322) 



107 
 

B1.1  Introduction  

Cancer is the leading cause of death worldwide, and accounted for 7.6 million 

deaths in 2008 in developed countries(17). The increased cancer incidence is due, 

in part to the aging population coupled with adherence to negative lifestyle. 

Indeed, behavioral and dietary risks account for at least of 30% of cancer deaths. 

Overweight/obesity, low fruit and vegetable intake coupled with high fat diet, 

physical inactivity, smoking and alcohol use are firmly established cancer-

promoting, modifiable behaviors(5). Importantly, these same factors are well 

established, causative factors of cardiometabolic syndrome (CMS). CMS is not 

only associated with increased cancer risk, but more aggressive tumor biology(18, 

19). Breast, gynecologic, colorectal, and prostate cancers represent the majority of 

new cancer diagnoses reported annually, influenced by many components of 

CMS(20). As such, most cancer patients are already at high baseline risk of 

cardio-metabolic disease well before anti-cancer therapy is initiated.  

 Initially coined ‘syndrome X’ (Reaven) CMS is a cluster of 

interconnected factors promoted by negative lifestyle choices(21).  While specific 

criteria, interrelationships of components and prognostic utility of various CMS 

definitions is still evolving, common components of CMS across all definitions 

include: insulin resistance or impaired glucose tolerance; abdominal obesity or 

increased body-mass index (BMI); hypertension; and lipid profile abnormalities.  

Ranges and cut-off values for each of the components vary among the published 

definitions, hampering comparisons across patient groups and study results (Table 

1). Further, controversy remains whether CMS represents a specific disorder or 
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represents an overall effect of combined risk factors(21). Nonetheless, these 

components are all associated with exercise intolerance, poor diet and ultimately 

increased risk of cardiovascular disease and death (22, 23).   

In the general population, treatment of CMS is aimed primarily at lifestyle 

changes to ameliorate these factors, such as weight reduction, smoking cessation, 

dietary modification and increased physical activity; if these changes are 

insufficient, appropriate pharmacotherapy is initiated. In theory, cancer survivors 

should benefit even more from lifestyle modifications directed at alleviating 

components of CMS than the general population. The purpose of this paper is to 

review the potential role of exercise interventions in reducing the risk for cardio-

metabolic disease in survivors of adult-onset malignancies.   

B1.2 Significance of CMS for cancer survivors 

In the last decade, important gains in cancer survival have been achieved 

with advances in anti-cancer therapies(2, 24). Unfortunately, these gains do not 

come without cost, with the ‘multiple hits’ of definitive surgery, systemic therapy 

and radiation therapy(6) negatively impacting upon pre-existing individual risk 

factors and behaviors, ultimately resulting in long-term complications of therapy. 

As a result, cancer survivors are at enhanced baseline risk of CMS and 

cardiovascular disease, such that for some, risk of death from cardiovascular 

disease may exceed that of recurrent cancer(25).  For example, long-term follow-

up of patients after treatment with anthracyclines demonstrated abnormal cardiac 

function present in 18% of patients followed up for less than 10 years and 38% of 

those followed for 10 years or more(26). Subclinical cardiac dysfunction may be 
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manifested by impaired exercise tolerance and fatigue(27),(28). Given that 70 – 

100% of patients report exercise intolerance and fatigue during therapy and 

persisting years after treatment(29), it is likely that only ‘the tip of the iceberg’ of 

cardiovascular dysfunction and long-term morbidity is appreciated.  

Given the variability in CMS definitions described in the literature, 

specific prevalence of CMS in cancer survivors is challenging to determine,  but 

is l present in the majority of survivors(30).  Further, certain patient populations 

may be at significantly heightened risk of CMS by virtue of baseline risk factors, 

the intensity of anti-cancer therapy administered and known short and long-term 

toxicities of specific anti-cancer agents.  Here, influences of anti-cancer treatment 

effects on individual components of cardiometabolic disease will be reviewed.  

B2.1 Weight gain, body composition and abdominal adiposity  

Weight gain is frequently observed in cancer survivors. In spite of side 

effects commonly associated with receiving chemotherapy (nausea, vomiting, 

diarrhea, mouth sores, etc) with 50–96% of breast cancer patients reporting 

increased weight during treatment(31) with progressive gain in the months and 

years of follow-up(32).  Weight gain in these patients is distinguished by a pattern 

of increasing fat mass but diminishing lean tissue, a phenotype known as 

sarcopenic obesity(33, 34). Such alterations to body composition are likely more 

relevant than actual weight gained, as sarcopenia (even in the presence of obesity) 

in cancer patients has been demonstrated as an independent risk factor for poor 

survival(35).  Similar findings are observed in male cancer patients; in a meta-

analysis of the impact of androgen deprivation therapy in prostate cancer (14 
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cohorts and 2 RCTs, n = 573 patients), Haseen reported adverse effects to body 

composition, with increased weight, increased fat and decreased lean body mass 

in treated vs non-treated patients(36). Negative body composition changes were 

noted to start as early as one month of treatment, with longer therapy associated 

with greater weight gain over time. Weight gain and loss of lean body mass is also 

commonly observed in patients surviving high-dose chemotherapy and bone 

marrow transplant (HDCT/BMT); at a median 5 years post-treatment, 38% of 

patients do not regain their pre-BMT lean body mass. Further, while the 

prevalence of overweight/obese (body-mass index [BMI] of <25 kg/m2) was 15% 

at 6 months post-BMT, this increased to 50% of patients at 2–3 and 4–6 years. 

