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Abstract 

 

IMPAIRED CARDIORESPIRATORY FITNESS FOLLOWING THORACIC 
RADIOTHERAPY 

 

Justin McNair Canada, PhD, RCEP 

 

A dissertation submitted in partial fulfillment of the requirements for the degree of Doctor 

of Philosophy at Virginia Commonwealth University. 

 

Virginia Commonwealth University, 2018. 

 

Dissertation Adviser: Antonio Abbate, MD, PhD 

Department of Internal Medicine, Division of Cardiology 

 

Cancer (CA) is the second leading cause of death in the United States preceded 

only by cardiovascular disease (CVD). Over the past 30 years, the 5-year survival rate 

for all cancers combined has increased by more than 20%. This improved survival rate 

is due to early diagnosis and advances in treatment involving a multimodality treatment 

approach that includes radiotherapy [RT] with about half of all CA patients receiving 

some type of RT sometime during the course of their treatment. Cardiotoxicity is one of 

the most important adverse reactions of RT and leads to a meaningful risk of CVD-

related morbidity and mortality. Radiotherapy-related cardiotoxicity is a heterogeneous 

clinical syndrome characterized by symptoms related to impaired cardiac function due 



  

to radiation-injury to one or more cardiac structures. Furthermore, the relative risk of 

CVD increases with increasing incidental radiation dose to the heart.  

There is not a unified consensus on the definition of CA-related cardiotoxicity 

although most trials have focused on changes in resting systolic function, and/or 

development of cardiac symptoms. Commonly used tools to assess cardiac function are 

insensitive to minor injury hence subtle changes may go unnoticed for many years. 

Cardiotoxicity definitions should include a dynamic functional assessment of the CV 

system. This may allow detection of latent CV abnormalities before the precipitous 

decline of resting myocardial function or the development of CV symptomology that may 

impact quality of life.  

Cardiopulmonary exercise testing (CPET) including measurement of peak 

oxygen consumption (VO2) is the gold standard for the assessment of cardiorespiratory 

fitness (CRF). Cardiorespiratory fitness is a strong, independent predictor of mortality, 

CVD-related mortality, HF-related morbidity and mortality, CA-related mortality and may 

be involved in the pathophysiologic link between anti-CA related treatments and the 

increased risk of late CVD events. Emerging evidence indicates CRF may be reduced in 

CA survivors and have utility to detect subclinical cardiotoxicity, but this has not been 

evaluated in CA survivors treated with RT with significant heart involvement. This 

dissertation consists of one literature review and one comprehensive paper that will 

examine the ability of CPET to detect subclinical cardiotoxicity.
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Chapter 1 

 

Introduction 

Cancer (CA) is the second leading cause of death in the United States (U.S.) 

with an estimated 1,688,780 new diagnoses expected in the U.S. this year which is the 

equivalent of 4,600 new cases each day.(1) Breast CA is the most common CA type in 

women involving 252,710 new cases representing 30 percent (%) of all CA in 

women.(2) This translates to an annual incidence of new cases of breast CA of 124.9 

per 100,000 women per year.(3)  

 Despite breast CA being the most common type, the most common cause of CA-

related deaths are cancers of the lung/bronchus representing 25% and 27% of all 

estimated deaths for women and men, respectively.(3) However, over the past 30 

years, the 5-year survival rate for all CA combined has increased by more than 20% at 

similar rates between both sexes. In fact, the 5-year survival rate of women with breast 

CA is now approaching 90%.(2) Currently, there are more than 3.1 million breast CA 

survivors in the U.S.(4) The improved survival rate is due to early diagnosis and 

advances in treatment of involving a multimodality treatment approach that involves 

surgery, systemic therapy (chemotherapy, targeted-therapy, or endocrine therapy [ET]), 

and radiotherapy [RT]. The multimodality treatment of CA although shown to improve 

CA-specific recurrence and mortality is offset with an increased risk of non-CA related 
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morbidity/mortality primarily due to increased cardiovascular disease-related (CVD) 

events.(5)  

Cardiotoxicity, a general term used to describe "toxicity that affects the heart", is 

one of the most important adverse reactions of systemic therapy and RT and leads to a 

meaningful risk of CVD-related morbidity and mortality.(6, 7) Cytotoxic agents, targeted 

therapies, and incidental exposure of the heart to irradiation can all negatively affect the 

CV system and increase CVD risk.(8, 9) This CVD risk is further pronounced in the 

setting of combination therapy whereby systemic agents are used in combination or 

coupled with RT.(10) The reason is that many of these agents reach targets in the 

microenvironment that do not affect only the cancerous tumor. The improving survival of 

patients, particularly breast-CA patients (the largest cohort of CA survivors), justifies the 

use of this multimodality treatment approach, but strategies must be introduced to 

detect, offset and monitor this CVD risk. 

The purpose of this review is to describe current anti-CA treatments, identify 

those with known cardiotoxic side effects, discuss the proposed mechanisms linking 

anti-CA treatments with cardiotoxicity, and review the current detection methods used to 

identify cardiotoxicity in the CA patient. This review will primarily focus on the breast CA 

patient due to their over-representation for both CA diagnosis and survivorship. 

Furthermore, the role of anti-CA treatments on cardiorespiratory fitness (CRF) and its 

determinants is discussed highlighting its potential link to cardiotoxicity. Finally, the 

measurement of CRF variables using cardiopulmonary exercise testing (CPET) is 

reviewed with an emphasis on the potential ability to detect cardiotoxicity in the CA 

patient.   
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I. Anti-Cancer Treatments 

 The American Joint Committee on Cancer (AJCC) has developed a system 

based on clinical and pathologic features to classify patients with CA, define prognosis, 

and determine the best treatment approaches.(11) This staging system characterizes 

patients based on primary tumor (T) size, lymph node (N) involvement, and observance 

of metastasis (M) to classify patients based on the extent of disease and the impact of 

treatments. Tumor size (T) is graded on a 0–4 scale with higher numbers indicating 

larger size and/or invasion into adjacent structures. Node (N) involvement is graded on 

a 0-3 scale based upon CA spread to lymph nodes and the number of nodes involved. 

Metastasis is classified as 0 (no) or 1 (yes) if the CA has spread to other organs. 

Cancers are also staged (0–IV) with higher stages indicating larger tumors or the extent 

of spread according to pathological characteristics based upon tumor size and spread to 

lymph nodes or other organs. These systems allow application of evidence-based 

treatments based on CA subtype and can be used to gauge treatment success with the 

goal of a complete response. Complete response is defined as the absence of invasive 

carcinoma in the breast and axillary nodes.(11) Specific to breast CA, treatment is also 

based on the following clinical and pathological features: menopausal status and patient 

age, stage of disease, grade of the primary tumor, hormone status (estrogen receptor 

(ER+/-) and progesterone receptor (PR+/-) expression), human epidermal growth factor 

type 2 receptor (HER2 +/-) expression, and histologic type.(2) 

 Surgery is considered standard treatment for early, localized, or operable breast 

CA and may include breast-conserving surgery (BCS) referred to as lumpectomy or 
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modified radical mastectomy involving removal of the entire breast. In patients with 

stages I, II, and T3N1 disease the initial management is surgical resection.(12) Breast-

conserving surgery coupled with adjuvant RT provides comparable outcomes in terms 

of disease-specific survival as compared with mastectomy and confers improved quality 

of life thus it is considered the standard of care for early stage breast CA.(13, 14) Breast 

conservation therapy (lumpectomy and RT) provides survival equivalent to mastectomy, 

preserves cosmetic appearance, while providing a similar low risk of CA recurrence in 

the treated breast.(15)  

 More than 50% of breast CA patients receive RT as part of their treatment.(16) 

Radiotherapy can be used alone with curative intent or, more often, is coupled with 

surgery and systemic therapy based on tumor characteristics. When used after BCS, 

RT reduces the risk of local recurrence (LR) by as much as 70%. A recent meta-

analysis of the Early Breast Cancer Trialists Collaborative Group (EBCTCG) in 2011, 

including 10,801 women with a median follow-up period of 9.5 years concluded RT 

proportionally reduced the rate of LR or distant metastases over the first 10-years by 

about half (relative risk = 0.52) and proportionally reduced the rate of breast CA-related 

death by approximately one-sixth.(17) 

 Chemotherapy are systemic agents given as neo-adjuvant therapy (prior to 

primary scheduled therapy; i.e. surgery) or as adjuvant therapy (after primary therapy) 

consisting of multiple cycles of polychemotherapy to reduce the risk of breast CA 

recurrence and provide an additional disease-specific survival benefit.(18) 