These findings indicate that body fat is restored without a corresponding 

expansion of lean muscle mass; furthermore, these effects are exacerbated with 

time without directed intervention.  

In the general population, not only weight gain but distribution of weight 

is a predictor of death. In multiple large prospective studies, with adjustment for 

BMI, abdominal fat distribution is positively associated with the risk of death(37-

39). This association is stronger among participants with a lower BMI than among 

those with a higher BMI (particularly women), highlighting the importance of this 

metric.  Currently, the direct contribution of anti-cancer therapies to abdominal 

girth is unknown, but given the known effects of weight gain, is likely negative.   

B2.2 Metabolic alterations: glucose intolerance and dyslipidemia 

Metabolic disturbances are frequently observed in cancer survivors, 

exacerbated by systemic therapy, radiotherapy or adjunctive medications. 
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Dexamethasone is a potent glucocorticoid commonly used in cancer therapy as an 

anti-emetic adjunct, to prevent hypersensitivity reactions associated with systemic 

therapy(40) and in high doses as a chemotherapeutic agent in hematologic 

malignancies(41). As a result, impaired insulin sensitivity and elevated serum 

glucose levels have been observed even with short-term, conservative doses in 

breast cancer patients(42). Chemotherapy dose intensity and multi-drug regimens 

may also influence negative metabolic changes. In survivors of HDCT/BMT, high 

rates of hyper-triglyceridemia are observed a median 3 years post-transplant(43). 

Chow also observed increased rates of renal disease, dyslipidemia and diabetes in 

1491 patients surviving 2 or more years after HDCT compared to population-

based controls(44).  

Hormone blockade is a key therapy in breast and prostate cancer, 

however, conveys established adverse effects to lipid profiles. Androgen 

deprivation therapy is associated with increased fasting total cholesterol and 

triglycerides in treated prostate cancer patients compared to untreated(45, 46). 

Aromatase inhibitors, while demonstrating relative risk benefits for breast cancer 

outcomes, have demonstrated a class effect of elevated serum cholesterol(47). In 

47 women ~34 months following chemotherapy completion and receiving 

hormonal therapy, we observed a more unfavorable lipid profile in patients 

receiving an aromatase inhibitor.  

B2.3 Hypertension 

The contribution of hypertension to development of heart failure is well-

known in the general population(48, 49). This is also observed in cancer patients, 
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where pre-existing hypertension exacerbates cardiac dysfunction associated with 

anti-cancer therapies, including anthracyclines and trastuzumab(50-53).  In an 

analysis of SEER–Medicare database data comparing known cardiac risk factors 

and anthracyclines in breast and lymphoma patients, only hypertension was found 

to potentiate heart failure risk(54, 55). In trastuzumab-treated patients, the 

NSABP B-31 study showed that age (>50), current use of antihypertensive 

medications and low baseline LVEF values (50 – 54%) predicted later 

cardiotoxicity (53). In a cohort of autologous HDCT patients (n = 1327) who 

received conservative anthracycline dose (< 250mg/m2), the presence of 

hypertension resulted in a 35-fold increased risk of heart failure (56).  

Hypertension is a frequent toxicity of anti-cancer medications targeting 

angiogenesis. In patients receiving sunitinib, a tyrosine kinase inhibitor of 

vascular endothelial growth factor (VEGF) inhibitor, hypertension rates are 

significant (30 – 50%)(57, 58) and occur as rapidly as within the first cycle of 

treatment(59).  In bevacizumab, a humanized monoclonal antibody that inhibits 

VEGF activity, meta-analysis revealed that the summary incidence of all-grade 

hypertension was 23.6%(60). Hypertension is a challenging toxicity in these 

patients, for many have few other treatment options. Additionally, treatment must 

be balanced by sufficient dose to offer clinical efficacy while avoiding potential 

acute and long-term effects including heart failure. Interestingly, retrospective 

reviews of patients receiving sunitinib suggest that hypertension may be a marker 

of response(61, 62), highlighting this challenge.  

B2.4 Exercise intolerance and cardiorespiratory dysfunction  
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It is concerning that maximal exercise capacity (VO2peak) of cancer 

patients has been consistently demonstrated at approximately 30% below that of 

matched sedentary, healthy individuals(63-65) with a significant proportion of 

adult female cancer patients unable to meet the minimum threshold for 

independent living (VO2peak of 15mL/kg/min)(66). This finding is imperative, 

give that VO2peak is the strongest independent predictor of mortality in healthy 

individuals and cardiac patients(67-71).  Consequently, patients must exert 

maximal effort and become easily fatigued with routine activities of daily living, 

resulting in loss of functional independence and quality of life. This impaired 

aerobic capacity is observed in spite of normal left ventricular ejection fraction (≥ 

50%) suggesting that treatment-related injury extends to affect other oxygen-

transport organs and systems(72, 73) and highlighting the effects of subclinical 

cardiotoxicity. Indeed, reduced systolic function is now recognized as a late effect 

of cardiotoxic drug exposure, not detectable until significant damage has already 

occurred(74).  

For many cancer patients, particularly breast and hematologic, therapeutic 

approaches often involve multiple treatment modalities, each conveying various 

negative cardiovascular effects. The incidence of radiation-induced heart disease 

in breast cancer patients is estimated anywhere between 10 and 30% by 5 – 10 

years post-treatment, with up to 88% of patients having asymptomatic 

abnormalities of the heart muscle, valves, pericardium, conduction abnormalities 

and vasculature(75).  Even with modern radiotherapy techniques and complex 

treatment planning to avoid organs at risk(76), in left-sided breast cancers, 
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sufficient dose is delivered to the heart to effect myocardial perfusion defects in 

more than 50% of patients(77). Cytotoxic chemotherapeutic agents are all 

associated with some degree of acute or long-term cardiotoxic effect. In 

particular, anthracycline-based regimens have received attention, given their 

widespread use across multiple malignancies and known cardiotoxic effects. Risk 

factors for development of anthracycline-related cardiomyopathy include cardiac 

irradiation, hypertension, coronary artery disease and age > 65 years(78).  

Cardiac toxicity of targeted therapies such as trastuzumab has emerged as 

a significant complication; clinical heart failure was observed in up to 4% of 

treated patients and asymptomatic declines in ventricular function have been 

reported in up to 18% in randomized trials(79-81).  The risk of cardiac toxicity 

was enhanced for those receiving concurrent anthracycline chemotherapy. These 

multiple ‘hits’ ‘to the cardiovascular system convey varying degrees of directly 

negative effects in the short and long-term(6). In 41 breast cancer patients who 

had received trastuzumab-based chemotherapy, we showed that at ~20 months 

following completion of therapy survivors consistently had higher rates of 

cardiovascular risk factors. Here, higher rates of overweight/obesity, low 

cardiorespiratory fitness (VO2peak)and unfavorable lipid profiles were observed 

compared to controls(82). In 47 women who had received chemotherapy and 

endocrine therapy for hormone-receptor positive breast cancer, we again found 

consistently less favorable cardiovascular risk factors compared to controls. 

Higher resting heart rate and systolic blood pressure were observed; peak exercise 

output, stroke volume and cardiac power output were significantly lower in 
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patients than controls(83). While these studies are limited by cross-sectional 

designs limiting our understanding of baseline characteristics, the results 

consistently identify significant clinical and sub-clinical negative cardiovascular 

effects of anti-cancer therapy. As such, these survivors are likely increasingly 

vulnerable to progressive dysfunction over time, and research into approaches to 

ameliorate these negative effects is urgently required.  

B3.1 Effects of exercise interventions on CMS in cardiology  

 There is a wealth of evidence supporting exercise therapy in the 

rehabilitation of cardiac disease. In patients with heart failure, exercise training 

has been proven safe and effective, improving functional capacity and reducing 

symptoms of dyspnea(84, 85). Randomized trials have demonstrated 

improvements of  VO2 peak in the range of 18 – 25%(86). The most recent 

systematic review produced by the Cochrane group summarizes results of 47 

studies randomizing 10,794 patients to exercise-based cardiac rehabilitation or 

usual care.  Overall, exercise-based cardiac rehabilitation provides significant 

health and quality of life benefit, and has proven effectiveness in reducing total 

and cardiovascular mortality (in medium to longer term studies) and hospital 

admissions (in shorter term studies).(87) As such, exercise is a Class 1 

recommendation of the American College of Cardiology and the American Heart 

Association(88).   

Training intensity and modality have been shown to influence benefits. 

Wisloff randomized 27 patients with stable post-infarction heart failure on 

optimal pharmacotherapy to either moderate continuous, higher intensity aerobic 
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interval training or usual care. VO2peak increased with interval training more 

than continuous training (46% versus 14%, P<0.001) and was associated with 

improved cardiac geometry and function, with ejection fraction increasing by 

35%(89). No changes were observed in the control group. We undertook a meta-

analysis of randomized controlled trials examining the type of exercise (aerobic 

vs. strength vs. combined training) on cardiac geometry in heart failure. In 

reviewing 14 trials (n = 812 patients) we observed improved cardiac geometry 

with aerobic training, which was not observed with combined aerobic and 

strength training.  The magnitude of benefit seen with exercise training was 

particularly noteworthy, given that all patients were receiving optimal 

pharmacotherapy during their training interventions.   