Chemotherapy used neo-adjuvantly or adjuvantly is used in the treatment of 

approximately 38% of all breast CA survivors although is used in the majority of other 
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CA types.(3) The most common drugs used for breast CA chemo include 

anthracyclines, taxanes, flouropyrimidines (5-fluorouracil), cyclophosphamide, and 

carboplatin.(19) However, taxane-based and anthracycline-based regimes have shown 

to be superior to cyclophosphamide, 5-fluorouracil, and nonanthracycline-based 

regimens.(18) For breast CA patients who warrant chemo, multiple cycles of adjuvant 

chemo including taxanes and anthracyclines are considered “gold-standard” and as 

such are part of the standard regimen for most patients with node-positive and high-risk 

node-negative tumors.(20) This benefit of chemo has also been realized in women with 

hormone receptor +/-  status regardless of age or menopausal status.(21) However, not 

all patients need chemo as the differences in the absolute risk of recurrence is small in 

patients with small CA or ER+ CA that also receive adjuvant ET.(22) 

 Hormone receptor status appears to be an important predictor of derived-benefit 

from chemo. The ER is present in about 70% of invasive breast CA and 80% of ductal 

carcinoma in situ (DCIS) tumors.(23) Targeted ET with the use of ER modulators or 

aromatase inhibitors (AI) in post-menopausal women may reduce LR following BCS and 

prevent development of new primary breast CA in the contralateral breast.(24) Tumors 

that are ER- benefit substantially from chemo added to ET whereas ER+ tumors do not 

glean as much benefit from the addition of chemo on top of ET.(25)  

 The human epidermal growth factor type-2 receptor (HER2) (found in 20% of 

invasive breast CA) historically has been linked to a higher risk of recurrence, relative 

resistance to ET due to lower levels of ER expression, and resistance to 

cyclophosphamide/methotrexate/5-fluorouracil (CMF)-based chemotherapies.(26) 

However, in 2005 the reports of five randomized trials examining the utility of a targeted 
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therapy using a humanized monoclonal antibody (Trastuzumab) against the HER2 

protein for HER2 overexpressing breast CA demonstrated significant improvements in 

disease-free survival (DFS)(50% average risk reduction) and overall survival (OS).(27–

30) This led to the standardization of Trastuzumab as a treatment for HER2+ breast CA.  

 

Chemotherapy 

 Anthracyclines 

 Anthracyclines (ACT) are anti-CA compounds derived from Streptomyces 

bacteria that are delivered intravenously (IV) and enter cells through passive diffusion. 

They bind to proteasomes in the cytoplasm and are then translocated into the cell 

nucleus. Proteasomes are predominantly located in the nucleus of neoplastic and 

normal proliferative cells. Once ACT enter the nucleus they disassociate from the 

proteasome and bind to deoxyribonucleic acid (DNA).(31) In addition, by binding to 

proteasomes, ACT inhibit protease activity leading to inhibition of protein degradation, 

accumulation of misfolded proteins, and thus induction of apoptosis. The mechanism of 

action appears to be multifactorial including cell DNA intercalation, interaction with DNA 

binding proteins, induction of apoptosis, formation of reactive oxygen species (ROS), 

and anti-angiogenic mechanisms.(32–35) The major drugs used in this class of agents 

for breast CA include Doxorubicin (brand names: Adriamycin, Doxil), Epirubicin (brand 

name: Ellence), Daunorubicin (brand names: Cerubidine, DaunoXome), and 

Mitoxantrone (brand name: Novantrone).(36)  

Taxanes 
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 Taxanes are a class of diterpenes first extracted from the bark of Pacific yew 

trees.  Taxanes inhibit cell proliferation by blocking mitotic activity through their actions 

on microtubules leading to polymerization, mitotic metaphase inhibition, and spindle 

microtubule rearrangement.(37) Paclitaxel (brand name: Taxol), Docetaxel (brand 

name: Taxotere) are the major taxanes used for the treatment of breast CA.(38) The 

Cancer and Leukemia Group B 9344 report was the first to demonstrate the addition of 

sequential Paclitaxel therapy improved DFS and OS in comparison to 

cyclophosphamide-doxorubicin (AC) chemotherapy.(39) To date, the optimal dosing 

regimen appears to be treatment of 4-cycles every 2-weeks in sequential order following 

ACT/alkylating agent therapy for reducing breast CA recurrence.(40) 

5-Fluorouracil 

The fluoropyrimidine, Fluorouracil or 5-fluorouracil (5-FU) works as an 

antimetabolite to prevent cell proliferation. It primarily inhibits the enzyme thymidylate 

synthase (TS) blocking the thymidine formation required for DNA synthesis.(41) 

Fluorouracil (brand name: Adrucil) is a pyrimidine analog that interferes with DNA and 

RNA synthesis by mimicking the building blocks necessary for synthesis. It can be used 

as a single agent but is most commonly administered via IV in combination with other 

chemotherapy regimens.  

Cyclophosphamide 

Cyclophosphamide is a synthetic alkylating agent chemically related to the 

nitrogen mustards with antineoplastic and immunosuppressive activities. It is the most 

widely used alkylating agent and has antineoplastic activity in a variety of tumors.(42) In 

the liver, cyclophosphamide requires activation by cytochrome P-450 and is then 
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converted to the active metabolites aldophosphamide and phosphoramide mustard, 

which bind to DNA, thereby inhibiting DNA replication and initiating cell death. 

Cyclophosphamide is routinely used in combination with other systemic agents and 

usually administered via IV in divided doses relative to bodyweight. 

 

Carboplatin 

Cis-diamminecyclobutanedicarboxylate platinum or Carboplatin contains a 

platinum atom complexed with two ammonia groups and a cyclobutane-dicarboxyl 

residue. It is activated intracellularly to form reactive platinum complexes that bind to 

nucleophilic groups such as guanine-cytosine-rich sites in DNA, thereby inducing intra-

strand and inter-strand DNA cross-links, as well as DNA-protein cross-links. These 

carboplatin-induced DNA and protein effects result in apoptosis and cell growth 

inhibition.(43) Carboplatin (brand name: Paraplatin) is usually administered as a rapid 

IV infusion over 30-minutes. In HER2+ breast CA, platinum-based agents exhibit a 

synergistic cytotoxic effect when coupled with anti-HER2 monoclonal antibodies.(44) 

 

Targeted Therapy 

 Targeted therapy is the use of agents that target specific changes in CA cell 

types whereas chemotherapy agents exert their neoplastic effects irrespective of cell 

type. Overexpression of the HER2 receptor protein is present in about one out of five 

women with breast CA and is associated with an aggressive subtype that leads to a 

poor prognosis. Targeting HER2 expression inhibits epidermal growth factors/ HER2 

ligand receptor activity and disrupts the phosphorylation of intracellular tyrosine kinases 
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that regulate cell growth and survival. Trastuzumab (brand name: Herceptin) was the 

first HER2-targeted therapy approved by the Food and Drug Administration (FDA).(45) 

The adjuvant use of Trastuzumab is only known to be effective in tumors with aberrant 

expression of HER2 proteins.(46) Initially approved for use in advanced metastatic 

breast CA, subsequent studies have demonstrated a reduced risk in CA recurrence 

(9.5% decrease) and improved OS (3% improvement) in early-stage breast CA 

following surgery.(47) However, all the trials to date showing benefit have utilized 

Trastuzumab in combination with varying chemotherapy regimens. Optimal treatment 

appears to be for twelve months and can be delivered concurrently or sequentially 

following chemotherapy.(20, 28)  

Pertuzumab, another humanized monoclonal antibody that targets different 

extracellular regions of the HER2 tyrosine kinase receptor and blocks HER2 

dimerization is FDA approved in combination with Trastuzumab and Docetaxel for the 

treatment of HER2+ metastatic breast CA and for neo-adjuvant use prior to surgery in 

HER2+ breast CA. (48) 

 

Endocrine Therapy 

 Endocrine therapy works in breast CA by inhibiting the effects of estrogen and 

progesterone on CA cell growth. They work by inhibiting the body’s ability to produce 

hormones or by interfering with the hormones effects on breast CA cells.(49)   

  

 Estrogen Receptor Modulators 
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 Tamoxifen, an estrogen receptor modulator, works by blocking estrogen 

stimulation of breast CA cells, inhibiting translocation and nuclear binding of the ER. 

This binding inhibits transcriptional activation of estrogen-responsive genes. Tamoxifen 

is the only FDA-approved hormonal agent for the prevention of premenopausal breast 

CA, treatment of DCIS, and the treatment of post-surgical ER+ breast CA.(50, 51) The 

EBCTCG overview on the use of adjuvant Tamoxifen demonstrated administration for 

five-years reduced the annual rate of breast CA recurrence by 41% with a 34% 

reduction in the annual death rate for women with ER+ breast CA.(51) 

   

Aromatase Inhibitors 

 Following menopause, the synthesis of ovarian hormones ceases, but estrogen 

production continues by conversion of androgens by aromatase. Aromatase is the 

enzyme complex involved in the final step of estrogen synthesis by the conversion of 

androgens. Aromatase inhibitors (AI) block the actions of aromatase resulting in 

estrogen depletion and are used for the treatment of estrogen-responsive breast CA in 

postmenopausal women. The American Society of Clinical Oncology (ASCO) guidelines 

on adjuvant ET recommend AI treatment in postmenopausal women as either initial 

therapy or as adjunctive sequential therapy following Tamoxifen.(52) The addition of AI 

in the treatment of postmenopausal ER+ breast CA women results in a modest 

improvement in DFS.(53) 
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Radiation therapy (radiotherapy) 

Radiation therapy is administered to cells either in the form of photons (x-rays 

and gamma rays) or particles (protons, neutrons, and electrons). When photons or 

particles interact with biological materials, ionization takes place. Ionization is the 

process by which an atom or a molecule acquires a negative or positive charge by 

gaining or losing electrons to form ions. Ionizations can directly interact with either 

subcellular structures or water within the cell generating free-radicals. The direct effect 

of radiation is the absorbance of its energy by DNA in chromosomes leading to 

ionizations that induce damage including base damage, single-strand breaks, and 

double-stranded breaks. Free-radicals generated by radiation interact with other 

molecules that possess an unpaired electron and molecules without unpaired electrons 

in their outer-shell and can remove a hydrogen molecule from the DNA to cause 

damage. Radiation can induce DNA damage at three primary points during the cell 

cycle.(12)  

Briefly, the cycle of eukaryotic cells can be separated into four discrete phases: 

the mitotic (M) phase of the cycle corresponds to mitosis, which is usually followed by 

cytokinesis. This phase is followed by the gap 1 (G1) phase, which corresponds to the 

interval gap between mitosis and initiation of DNA replication. During G1, the cell is 

metabolically active and continuously grows but does not replicate its DNA. The 

G1 phase is followed by the synthesis (S) phase, during which DNA replication takes 

place. The completion of DNA synthesis is followed by the gap 2 (G2) phase, during 

which cell growth continues and proteins are synthesized in preparation for mitosis. The 
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cell cycle must progress in a specific order and has checkpoint genes that do not allow 

progression to the next event until earlier events are complete.(54) 

Radiation-induced DNA damage can occur at the border between G1/ S phase, 

intra-S phase, and the border between the G2 phase and mitosis. Cells with intact 

checkpoints that have sustained DNA damage become arrested at the next checkpoint 

in the cell cycle. The G1/S phase and intra-S phase checkpoints inhibit the replication of 

damaged DNA. The G2 phase checkpoint inhibits cells from entering mitosis with 

damaged DNA that is transmitted to its progeny.(49) 

In addition to its direct effects on DNA, radiation also affects cellular membranes. 

Ionizing radiation activates membrane receptor pathways such as epidermal growth 

factor (EGFR) and transforming growth factor beta (TGF-)  that promote DNA damage 

repair and/or cell proliferation.(55) 

The goal of RT is to deliver enough ionizing radiation to the tumor site which can 

result in absorbed dose. Most patients treated with RT, receive high-energy, external 

beam photon therapy. The split-dose repair studies of Elkind et al. have formed the 

basis of fractionated radiotherapy wherein a dose is delivered in fractions.(56) When RT 

is delivered in fractions as opposed to a single dose it prolongs cell survival or tumor 

growth delay. The phase of the cell cycle at the time of RT influences the cell’s inherent 

sensitivity to RT. Cells synchronized in late G1/ early S and G2/M phases are most 

sensitive, whereas cells in the G1 and mid to late S phases are most resistant to RT. If 

cells are given a short time interval between doses, they move from a resistant portion 

of the cell cycle to a more sensitive phase enhancing the tumor response to fractionated 

RT while this response is somewhat protracted in normal tissue. This concept of re-
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assortment is also utilized with systemic agents thus making cells more sensitive to 

treatment when used in combination with fractionated RT.  

External beam photon treatments require high energy (usually 6 to 20 megavolts) 

beams with sufficient fluence to penetrate tissue and reach the tumor. To preserve 

normal tissue and maximize tumor dose received, beams are arranged to enter the 

patient from multiple directions and to intersect at the center of the tumor. Computerized 

treatment planning systems using x-ray or computed tomography (CT) to develop 

patient-specific anatomic models with beam-specific dose deposition properties to 

select beam angles, shapes, and intensities to meet prescribed treatments. Beyond the 

ability to define the primary target volume for the tumor these treatment planning 

systems allow characterization of the dose administered to normal tissues.(49) 

Radiation doses are calculated to maximize tumor control without producing 

unacceptable toxicity. The dose of RT required depends on the tumor type, volume of 

tumor cells, and the use of RT-modifying agents such as chemo. Dose is quantified in 

Gray (Gy) units defined as the absorption of one joule of radiation energy per kilogram 

of matter. The effectiveness of a dose of radiation depends on the fraction given with 

each treatment as well as the time required to complete the course of RT. Standard 

fractionation for RT is defined as 1.8 to 2.25 Gy per fraction per day with a total dose of 

whole breast RT of 45 to 54 Gy in the adjuvant setting. A boost or supplementary 

irradiation whereby a 10 to 16 Gy boost to the tumor bed region is also commonly used 

and provides an additional reduced risk of recurrence in the ipsilateral breast.(57) 
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II. Cardiotoxicity of Anti-Cancer Therapies 

There are many recognized adverse cardiovascular (CV) effects of anti-CA 

therapies including heart failure (HF), myocardial ischemia/infarction (MI), hypertension 

(HTN), thromboembolism (VTE), and arrhythmias.(58) Cardiotoxicity related to anti-CA 

treatment is important to recognize as it may have a significant impact on the overall 

prognosis and survival of CA patients. Furthermore, it is likely to remain a significant 

challenge due to the aging of the population of patients with CA and the introduction of 

new CA therapies. The risk of cardiotoxicity needs to be balanced with the benefit of 

evidenced-based therapies to eradicate the CA. Early cardiotoxicity can affect a 

patient’s ability to complete CA treatments while late toxicity may impact CVD mortality 

in the CA survivor. 

The National Cancer Institute proposes the use of the Common Terminology 

Criteria for Adverse Events to define left-ventricular (LV) dysfunction and HF based on 

severity into grades 1 to 5.(59) Grade 1 is defined as asymptomatic with elevations in 

cardiac biomarkers or cardiovascular imaging abnormalities, Grades 2-3 include HF 

symptoms at mild and moderate exertion. Grade 4 includes severe HF symptoms 

requiring hemodynamic support and finally, Grade 5 indicates death. The FDA defines 

ACT-induced cardiotoxicity as >20% decrease in left-ventricular ejection fraction (LVEF) 

when baseline LVEF is normal and >10% when baseline LVEF is not normal.(60) 

There is not a unified consensus on the definition of CA-related cardiotoxicity 

although most trials have focused on changes in resting systolic function, namely LVEF 

and/or development of HF symptoms.(61, 62) However, systemic therapies and RT are 
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known to affect the entire CV system not just resting LVEF. There is a need to expand 

the definition of cardiotoxicity to include direct effects on cardiac structure, diastolic 

function, conduction abnormalities, vascular function, hemodynamics, coagulability, and 

the reserve capacity of the CV system to stress. Cardiotoxicity definitions should include 

a dynamic functional assessment of the CV system in addition to measures of resting 

myocardial function. This may allow detection of latent CV abnormalities before the 

precipitous decline of resting myocardial function or the development of CV 

symptomology that may impact quality of life.(63, 64) 