Importantly, exercise training has been shown to influence aspects of 

CMS in patients with cardiovascular disease. Exercise training promotes weight 

and fat loss, improved lipid profile and glucose indices and decreases blood 

pressure(90). Furthermore, investigations into increasing exercise intensity and 

exercise duration have shown to convey additional benefit for patients.  Ades 

randomized 74 overweight patients with coronary heart disease to a high 

expenditure exercise program (3000 – 3500 kcal/week) compared to standard 

exercise programming (700 – 800 kcal/week); both groups received the same 

counseling and medication review.  The authors found that patients in the high 

expenditure arm experienced double the weight loss (8.2±4 vs 3.7±5 kg, P<0.001) 

fat mass loss (5.9±4 vs 2.8±3 kg, P< 0.001) and a greater waist reduction (-7±5 

vs. -5±5 cm, P=0.02) than standard exercise at 5 months(91). Improvements in 
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lipid and insulin profile and blood pressure were observed; notably, weight loss 

was maintained by the participants at one year.  Taken together, exercise 

rehabilitation is considered an important and integral aspect of cardiac care, 

evidenced by the recommendation of specific multidisciplinary program 

components by the American Heart Association(92).  

B3.2 Effects of exercise interventions on CMS in oncology populations 

Exercise interventions have the potential to benefit cancer patients from 

multiple avenues. Our group and others have shown that maximal exercise testing 

with expired gas exchange analysis) can be safely conducted in cancer 

populations(82, 83, 93-95), including those with advanced disease(64, 65, 96).  

We also conducted a meta-analysis of RCTs to determine the effect of supervised 

exercise training on exercise capacity (VO2peak). Six studies were included in the 

analysis, with n = 449 patients randomized to varying exercise prescriptions, 

timing, and duration of intervention. The main finding was that relatively short-

term, supervised moderate-intensity training is associated with significant 

improvements in VO2peak during and after curative-intent therapy(97). 

Specifically, the weighted mean difference in VO2peak was 2.91 ml/kg/min from 

baseline to post-intervention, favoring exercise training.  

McNeely et al reported similar findings in a meta-analysis of randomized, 

controlled trials of exercise interventions in breast cancer patients(98). In spite of 

significant heterogeneity in the timing of interventions, type of exercise 

interventions and reported outcomes in the individual studies, pooled results 

showed a moderate to large effect size of exercise on fatigue symptoms and 
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exercise capacity, with VO2peak improving by 3.39mL/kg/min, or nearly 1 

metabolic equivalent. While the prognostic relevance of this improvement in adult 

cancer patients is not yet known, mortality risk as been shown to decrease by 12% 

for each 1-metabolic equivalent (MET) improvement in aerobic capacity in 

healthy women(99).  In a meta-analysis of exercise interventions in hematologic 

survivors of HDCT, Wiskemann reported multiple benefits, including 

maintenance of physical performance, maintenance of weight and lean body mass 

and decreased fatigue (n = 609 total patients, 15 studies)(100).  Taking these and 

other findings into consideration, the American College of Sports Medicine has 

developed guidelines for cancer survivors; in their review, exercise therapy was 

determined to be safe, with benefits observed in terms of aerobic fitness, muscular 

strength and body composition(101). 

Exercise interventions have also been effective in ameliorating some 

components of CMS. In breast cancer patients, a 15-week combination training 

intervention improved aerobic capacity, weight and waist/hip ratio(102). In the 

largest intervention study to date, 242 breast cancer patients were randomized to 

supervised resistance training, supervised aerobic exercise or usual care for 17 

weeks, showing improvements in muscle strength and lean body mass with 

resistance exercise; improved aerobic fitness and body fat was seen in the aerobic 

exercise group(103). In prostate cancer patients receiving androgen deprivation 

therapy, a 20 week supervised resistance training program preserved body 

composition and improved muscle strength and endurance(104).  Further work is 

required to elucidate the effects of exercise interventions on other important 
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aspects of CMS present at diagnosis in cancer patients, including metabolic 

alterations and hypertension. 

B4 Future directions 

In summary, there is compelling evidence to support exercise training as 

therapy for detrimental cardiometabolic effects of cancer treatments. However, 

the majority of the data is derived from breast, prostate and hematologic 

malignancies; data for other disease sites such as colon and gynecologic cancers 

remain limited. Given the wide range in treatment modalities for different 

malignancies, there remain significant gaps in our knowledge of exercise 

interventions for specific cancer patient populations, limiting our ability to make 

broad recommendations. It is vital that researchers adopt strategic approaches and 

build upon current knowledge, applying rigorous methodology(97).    