Cardiotoxicity risk is potentiated by pre-existing CVD risk factors and 

combinations of systemic agents with or without RT.(65) Advanced age, smoking, 

sedentarism, obesity, diabetes mellitus, dyslipidemia, HTN, and prior history of CVD are 

all associated with heightened risk. The “multiple-hit” hypothesis proposed by Jones and 

colleagues infers that at the time of diagnosis breast CA patients already have an 

increased risk of developing CVD which is further heightened by the anti-CA 

treatment.(66) Cardiotoxicity risk factors associated with CA-related treatments include: 

mediastinal RT, systemic cytotoxic agents, ET, and targeted therapies.(65) The next 

section of this review will discuss the cardiotoxicity of anti-CA therapies employed in the 

treatment of the CA patient. 
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Cardiotoxicity due to Chemotherapy 

Anthracyclines 

Anthracyclines have long been known to cause LV dysfunction and HF with an 

incidence in the range of 5-23% of patients.(67) The risk of cardiotoxicity is proportional 

to the cumulative ACT exposure(68), however, the CA response rate is proportional to 

the increased ACT dose, thus creating a conundrum.(69) Cardiotoxicity from ACT is 

heightened when the cumulative dose surpasses 300 milligrams per meter squared 

(mg/m2) of body surface area.(70) There is a 5% risk of developing HF with cumulative 

doses of 400mg/m2 and increases to >25% at doses of 700 mg/m2. In the U.S., the 

combination of polychemotherapy (doxorubicin at 60mg/m2 and cyclophosphamide at 

600 mg/m2) in four cycles (total doxorubicin dose at 240 mg/m2) is commonly employed 

as treatment for early-stage breast-CA. The risk of symptomatic HF is relatively rare at 

this cumulative dose of 240 mg/m2, but asymptomatic CV dysfunction is frequently 

observed, and the incidence of late occurring LV systolic dysfunction is not completely 

known.(71) 

The mechanisms of ACT cardiotoxicity are not completely understood although 

the leading hypothesis is that ACTs increase ROS emission within the mitochondria of 

cardiac myocytes.(72) In this oxidative stress model of cardiotoxicity, ROS causes 

protein/ nucleic acid/ lipid oxidation and leads to cell death/ dysfunction.  

Topoisomerase inhibition by ACTs also appears to be important in the 

development of cardiotoxicity. Topoisomerases are essential enzymes required for DNA 

transcription, replication, or recombination and are expressed in two isoenzymes 

(Top2 and Top2) in humans. The Top2 enzyme demonstrates high levels of 



 
24 
 
 

 

expression in rapidly proliferating cells. The Top2 enzyme is predominantly expressed 

in quiescent cells such as myocytes.(73) Inhibition of topoisomerases may be a 

beneficial effect of ACTs in high-expression Top2 cells, but may lead to cardiotoxicity 

in predominant Top2 cells. Mice with deletion of cardiomyocyte Top2 genes are 

protected from doxorubicin-induced cardiotoxity.(74)  

Cardiac progenitor cell loss and dysfunction may also be a mechanism of ACT 

cardiotoxicity.(75) In an animal model of pediatric mice, exposed to doxorubicin at levels 

below acute cardiotoxicity ranges, impaired vascular development with decreased 

coronary branching and reduced capillary density upon examination during adulthood 

was demonstrated.(76) The adult doxorubicin mice when subjected to myocardial 

ischemia developed worse ischemic cardiomyopathy and HF and a reduced ability to 

increase capillary density in the infarct border zone. Furthermore, the adult doxorubicin 

mice demonstrated increased sensitivity to physical stress from high-volume swimming 

with increased cardiac hypertrophy and LV dilatation.(76)  

Anthracycline-induced cardiotoxicity can be grouped into 3 categories by its 

temporal relationship: acute, early, late. Acute cardiotoxicity occurs during infusion or 

within one-week of therapy. The acute cardiotoxicity incidence is low (<1%), can include 

pericarditis and arrhythmias, and usually resolves with discontinuation of therapy. Early 

cardiotoxicity occurs within 3-12 months of treatment with a peak onset of symptoms of 

HF at three-months following completion of therapy. Late cardiotoxicity occurs one to 

several years following treatment where patients may be asymptomatic initially and then 

develop HF symptoms sometimes even decades after the ACT treatment.(77) 
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Taxanes 

Arrhythmias are the most common cardiac abnormality observed with the use of 

taxanes.(78) Asymptomatic bradycardia is observed in up to 30% of patients taking 

Paclitaxel with only 0.1% suffering from serious bradycardias.(78) Taxanes also 

interfere with the metabolism and excretion of ACTs and increase the risk ACT 

cardiotoxicity particularly at higher cumulative ACT doses.(79) Taxane treatment with 

Epirubicin may be less cardiotoxic compared with Doxorubicin.(80) Docetaxel is 

associated with an incidence of 2.3-8% for the development of LV dysfunction.(81) 

 

Fluoropyrimidines 

Fluorouracil is associated with an incidence of cardiotoxicity ranging from 1%-

7.6%.(82) The most common manifestations appear to be ischemic in nature including 

angina and electrocardiogram (ECG) changes that appear more frequently in those with 

underlying CVD.(83) A systematic review of the pathophysiology of 5-FU cardiotoxicity 

demonstrated evidence of: interstitial fibrosis, inflammation in the myocardium, 

hemorrhagic infarction, endothelial damage, increased myocardial energy metabolism, 

depletion of high-energy phosphates, increased superoxide anion levels, reduced 

antioxidant capacity, arterial vasoconstriction, alterations in red blood cell (RBC) 

structure, and increased platelet aggregation/ fibrin formation.(84) Cardiotoxicity usually 

occurs early during treatment and is more common at higher doses and with continuous 

infusions.(85) 
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Cyclophosphamide 

Cyclophosphamide therapy is associated with pericardial effusions, pericarditis, 

and HF which occurs in 7-28% of patients.(60) The risk appears to be dose related 

(>150 milligram per kilogram [mg/kg]) and usually occurs within 1 to 10 days of the first 

dose.(60) Like other systemic agents, additional risk factors include combination with 

ACT and/or RT.(86) 

 

Carboplatin 

Vascular toxicity is one of the most important late consequences of platinum-

based chemotherapy.(87) Cisplatin, another platinum analog is associated with an 

accelerated risk of CVD in men with testicular CA.(88) Mechanistically, Cisplatin is 

associated with mitochondrial membrane depolarization, ultrastructural abnormalities of 

the mitochondria, activation of the endoplasmic reticulum stress response, increased 

Caspase-3 activity, and increased apoptosis.(89) Carboplatin, is preferred over Cisplatin 

in breast CA due to its lower toxicity profile.(90) To date, platinum-based non-ACT 

regimens in clinical trials have not demonstrated a significant signal for the development 

of LV dysfunction.(91)  

 

Targeted Therapies – Trastuzumab 

The HER2/neu oncogene encodes a transmembrane tyrosine kinase receptor 

and shares a very similar structure to the epidermal growth factor receptor. The HER2 

gene is involved in embryonic heart development and in the adult, is involved in cardio-

protection.(92) The HER2 signaling is involved in growth, survival, and inhibition of 
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apoptosis in cardiac myocytes. In situations of biomechanical stress, a ligand growth 

factor named neureregulin binds to HER2 to activate the phosphatidylinositide 3-kinase 

(PI3K) and mitogen-activated protein kinase (MAPK) cell survival pathways.(93) 

Trastuzumab, a humanized monoclonal antibody for the HER2 receptor disrupts 

signaling between neureregulin and the HER2 receptor. This may trigger a decline in 

myocardial function because of its effects on cardiomyocyte neureregulin-HER2 

receptor function. It is believed that exposure to Trastuzumab results in a loss of 

contractility due to cellular stunning rather than cardiomyocyte death.(94)  

 Breast CA patients taking HER2-antagonists also experience increased levels of 

norepinephrine with concomitant increases in blood pressure (BP) and heart rate 

(HR).(95) Additionally, pre-clinical studies demonstrate beta ()-adrenergic receptor 

activity is linked to HER2 expression.(96) Furthermore, trastuzumab triggers 

mitochondria oxidative stress and induces the expression and activation of pro-

apoptotic proteins. This causes mitochondrial damage, opening of the mitochondrial 

permeability transition pore, and induction of cell death pathways.(97) The incidence of 

symptomatic HF with Trastuzumab monotherapy is approximately 4% although can be 

as high as 27% with the concurrent use of ACTs.(45) The reduction in LV dysfunction is 

considered reversible with the cessation of therapy.(47)  

 