Given limited resources in health care, the development of evidence-based 

nomograms may be useful in determining those patients most at risk. Improved 

understanding of baseline risk factors, effects of drug and dose intensity, duration 

of anti-cancer treatments and individual genetic variability will guide customized 

exercise interventions for each patient. As oncology enters the era of 

‘personalized medicine’, accordingly research into personalized exercise 

interventions to ameliorate negative effects is warranted. 

 Questions remain regarding optimal training intensity. While moderate-

intensity exercise is effective in cancer patients, it is possible that high-intensity 

may be beneficial and potentially more tolerable than longer duration exercise. In 

particular, for cancer patients with impaired exercise tolerance, brief and intense 
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bursts of exercise may be more manageable given easy fatigability with even 

routine activities of daily living. The beneficial effects of this training approach 

has been observed in patients with heart failure, and well-designed trials are 

currently underway studying the effects of exercise intensity in cancer 

patients(16).   

 Another potential area of study is the optimal multidisciplinary team 

complement. Given the complexities of cardiometabolic disease, individual risks 

and various cancer treatments, it is unlikely that one professional possesses all the 

necessary knowledge for effective interventions. Multidisciplinary care teams 

have been shown to be effective in obesity management(7); such teams have also 

been shown to reduce mortality and hospitalizations among heart failure 

patients(8-10). Currently, the effect of multidisciplinary interventions in cancer 

patients receiving cardiotoxic chemotherapy regimens is unknown. Our group is 

embarking on a primary prevention trial randomizing breast and lymphoma 

patients to intensive multidisciplinary and exercise intervention compared to usual 

care(11). Exercise physiologists, pharmacists, dieticians, nurses and physicians 

will regularly assess patients randomized to the intervention arm, with the aim of 

improving health and avoiding cardiac dysfunction. We expect our results to 

inform comprehensive, holistic care for patients at risk for cardiometabolic 

sequelae.  

Most importantly, the discipline of oncology may well learn from the 

cardiology experience.  The example of exercise rehabilitation as a class 1 

recommendation and an integral aspect of cardiac care can inform similar 
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approaches in cancer survivors. Research into important components of 

multidisciplinary cancer rehabilitation, evaluating components of cardiology and 

other chronic diseases approaches as well as developing aspects unique for cancer 

survivor rehabilitation should be undertaken. 
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IF CONVENTIONAL HEART FAILURE PHARMACOTHERAPY CAN 
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REMODLING IN PATIENTS WITH HER2+ EARLY BREAST CANCER 

USING CARDIAC MRI 
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C.1 Background 

Breast cancer is the most common malignancy and second leading cause 

of cancer death(1).  Approximately 20-25% of breast cancers over-express human 

epidermal growth factor receptor 2 (HER2+) which is associated with poor 

prognosis(2, 3).  Trastuzumab (Herceptin®), a humanized monoclonal antibody 

targeting the HER2 receptor, was previously shown to improve survival by 20% 

in women with HER2+metastatic disease(4-7).  More recently, 4 major adjuvant 

trials of women with HER2+ early breast cancer (EBC) demonstrated that 

trastuzumab reduced 3-year breast cancer recurrence and risk of death rate by 

50%(8).   Given these positive findings, trastuzumab was approved in 2006 by the 

Food and Drug Administration for the adjuvant treatment of HER2+ breast 

cancer. 

Despite favourable survival benefits, an adverse effect of trastuzumab is 

(a)symptomatic left ventricular (LV) dysfunction and heart failure (HF).  In the 

phase III trials, HF and asymptomatic LV dysfunction was reported in 4% and 

18% of patients, respectively(9-11). Although trastuzumab-related cardiotoxicity 

has been considered ‘reversible’(12), Wadhwa et al. reported that trastuzumab 

was stopped in 22% of patients due to asymptomatic LV systolic dysfunction; 

notably, of these, 40% showed no improvement or worsening of LV function over 

time despite optimal pharmacotherapy(13).  Similarly, Chia observed that 21.6% 

of women receiving adjuvant trastuzumab-based chemotherapy experienced a 

cardiac event  requiring temporary or permanent discontinuation of 

trastuzumab(14). These observations are important, given the influence of more 
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stringent cardiac exclusion criteria in the pivotal trials compared to standard 

clinical practice. Furthermore, any dose reductions, delay or discontinuation due 

to cardiotoxicity are potentially life-threatening events from the competing risks 

of cancer and/or cardiac mortality. Therefore, better understanding of the 

pathophysiology of trastuzumab-mediated cardiotoxicity and its prevention are 

urgently required. 

Ventricular remodeling (increased cavity size and decreased pump 

function) precedes overt HF(15-17).  Our group has shown that aerobic exercise 

training has beneficial anti-remodeling benefits in clinically stable systolic HF 

patients(18).  Based on these findings, we  examined the effect of 4 months of 

aerobic exercise training on LV remodeling in 17 women with EBC receiving 

trastuzumab-based chemotherapy(19).  We found that LV remodeling occurs 

early, confirming observations of other groups(14, 20), and that an early exercise 

intervention did not attenuate remodeling in this setting. Accordingly, we 

identified the need for examination of non-exercise interventions.  