Endocrine Therapy 

 Tamoxifen use is associated with an overall beneficial effect on lipid profiles, 

however long-term clinical trials data have failed to show this translates into a CV 

benefit.(98) In fact, the risk of VTE  events, and stroke although rare has been shown to 
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be increased with the use of tamoxifen over placebo or AI.(99) Anastrozole, an AI with 

long-term safety data available has been associated with fewer thromboembolic and/or 

cerebrovascular events compared with Tamoxifen, but no significant difference in CV 

events.(100) 

 

Radiotherapy 

Radiation-induced heart disease (RIHD) is a heterogeneous clinical syndrome 

characterized by symptoms related to an impaired cardiac function (diastole and/or 

systole) related to radiation-injury to one or more cardiac structures (myocardium, 

pericardium, valves, coronary arteries). RIHD may present acutely during treatment in 

the form of acute radiation myocarditis, but more commonly develops over the long-term 

leading to leading to a restrictive cardiomyopathy.(101) Radiotherapy is associated with 

macrovascular, microvascular, endothelial dysfunction, valvular dysfunction, 

atherosclerosis, myocardial fibrosis, and pericardial disease.(102) 

The damage from RT causes cellular vasodilation, platelet aggregation, 

increased vascular permeability, and secretion of adhesion molecules and growth 

factors from injured endothelium prompting activation of the acute inflammatory 

response. Inflammatory cells secrete pro-fibrotic cytokines which convert fibroblasts to 

myofibroblasts that stimulate excessive extra-cellular matrix (ECM) formation, this 

accumulation of ECM leads to fibrosis.(103)  

In a population-based case-control study of incident HF in female breast CA 

patients who underwent contemporary RT, HF with preserved ejection fraction (HFpEF) 

defined as a LVEF ≥ 50% with HF symptoms was the most predominant HF 
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phenotype.(104) The relative risk of HFpEF increased with increasing mean cardiac 

radiation dose (MCRD), and risk of HF was higher in those with prior history of CVD or 

atrial arrhythmias.  

Late-onset RIHD occurs at a median of 10–15 years after exposure although the 

increased risk starts within the first 5 years and persists at least until the 3rd 

decade.(102, 105) The risk of RIHD is magnified by higher dose, delivery technique, 

younger age at the start of RT, longer duration since exposure, use of adjuvant 

chemotherapy, pre-existing CVD, and pre-existing CVD risk factors.(102) A large meta-

analysis involving 289,109 women revealed those who underwent RT for left (L)-sided 

vs. right (R)-sided breast CA had a higher risk of CV death and this was more apparent 

with prolonged follow-up (≥15 years).(106) 

Radiotherapy dose to the heart can vary considerably with mean doses of 1-2 Gy 

for R-breast disease, but as much as 10 Gy for treatment of the L-breast.(107) To 

account for this variability, a population-based case-control study of women with 

invasive breast CA who underwent external-beam RT was undertaken to determine the 

risk of CVD considering an individual patient’s RT dose and the presence of CVD risk 

factors present during treatment.(105) In women exposed to a range of 0.03 to 27.72 

Gy (MCRD = 4.9 Gy) using conventional or modern RT techniques the risk of major CV 

events increased linearly with MCRD to the heart. Cardiovascular disease risk 

increased 7.4% per Gy of mean heart dose with no discernible threshold dose below 

which CV risk did not exist.(105)  

The heart dose of RT in the CA patient has decreased over time with the use of 

modern RT techniques.(108) This includes the application of 3-dimensional CT 
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treatment planning for accurate heart dose and volume calculation, cardiac shielding, 

reduced heart dose per fraction (<2.0 Gy/day), reducing total heart dose (<30 Gy), 

breath-holding techniques, and the use of intensity-modulated RT.(109) 

  



 
31 
 
 

 

III. Methods to Detect Cardiotoxicity in the Patient with Cancer 

 

Methods to detect cardiotoxicity in the CA patient include multi-modality cardiac 

imaging to assess ventricular function, cardiac-specific biomarkers, and exercise testing 

while taking into account the patients’ intrinsic CV risk factor profile.(8) Chemotherapy-

related cardiac dysfunction (CTRCD) was first described in the late 1960’s based upon 

the presence of HF symptoms following the introduction of ACT for the treatment of 

CA.(110) The usefulness of LVEF by non-invasive cardiac imaging to detect 

cardiotoxicity was first reported in 1981 and initiated an era of using symptomology and 

assessment of LV function to monitor cardiotoxicity in the CA patient.(111) The 

evaluation of LVEF has emerged as the most widely used strategy for detecting 

changes in cardiac function during CA treatments. Resting LVEF, however, only 

provides a snap-shot of cardiac function, is dependent upon preload and HR, and is not 

prognostic in patients with preserved LVEF (>50%).(112) Impairments can also occur in 

diastolic relaxation and filling following CA therapy despite a preserved LVEF.(113)  

  

Radionuclide Imaging 

A multi-gated acquisition (MUGA) scan provides a cinematographic (cine) image 

of the beating heart by using a radioactive tracer that emits gamma rays that is injected 

into the blood with a gamma camera to detect the radiation released by the heart. It has 

historically been used to calculate the LVEF, define clinical cardiotoxicity, and risk 

stratify patients undergoing chemotherapy.(114) Guidelines for the use of MUGA to 

detect an asymptomatic decline in LVEF were developed to guide ACT treatment using 
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an LVEF decrease of ≥10% to indicate cardiotoxicity.(114) The advantages of MUGA 

for the assessment of LVEF are its high reproducibility, low variability, few technical 

limitations, and its widespread use in clinical practice.(115) It outperforms two-

dimensional echocardiography (2DE) with respect to accuracy and reproducibility of 

LVEF measurements.(116) The primary disadvantage of MUGA is incidental radiation 

exposure.(117) Furthermore, MUGA has significant variability in measurements of LV 

diastolic function, is non-informative on valvular or pericardial disease, and requires the 

use of supine bicycle exercise to measure LV functional reserve which is not readily 

available in standard clinical practice.(118) 

 

Echocardiography 

 Echocardiography (echo) is the cornerstone of cardiac imaging due to its 

widespread availability, safety, ease of repeatability, and lack of radiation exposure. It 

uses high-frequency ultrasound waves from a transducer to create images of the heart. 

In addition to its ability to determine cardiac dimensions, it also allows a comprehensive 

assessment of systolic and diastolic function at rest and with exercise, cardiac valves, 

the aorta, and the pericardium in the patient.(119) 

 The most commonly used parameter for estimating LV function with echo is the 

LVEF. The recommendations for chamber quantification from the American Society of 

Echocardiography and European Association of Echocardiography have established an 

LVEF ≥ 55% as normal with a reference range of 53 – 73% using the modified biplane 

Simpson’s technique with 2DE.(120, 121) Changes in loading conditions are frequent 

during chemotherapy and may affect the LVEF due to volume expansion with IV 
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administration or volume contraction due to vomiting or diarrhea. However, the 

incorporation of contrast, stress, three-dimensional, speckle-tracking, and tissue 

Doppler imaging echocardiography improve its clinical predictive value. 

 Although LVEF is a strong predictor of cardiac outcomes in the general 

population, 2DE often fails to detect small changes in LV systolic function.(122) A study 

by Thavendiranathan et al., concluded 2DE to be reliable in the detection of 10% 

differences in LVEF in CA patients undergoing chemo.(123) A drop in LVEF of 10% is 

highly significant and may be irreversible suggesting more sensitive parameters of LV 

function would be useful.(124) This lack of sensitivity has led to the increasing use of 

speckle-tracking echo and Doppler imaging to detect subtle changes in myocardial 

function.  

 Speckle tracking or strain-imaging utilizes the movement of the coherent 

ultrasound backscatter speckle pattern within echo images to assess myocardial strain 

throughout the cardiac cycle. The ventricular myocardium simultaneously shortens 

during systole in the longitudinal and circumferential planes and thickens in the radial 

plane, with reciprocal changes in diastole. Strain imaging allows for assessment of 

myocardial shortening and lengthening throughout the cardiac cycle by assessing 

regional myocardial strain and strain rate. Strain is defined as the change in length of a 

segment of myocardium relative to its resting length and is expressed as a %; strain 

rate is the rate of this deformation. Global longitudinal strain (GLS) is the preferred 

marker of myocardial deformation for the early detection of sub-clinical LV 

dysfunction.(125)  
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In 81 breast CA patients treated with chemo who were followed for 15-months 

with quarterly echo, the GLS after the completion of ACT predicted subsequent 

CTRCD.(126) Erven et al. demonstrated the ability of strain to detect deficits in breast 

CA patients undergoing RT wherein L-sided patients demonstrated strain and strain rate 

reductions after RT that was dose dependent with abnormalities in segments exposed 

to >3Gy.(127) 

 Diastolic dysfunction often precedes changes in systolic dysfunction in patients 

receiving anti-CA therapies.(128) An early reduction in the mitral annular early diastolic 

velocity (e’) has been repeatedly observed in patients receiving ACT chemotherapy and 

appears to predict future decline in systolic function.(113)   

 

Cardiac Magnetic Resonance Imaging  

 Cardiac magnetic resonance imaging (CMR) is very accurate for the calculation 

of LV mass, volumes, and LVEF(129) and when coupled with late-gadolinium contrast-

enhancement (LGE) is considered the gold-standard for the determination of myocardial 

tissue structure.(130) The use of CMR may identify a higher prevalence of myocardial 

injury/scarring in the CA patient and has higher intra- and inter-observer reproducibility 

compared with echocardiography.(131) It also allows characterization of myocardial 

edema, inflammation, and fibrosis thus permitting detection of early and late 

cardiotoxicity in the CA patient.(132) The benefit of CMR is that it is non-invasive, does 

not involve radiation, and demonstrates high-resolution through high contrast to noise 

ratios providing enhanced discrimination between endocardial and epicardial 

borders.(133) Disadvantages include lack of widespread availability, higher cost, and 
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contraindications involving ferromagnetic devices (i.e. pacemakers, defibrillators, breast 

tissue expanders) and claustrophobia.(125) 

 In CMR, the magnetic fields affect the hydrogen nuclei in the body, which act like 

miniature magnets. Gradients created by additional coils in the scanner cause a 

spatially related difference in how these hydrogen nuclei are affected. Generated 

radiofrequency (RF) pulses can then be used to manipulate the hydrogen nuclei in 

select planes of any predetermined location and size. Owing to their magnetic 

properties, the hydrogen nuclei that are affected by the RF pulse will give off an 

electromagnetic signal that can be detected, transformed, and displayed as a 2- or 3-

dimensional image. Gating of images by HR is achieved by ECG leads placed on the 

patient. Cine imaging provides moving images of the heart and surrounding structures.   

 

Cardiac-specific Biomarkers 

 Cardiotoxicity in the CA survivor defined by LVEF is not sensitive to detect late 

declines in heart function and the presence of a normal LVEF does not exclude the 

possibility of cardiac dysfunction.(48) Measurement of cardiac biomarkers can be a 

valid diagnostic tool for early diagnosis, assessment, and monitoring of cardiotoxicity. 

They can be easily repeated, are minimally invasive, allow early diagnosis, are relatively 

low cost, and do not predispose to incidental irradiation.(124) There may also be benefit 

from combining circulating biomarkers with the results of imaging modalities.(134)  
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Markers of Myocardial Injury – Cardiac-specific Troponins 

 Cardiac troponin (cTn) is the recommended biomarker for acute cardiac injury 

and elevations correlate with clinical severity, mortality, and cardiotoxicity from anti-CA 

therapies.(135) Cardiac troponin I (cTnI) and troponin T (cTnT) are the cardiac isoforms 

of regulatory proteins involved in muscle contraction thus when they are released into 

the circulation are highly specific for myocardial damage.(136) These two isoforms arise 

from the same circumstances (i.e. cardiac injury), but vary in concentration, and show 

differences in diagnostic accuracy.(137) Abnormally elevated levels of circulating cTn 

are found in HF patients without obvious myocardial ischemia or the absence of CAD 

suggesting ongoing cardiomyocyte injury or necrosis.(138) 

Studied most extensively in ACT-induced cardiotoxicity, cTn identifies patients at 

risk of future cardiotoxicity, have high negative predictive value to identify those at low 

risk of toxicity, and strongly correlate with changes in LVEF.(139, 140) In L-sided breast 

CA patients undergoing RT who were chemotherapy-naive, cTnT increased in a 

significant proportion of patients (21%) after RT, and correlated with whole heart dose 

and LV chamber dose.(141) Recently, highly sensitive cTn assays have been 

developed that can measure to an order of magnitude lower than previously 

possible.(142) This allows detection of some cTn level in most individuals likely due to 

cardiomyocyte turnover and may allow detection of subclinical cardiac dysfunction.(142)   

  

Markers of Left Ventricular Wall Stress - Natriuretic Peptides 

 Natriuretic peptides are secreted by the heart and produced in response to 

ventricular wall stress from pressure or volume overload.(143) The natriuretic peptides, 



 
37 
 
 

 

B-type natriuretic peptide (BNP) and its amino-terminal fragment precursor N-terminal 

pro-brain natriuretic peptide (NTproBNP) are recommended for the diagnosis and risk 

stratification of patients with HF although NTproBNP may be more useful to recognize 

early subclinical cardiac dysfunction.(144, 145) In the primary care setting involving 

patients without HF, NTproBNP levels can also discern between the presence of LV 

systolic dysfunction using a cut-off value of 125 picograms per milliliter (pg/mL).(146) It 

must be noted however that NTproBNP varies with age, gender, and renal 

function.(147) 

 In CA patients, natriuretic peptides generally correlate with increased risk of 

subsequent cardiotoxicity and elevated NTproBNP raises concern for elevated filling 

pressures, but professional organizations encourage further study on their utility before 

standard recommendations can be made.(125) However, it has been shown that 

NTproBNP levels are higher after RT for L-sided breast CA compared with non-RT 

matched controls and that NTproBNP correlates with heart volume and %volume of 

heart receiving higher doses.(148) It is noteworthy, in this same study cTnI levels did 

not  significantly change following RT and remained below the cut-off threshold. 

  

Emerging Novel Biomarkers 

 The American College of Cardiology Foundation/ American Heart Association 

guidelines for the management of HF give a Class IIb rating for the measurement of 

biomarkers of myocardial injury/stress or fibrosis and identify Galectin-3 for added risk 

stratification in the chronic HF patient.(145) Galectin-3, a β-galactoside–binding lectin 

member of the galectin family is also a marker of the inflammatory response in HF. Its 
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expression is increased in activated macrophages and is involved in pathological 

remodeling leading to fibroblast proliferation and collagen deposition.(149) 

C-reactive protein (CRP) is an acute phase reactant synthesized by hepatocytes 

in response to pro-inflammatory cytokines and is part of the innate immune 

response.(150) In addition to being a non-specific marker of an inflammatory process, 

CRP plays a key role in the inflammatory process of atherosclerosis.(151) High-

sensitivity C-reactive protein (hsCRP) allows detection of subclinical inflammation and is 

associated with worsening hemodynamics and outcomes in heart failure.(152) In the 

prediction of cardiotoxicity, work has shown correlations between hsCRP levels and 

later development of cardiomyopathy in patients treated with targeted therapies (i.e. 

Trastuzumab).(153) 

Together, these novel biomarkers with HF risk status properties and mechanisms 

similar to established anti-CA cardiotoxic mechanisms would seem to be viable 

candidates to quantify the incidence of late cardiotoxicity, but to date their utility is 

equivocal.(134) 

 

Stress testing  

 Stress testing can elicit CV and pulmonary abnormalities not present at rest and 

allows the quantification of functional reserve through the use of physical stress (i.e. 

exercise) or pharmacologic stress (i.e. sympathomimetic agents).(154) Exercise ECG 

testing has been used for over 60 years to provoke and identify myocardial ischemia, 

but over the last several decades been increasingly applied to assess CV risk.(155) 

When coupled with imaging modalities such as echo or perfusion studies it can provide 
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even greater diagnostic accuracy.(154) Exercise capacity and assessment of cardiac 

contractile reserve are independent predictors beyond coronary anatomy and 

LVEF.(156, 157) The potential role of exercise capacity to diagnose CA-related toxicity 

is discussed in section IV of this review. 

In a study comparing the incidence and distribution of CAD after L-sided versus 

R-sided RT following BCS for early-stage breast CA (12-years post-RT), the L-sided 

group demonstrated a significantly higher prevalence of stress abnormalities (59% vs. 

8%) using stress echo or perfusion studies.(158) Furthermore, the L-sided abnormalities 

were predominantly (70%) in the L-anterior descending artery region illuminating the 

importance of RT techniques.(158)  

Stress echocardiography has shown usefulness in the detection and prognosis of 

stable CAD in patients with an intermediate or high pre-test probability for CAD who 

underwent chemotherapy regimens associated with ischemia (i.e. 5-FU).(159) Kearney 

et al. demonstrated the utility of stress echo using strain to detect subclinical LV 

dysfunction in long-term (36 10 years) CA survivors following prior ACT exposure 

(118 years post-treatment).(160) Similarly, Khouri et al. showed the superiority of 

exercise 2DE to detect subclinical cardiotoxicity not apparent with resting 2DE in breast 

CA patients undergoing adjuvant therapy.(161) 
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IV. Cardiorespiratory Fitness in Breast Cancer Patients Who Have 

Undergone Anti-Cancer Treatments. 