Pharmacotherapy has been shown to attenuate or reverse LV remodeling 

in the HF and post-myocardial infarction (MI) setting. Angiotensin-converting 

enzyme inhibitors (ACEI) have been proven to delay or reverse LV dilation and 

improve ejection fraction (EF) in multiple trials(21-24).  Beta-blockers (BB) have 

also been shown to be beneficial, but have largely been tested in combination with 

other therapies(25, 26). To date, a paucity of studies have examined conventional 

HF therapy during anthracycline therapy(27-29).  Specifically, carvedilol has 

been shown to be an effective single-agent therapy in anthracycline-induced 
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cardiomyopathy(30).Cardinale et al demonstrated that an ACEI can prevent a 

decline in EF and cardiac events in cancer patients receiving high dose 

anthracyclines(31). In general, however, preventive medical therapy is not 

considered necessary with anthracycline-based regimens, as toxicity is related to 

the cumulative dose (> 500mg/m2 ) (32).  

Detection and measurement of LV dysfunction may be hampered by 

insensitivity of routinely-available imaging modalities.  Most EBC clinical trials 

have employed either radionuclide ventriculography (eg. MUGA) or transthoracic 

echocardiograms (ECHO) which may underestimate LV volumes(33).  Cardiac 

MRI is the preferred method for the quantification of ventricular volumes and EF 

in individuals with impaired LV systolic function(34-36). Unfortunately, relying 

on a decline in EF or overt clinical symptoms limits detection of cardiotoxicity to 

the late stage of disease process, increasing the likelihood of irreversible 

myocardial damage.  

In addition to detailed imaging, cardiac biomarkers may contribute to 

early detection, assessment and longer-term monitoring of cardiotoxicity. In 

patients with multiple types of advanced cancer receiving high-dose 

chemotherapy, Cardinale and associates demonstrated that troponin I increased in 

one-third of patients shortly after treatment, which was associated with a 

concomitant reduction in EF within the subsequent year(31).  In serial evaluation 

of adjuvant and metastatic patients receiving trastuzumab-based chemotherapy, 

elevations in troponin were seen early in therapy (after 2 cycles) and with 

adjustment for major confounders, was the strongest independent predictor of 
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future EF decline, occurring within 1 – 8 months(37).  In these patients (n = 42), a 

three-fold decrease in likelihood of recovery was observed over time despite 

optimal pharmacotherapy. Brain naturietic peptide (BNP), an established marker 

of heart failure, has also been shown to predict cardiac events including 

symptomatic heart failure, arrhythmias and acute coronary syndrome in patients 

receiving anthracycline-based chemotherapy(38). While these studies provide 

valuable insights, larger studies in homogeneous patient groups with similar 

chemotherapy regimens and biomarker collection are required before general 

recommendations can be implemented(39). Finally, other novel markers may 

have the potential to detect early cardiac dysfunction. For example, collagen-

derived peptides have been correlated to the fractional volume of myocardial 

fibrosis in hypertensive patients(40)and HF(41). As the underlying collagen-based 

structure of the heart remodels, peptides are released into the plasma (42-44).  

While these molecules have not been studied in cancer patients(45), prospective 

exploration of these markers and other prospectively-collected biofluids may 

provide insight into disease evolution or effects of pharmacotherapy.  

To date, no study has prospectively examined the effects of proven HF 

therapy to prevent cardiotoxicity in patients with EBC receiving trastuzumab. The 

median follow-up of the pivotal trastuzumab trials remains between two and three 

years, limiting understanding of the clinical course of patients with trastuzumab 

mediated cardiac toxicity and thus, the appropriate length of therapy.  Therefore, 

the logical extension of our body of research is to examine: (1) the underlying 

pathogenesis of trastuzumab mediated cardiac toxicity, (2) screening tools for 
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detecting early LV remodeling in this patient group, (3) determine the evolution 

of LV remodeling beyond chemotherapy, and (4) pharmacotherapies to prevent 

LV remodeling for these patients. 

Given this background, our cardio-oncology research group designed the 

Multidisciplinary Approach to Novel Therapies In Cardiology Oncology Research 

(MANTICORE) trial. The primary objective of this randomized clinical trial is to 

determine if conventional heart failure pharmacotherapy (ACEI or BB) can 

prevent trastuzumab-mediated LV remodeling among patients with HER2+ EBC, 

determined by 12 month change in LV end-diastolic volume (LVEDV) measured 

using cardiac MRI. Secondary objectives include 1) determine the evolution of 

LV remodeling on cardiac MRI in patients with HER2+ EBC; 2) understand the 

mechanism of trastuzumab mediated cardiac toxicity by assessing for the presence 

of myocardial injury and apoptosis using serum biomarkers and cardiac MRI; and 

3) correlate cardiac biomarkers of myocyte injury and extra-cellular matrix 

remodeling with LV remodeling on cardiac MRI. 