 

Cardiorespiratory fitness (CRF) is a strong and independent predictor of both all-

cause and CVD-related mortality wherein high-levels confer protection.(162, 163) 

Furthermore, it is a predictor of breast CA-specific mortality as well as the risk of a 

breast CA diagnosis.(164, 165) Finally, it appears to be reduced in breast CA 

survivors.(166)  

Cardiorespiratory fitness is defined as the ability of the circulatory, respiratory, 

vascular, and muscular systems to supply oxygen (O2) during sustained physical 

activity. It is typically expressed as maximal oxygen uptake (VO2 max) obtained during 

progressive maximal dynamic exercise. Maximal VO2 implies the observance of a 

plateau in O2 uptake values which is rarely observed in clinical practice thus the term 

peak VO2 is often used as a surrogate.(167)  

Cytotoxic anti-CA therapies are associated with fatigue, exercise intolerance, 

cardiomyopathies, and skeletal muscle myopathies that can occur with active treatment 

and persist in the post-treatment period.(168) This can be due to pain, emotional 

distress, anemia, weight gain, sedentarism, sleep disturbances, nutritional deficits, 

decreased functional status, medication side-effects, and comorbidities.(169)  

An analysis by Peel et al. developed normative values for peak VO2 in breast CA 

patients.(170) They identified 27 clinical trials involving a total of 1,856 females (mean 

age=52 years) directly measuring peak VO2 in the pre- or post-adjuvant setting. 

Adjuvant therapy included chemotherapy in 78% (mostly ACT), RT in 56%, and ET in 



 
41 
 
 

 

33% of patients. The mean peak VO2 prior to adjuvant therapy was 24.6 ml•kg-1•min-1, 

whereas the mean peak VO2 post-adjuvant therapy was 22.2 ml•kg-1•min-1. This 

equates to a post-adjuvant reduction in VO2 of -2.4 ml•kg-1•min-1or 10% lower.  This was 

accompanied by a mean post-adjuvant BMI increase of 2.6 kg/m2.  Linear meta-

regression analysis of BMI and age with peak VO2 did not provide evidence of an 

association (P>0.05). Compared with reference values the pre-adjuvant VO2 values 

were significantly lower (17%) than that of healthy, sedentary women (29.7 ml•kg-1•min-

1) or 83% of predicted (%pred.) (P=0.007). In the post-adjuvant setting, pVO2 was 25% 

lower (75%pred.) (P<0.001) compared to healthy, sedentary values. For comparison, 

the mean VO2 of a typical 50-year-old breast CA patient (22.6 ml•kg-1•min-1) was similar 

to the VO2 of a healthy 60-year-old sedentary woman (~22.7 ml•kg-1•min-1). 

Jones et al. evaluated VO2 across the entire breast CA treatment continuum and 

assessed its significance in metastatic disease.(171) A total of 248 women (mean age 

of 55±8 years) underwent CPET. Patients were divided into four cross-sectional 

treatment cohorts: 1) pre-adjuvant (n=20), 2) during adjuvant (n=46), 3) post-adjuvant 

(mean time=27 months, n=130), 4) during adjuvant-therapy with metastatic disease 

(n=52). In the post-adjuvant cohort, RT was part of treatment in 102 (78%) patients. The 

mean peak VO2 was 17.8±4.3 ml•kg-1•min-1 (73% pred.). As expected there was a 

significant difference between peak VO2 values observed between the different cohorts 

with the metastatic disease cohort displaying the lowest peak VO2 values (16.3±3.5 

ml•kg-1•min-1). In the metastatic cohort, peak VO2 in absolute values (L•min-1) held 

prognostic utility when comparing those <1.09 L•min-1 wherein the adjusted hazard ratio 

for death was 0.32 (95%CI, 0.16-0.67; P=0.002) for a peak VO2 >1.09 L•min-1. 
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Germane to this review, individuals in the post-adjuvant setting had a mean VO2 of 

18.4±4.1 ml•kg-1•min-1 (78% pred.). This was in the setting of a normal LVEF (62%), 

normal peak HR (96% pred. max HR), and normal hemoglobin levels (13.5 g/dL). 

 

1) Central Factors associated with CRF 

Maximal VO2 is considered the metric that defines the limits of the 

cardiopulmonary system. It is defined by the Fick equation as the product of cardiac 

output (CO) and arteriovenous oxygen content difference (a-vO2 diff). Cardiac output 

(HR x stroke volume (SV)) is regarded as the primary determinant of CRF(172) thus any 

sequelae of anti-CA treatment that impacts chronicity, contractility, preload, or afterload 

could adversely affect CO and ultimately CRF.  

When considering that the primary analysis of cardiotoxicity in patients receiving 

anti-CA therapies revolves around the measurement of LV systolic function to diagnose 

HF, it is important to recognize more than half of HF patients have HFpEF.(173) Breast 

CA survivors also share a number of HFpEF risk factors (female, older age, HTN, 

obesity, sedentary lifestyle).(174)  

Khouri et al. assessed CRF, as well as CO (using 2DE) at rest and immediate 

post-exercise in 57 women with early-stage breast CA (age=51 years; time post-

chemotherapy=26 months; LVEF=55%) and sex-matched healthy controls. Peak VO2 

was 20% lower in the breast CA cohort with no significant difference between groups for 

maximal HR. Post-exercise SV and cardiac index were significantly lower although post-

exercise left-ventricular end-diastolic volume (LVEDV), LVEF, and LVEF reserve were 
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not significantly different between groups. Cardiac index reserve was significantly 

related to peak VO2.(161)  

Koelwyn et al. evaluated LV volumes and ventricular-arterial coupling and 

VO2 during cycle exercise, using 2DE, in 30 older BC patients (age= 61 years; time 

post-chemotherapy= 6.5±3.6 years, 77% underwent RT; LVEF=60%) and 30 age-

matched controls. Peak VO2, sub-maximal exercise LVEDV, SV, and effective arterial 

elastance were not different between groups. However, sub-maximal exercise LVEF 

was significantly lower secondary to decreased end-systolic elastance (an indirect 

measure of LV contractility).(175) These studies insinuate a CV limitation in CRF 

despite a normal LVEF. 

 

2) Peripheral Factors associated with CRF 

The benefit of CRF assessment is that it provides a global assessment of the 

components that transport O2 from the atmosphere into the mitochondria termed the O2 

cascade. Any therapy that affects components of the Fick equation (CO or a-vO2 diff) 

will reduce CRF. Although CO is considered the primary determinant of CRF, anti-CA 

therapies are known to cause vasculature injury, pulmonary dysfunction, anemia, and 

skeletal muscle dysfunction.(66)  

Beckman et al. evaluated the effect of RT on endothelium-dependent 

vasodilation in 16 breast CA patients (>3 years post-RT) compared with healthy 

controls. Using vascular ultrasonography and flow-mediated (FMD) endothelium-

dependent (FMED) and endothelium-independent vasodilation (FMEI) techniques, 

FMED vasodilation was significantly impaired in the irradiated axillary arteries compared 
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with the contralateral, non-irradiated arteries and also compared with healthy control 

arteries. Conversely, the FMEI vasodilation was greater in the irradiated arteries 

compared with the contra-lateral arteries and controls.(176)  

Conversely, Jones et al. examined brachial artery FMD in 26 HER2+ breast CA 

patients (age=48 years; time post-chemo=20 months; 65% underwent RT, LVEF=64%) 

and 10 healthy controls. The brachial artery FMD  (FMED and FMEI) was not 

significantly different between groups (all P>0.1), and not related to peak VO2 (P>0.5) 

although pVO2 was significantly inversely related to BNP (R=-0.53,P=0.006).(174) 

Koelwyn et al. extended these findings by demonstrating that brachial artery FMD, 

carotid-femoral and carotid-radial pulse wave velocity, and carotid compliance were not 

significantly different between breast CA and healthy controls.(175) This suggests large 

conduit artery endothelial function and arterial stiffness are not impaired in breast CA 

patients. 