C2 Methods 

C2.1 Design 

This study is parallel 3-arm, randomized, placebo controlled, double-blind 

study comparing bisoprolol and perindopril for the prevention of LV remodeling 

in patients with HER2+ breast cancer treated with adjuvant trastuzumab. 

Additional inclusion requirements are adequate creatinine clearance, age > 18 

years, no contraindication to MRI and willingness to provide informed consent. 

Exclusion criteria are known contraindication or current treatment with ACEI or 
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BB; history of heart failure, cardiomyopathy, baseline EF < 50%; and history of 

uncontrolled hypertension or myocardial infarction. Ethical approval has been 

secured from the two relevant institutional review Boards.  

C2.2 Participants  

Potential participants are consecutively identified and screened for 

eligibility by the study coordinator during multidisciplinary Tumor Board review 

of all new breast cancer case consultations. Following primary oncologist 

approval, potential participants are provided with a review of the study and 

provided with written study information. After obtaining written consent, 

participants will be scheduled for a baseline clinic visit for final determination of 

eligibility.  

C2.3 Group Allocation 

Participants are randomized in a 1:1:1 ratio to perindopril, bisoprolol, or 

placebo using a secure internet randomization service (EPICORE, 

www.epicore.ualberta.ca).   

C2.4 Pharmacotherapy 

Participants will receive drug or placebo for 1 year beginning 7 days 

before trastuzumab therapy.  There will be no run-in period.  Dosages for all 

groups will be systematically up-titrated as tolerated at 1 week intervals, for a 

total of 3 weeks. Perindopril will be initiated at 2mg and titrated to a target dose 

of 8mg.  Bisoprolol will be initiated at 2.5mg and titrated to a 10mg target dose.   

C2.5 Evaluations 

http://www.epicore.ualberta.ca/�
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Baseline demographics, medical history, cardiac risk factors, and cardiac 

history are evaluated. Physical examination including cardiovascular exam, blood 

pressure and pulse is performed.  Blood is collected for the purposes of measuring 

baseline electrolytes, creatinine (for estimation of glomerular filtration rate 

[GFR]), and biomarkers and an electrocardiogram.  Participants undergo a 

comprehensive baseline cardiac MRI as part of their routine pre-chemotherapy 

ventricular function evaluation in lieu of conventional modalities.  An additional 

consent is obtained for prospective serial collection of serum and urine in the 

Alberta Research Tumor Bank (www.abtumorbank.com) for future analysis. 

Participants initiate study drug one week prior to starting trastuzumab 

therapy and are scheduled for titration visits. Participants return for a visit with 

the study coordinator at 3 and 12 months after randomization to be assessed for 

signs and symptoms of HF, major adverse cardiac events (MACE), adverse 

effects relating to HF pharmacotherapy as well as adherence to medication. In 

addition, participants will be contacted by telephone at months 1, 6, 9 and 18 to 

ensure continued stability and minimize loss to follow-up.  Participants will also 

undergo blood work to assess electrolytes and creatinine at 3 month intervals as 

per routine care while on trastuzumab therapy and have biomarkers drawn at 3 

and 12 months for comparison with the concurrent cardiac MRI measures.  

Cardiac monitoring at 6 and 9 month intervals will be performed with routinely 

available modalities per standard of care.   If trastuzumab therapy is discontinued 

due to cardiac toxicity outside of the 3 or 12 month cardiac MRI scans then 

http://www.abtumorbank.com/�
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participants will return for another clinically indicated cardiac MRI within 1 week 

of chemotherapy termination. 

Participants will return for a final visit with the study coordinator at 24 

months, or 1 year after trastuzumab therapy termination.  The study coordinator 

will perform the same clinical assessment as on previous follow-up visits at 3 and 

12 months.  Evaluation of medications will be done to ascertain if treatment for 

HF has been initiated since the 12 month visit.  Patients will undergo the same 

collection of serum biomarkers.  A non-clinically indicated research cardiac MRI 

will be performed to assess for the presence of ongoing LV remodeling.  The 

long-term cardiac implications of trastuzumab therapy are unknown but we 

hypothesize that the exposed heart will be more vulnerable to future insults49. 

C2.6 Data Security   

De-identifying case report form development, data entry, quality assurance 

and data analysis will be performed by EPICORE. De-identified image data from 

cardiac MRIs will be stored on a secure network using unique identifiers.  Blood 

samples for biomarker analysis will also only be identified by unique identifiers 

and stored for batch analysis. 

C2.7 Statistical Considerations 

Participants will be analyzed with the intention to treat principle.  The 

primary outcome analysis will be the difference in mean change in LVEDV at 1 

year in each active treatment arm and the placebo arm, evaluated using a general 

linear model controlling for differences in patient characteristics at the baseline 

and 12 month assessments.  A general linear mixed model will be used to assess 
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group differences with serial correlation over time based on the baseline, 3, 12, 

and 24 month measurements with correlated post-hoc analysis where appropriate.  

All statistical tests will be two-sided.  Regression analyses and diagnostic tests 

will be performed to model changes in continuous variables from imaging with 

those from biomarker measures.  Statistical significance will be assumed at the 

5% level (p < 0.05).  Missing data will be interpolated where possible using 

multivariable imputation.  Data will be analyzed using SAS 9.2 (SAS, Cary, NC) 

software.   

Based on our pilot data(19), we expect the placebo group will have a 

minimum change in LVEDV of +11% with 1-year of trastuzumab therapy. We 

assume that pharmacotherapy with ACEI would prevent 90% of the trastuzumab 

mediated remodeling as measured by a change in LVEDV at 1 year = +1%.  

ACEI and perindopril have been shown to entirely prevent LV remodeling in 

other models of heart failure.  Note that the change in LV volume in our pilot 

study was observed after 4 months of trastuzumab; hence we are possibly 

underestimating the true magnitude of change in LV volume at 1 year in the 

placebo group of this study.  This is supported by an interim analysis of the 

BCIRG 006 trial, showing that mean LV function tended to decrease out to 8 

months regardless of the chemotherapy protocol(11).  If the within-group standard 

deviation is 20 ml, with a two-2-tailed significance level ∝ =0.05 and a power of 

.80, then 47 participants are required for each group. We anticipate a 10% drop-

out rate and a 3% mortality rate during our 2 year follow-up(46), therefore we 

will recruit a total 159 participants.  If the absolute difference between the mean 



150 
 

LVEDV in placebo and ACE inhibitor groups is greater than 10% at 1 year, this 

sample size will still be sufficiently powered to detect a lower degree of 

remodeling prevention (Table 1). 

C3 Discussion 

Given our small sample size, we do not expect to find a significant 

decrease in cardiac clinical outcomes, however, given the overwhelming evidence 

of clinical efficacy in the HF literature, we expect to demonstrate a beneficial 

effect of pharmacotherapy in preventing trastuzumab-mediated LV remodeling.  

Our results would then justify a multicenter trial studying the role of ACEI and/or 

BB for preventing clinical HF and improving long-term outcomes of breast cancer 

survivors. Furthermore, if ACEI or BB are proven efficacious in the prevention of 

cardiac toxicity, then patients with known cardiac dysfunction (thus ineligible to 

receive trastuzumab) could also be studied. Effective strategies for preventing 

trastuzumab mediated cardiac toxicity would allow more HER2+ breast cancer 

patients to successfully complete their adjuvant chemotherapy, while avoiding 

delays or discontinuation of vital therapy.   

Our secondary objectives may also yield information on appropriate 

biomarkers to screen for cardiac toxicity and provide additional information on 

the underlying pathogenesis and the evolution of cardiac injury beyond exposure 

to trastuzumab. Ideal biomarkers in this field have yet to be identified, however, 

cardiac MRI allows for precise characterization of LV dysfunction against which 

biomarkers can be evaluated.   In future studies, we will analyze prospectively 

collected biofluids in the study of metabolics and genomics of trastuzumab-
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related cardiotoxicity. Urine metabolomics have the capacity to sensitively 

measure metabolic processes at the cellular level, and may provide early insights 

into myocyte structural or energetic changes (47, 48).  Molecular profiling may 

identify key pathways involved in tissue regeneration, drug metabolism and cell 

death (49, 50);  in studying copy number variants, we have shown that toxicities 

associated with docetaxel-containing chemotherapy regimens may be 

predicted(51).  Taken together, study of biomarkers and clinical outcomes in this 

setting will contribute to personalized care and improved therapeutic outcomes.  

C4 Conclusion 

Cardiac toxicity as a result of cancer therapies is now recognized as a 

significant health problem of increasing prevalence. While therapies such as 

trastuzumab potentially offer improved survival with targeted anti-tumor 

activities, the additional cardiac insult in addition to ‘multiple-hit’(52) injuries put 

patients at risk of morbidity and potentially premature mortality. A limitation of 

the existing data is that the median follow-up in the trastuzumab adjuvant trials is 

between 2 and 3 years. Therefore, information is lacking on the potential for late 

cardiac dysfunction, or whether short-term improvements in LV remodeling or EF 

with medical treatment are permanent or temporary. Future trials with longer 

follow-up are necessary to address these remaining issues.  

To our knowledge, MANTICORE will be the first randomized trial testing 

proven HF pharmacotherapy in the prevention of trastuzumab-mediated 

cardiotoxicity. We expect the findings of this trial to provide high-level evidence 

in the development of guidelines for preventive therapy. Relationships of 
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established and novel biomarkers to sensitive MRI measures will enhance our 

understanding of these markers, as well as development of sensitive assays for the 

earliest detection of cardiovascular changes in these patients. Lastly, this work 

will inform and support other long-term goals of our team, in the prevention, 

detection and treatment of cardiovascular effects of cancer therapies.  
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