Reactive oxygen species, mitochondrial dysfunction, and inflammatory processes 

have been purported in the literature to be involved in chemotherapy-induced skeletal 

muscle dysfunction.(177) In an animal model, with adult mice injected with a single dose 

of cyclophosphamide, treadmill running time was decreased and mitochondrial function 

(maximal ATP production, phosphocreatine to ATP ratio) remained persistently below 

baseline following exposure at 6 weeks.(178) 

Decreased CRF may also be the result of peripheral muscle weakness as peak 

VO2 is related to leg strength in older BC patients.(179) A majority of the O2 consumed 

during exercise occurs in the active skeletal muscle thus a decline in peak VO2 in CA 

may be due to a reduction in the quantity or quality of skeletal muscle. Villasenor et al. 
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showed that sarcopenia is prevalent and an independent predictor of prognosis in older 

breast CA.(180) Finally, Toth et al. demonstrated that before or during CA treatment in 

19 CA patients (6=breast), muscle fiber cross-sectional area for both slow-twitch myosin 

heavy chain (MHC) I and fast-twitch MHC IIA was reduced (~20%) and correlated with 

functional capacity.(181)  
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V. Cardiopulmonary Exercise Testing in Cancer Patients Who Have 

Undergone Anti-Cancer Treatments. 

 

  Cardiopulmonary exercise testing is most extensively used in the CA literature to 

determine eligibility for surgery and post-operative prognosis as it applies to lung CA 

surgery.(182) Specific to clinical oncology, in 2008 Jones et al. performed a systematic 

review of formal CPET for adults with CA.(183) Using the recommendations for CPET 

from the American Thoracic Society/American College of Chest Physicians they 

attempted to quantify the quality of CPET results in the literature performed on adult CA 

patients. Their results suggest the reporting of CPET methods and data do not comply 

with national and international quality standards and they provide recommendations to 

improve consistency of data reporting and methodology for exercise-oncology 

researchers and clinicians caring for the adult oncology patient.   

 Using relevant terms, they identified 90 citations that met inclusion criteria.  

These 90 studies included 5,179 adults and were dichotomized into two groups: 1) 

performed CPET solely for quantification of CRF and 2) CPET performed as part of an 

intervention study.  By and large, most tests were performed on women and assessed 

patients with breast or lung CA either during or after treatment. 

Peak VO2 was the most commonly reported exercise variable. In regards to effort 

performance, 28/90 (31%) reported peak HR and only 11/90 (12%) reported the peak 

respiratory exchange ratio. This has major implications if one is trying to determine the 

robustness of peak exercise variables or assess the efficacy of an intervention. 
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 In regards to assessment of the exercise response, 6/90 (7%) reported the 

ventilatory threshold, 3/90 (3%) reported the peak O2 pulse, 11/90 (12%) reported 

symptoms for test termination, and only 14/90 (16%) reported some metric of 

ventilation.  These variables provide both prognostic and pertinent information to detect 

the physiologic or possibly pathophysiologic limitations to exercise.(167) Furthermore, 

they may be sensitive to change resulting from a therapeutic intervention.(184) 
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Conclusions 

 

In conclusion, CA-associated cardiotoxicity is an important concern in the 

growing population of survivors mostly consisting of breast CA patients. Multi-modality 

treatments are improving outcomes yet this may come at the expense of increased late 

CV risk. Current CV detection methods are based mostly on resting measures of LV 

systolic function. There is a need to expand this cardio-detection armamentarium to 

include measures of functional reserve such as CRF. The literature to date, although 

limited, indicates significantly reduced CRF following anti-CA therapies. The data is 

stronger for the adverse effects of anti-CA chemotherapeutic regimens, whereas the 

effects of RT with heart involvement, a recognized risk factor for CVD, on CRF has not 

been systematically examined. Incorporation of CPET into the assessment of patients 

who have received radiation to the chest may help understand the short- and long-term 

consequences and enhance detection of toxicity related to this form of anti-CA therapy. 

Enhanced detection will likely improve the quality of clinical care and provide insight to 

the mechanisms contributing to morbidity/mortality in the chest CA patient.  
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Chapter 2: Impaired Cardiorespiratory Fitness Following Thoracic Radiotherapy 

 
 
 
ABSTRACT 

Introduction: The risk of cardiotoxicity is one of the most detrimental adverse reactions 

of radiotherapy (RT) and leads to a significantly increased risk of cardiovascular disease 

(CVD) mortality and morbidity. RT induces a cardiomyopathy in a dose-dependent 

manner that leads to impairment in cardiac diastolic and systolic function. Clinical 

presentation of cardiotoxicity after RT is often delayed several years where the cardiac 

reserve is severely impaired and patients show signs of heart failure. In animal models 

the injury to the heart, however, starts immediately during RT where subtle structural 

and functional changes in the heart are evident early after RT. In the current study we 

sought to determine whether patients who had received RT to the chest demonstrated 

exercise intolerance, a marker of impaired cardiac reserve, due to impaired cardiac 

function.  

Methods: We enrolled 30 patients 2.0 (0.6-3.8) years after completion of RT to the 

chest for the treatment of cancer (CA) with the radiation field involving at least 10% of 

heart volume receiving at least 5 Gray (Gy) of radiation. Patients underwent 

cardiopulmonary exercise testing, stress echocardiography, cardiac magnetic 

resonance imaging, and biomarkers assessment. Exercise intolerance was defined as a 

reduction of peak oxygen consumption (VO2) <83% of predicted.  
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Results: The overall cohort was predominantly Caucasian (n=20 [67%]), mostly female 

(n=18 [60%]) with a median age of 63 (57-67) years. The peak VO2 was 16.9 (14.4-

20.8) mL·kg-1·min-1 or 62% (52-89%) of predicted, reflecting a peak VO2 <90% predicted 

in >75% of cases. The mean cardiac radiation dose for the entire cohort was 5.6 (3.7-

17.8) Gy and demonstrated a significant inverse association with peak VO2 (R=-0.380, 

P=0.04). Multivariate regression revealed the diastolic functional reserve index (DFRI) 

measured as the velocity of the mitral annulus at tissue Doppler (e’) at rest multiplied by 

the change in e’ with exercise (e′rest•Δe′exercise - ß=0.765, P<0.01) and N-terminal pro-

brain natriuretic peptide (NTproBNP) serum levels (ß =-0.389, P=0.04) were both 

independent predictors of peak VO2. 

Conclusions: Patients with CA who received radiation therapy to the chest involving 

the heart show a dose-dependent impairment in cardiorespiratory fitness (peak VO2) 

associated with a reduced cardiac diastolic reserve (DFRI) and markers of myocardial 

strain due to elevated filling pressures (NTproBNP levels). 
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INTRODUCTION 

Cancer (CA) is the second leading cause of death in the United States (U.S.) 

preceded only by cardiovascular disease (CVD).(1) Over the past 30 years, the 5-year 

survival rate for all cancers combined has increased by more than 20% at similar rates 

between both sexes.(185) This improved survival rate is due to early diagnosis and 

advances in treatment involving a multimodality treatment approach that involves 

surgery, systemic therapy, and radiotherapy [RT] with about half of all CA patients 

receiving some type of RT sometime during the course of their treatment.(4, 185) 

Cardiotoxicity, a general term used to describe "toxicity that affects the heart", is 

one of the most important adverse reactions of RT and leads to a meaningful risk of 

CVD-related morbidity and mortality.(6, 7) The improvement in survival rate means 

there are a greater number of CA patients living with the potential adverse effects of 

these anti-CA therapies such as RT. Cardiotoxicity related to RT is important to 

recognize as it may have a significant impact on the overall prognosis and survival of 

CA patients where the CA-related benefits of RT may be offset by an increased risk of 

CVD events. 

Radiotherapy-related cardiotoxicity is a heterogeneous clinical syndrome 

characterized by symptoms related to impaired cardiac function due to radiation-injury 

to one or more cardiac structures. Radiotherapy-related cardiotoxicity may present 

acutely during treatment in the form of acute radiation myocarditis, which is rare, and 

more commonly develops over the long-term leading to a restrictive-type of 

cardiomyopathy.(101)  

In a population-based case-control study of incident heart failure (HF) in female 

breast CA patients (the most common CA subtype) who underwent contemporary RT, 
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HF with preserved ejection fraction (HFpEF) defined as a left-ventricular ejection 

fraction (LVEF) ≥ 50% with HF symptoms was the most predominant HF 

phenotype.(104) Furthermore, the relative risk of HFpEF increases with increasing 

mean cardiac radiation dose (MCRD).(104) 

There is not a unified consensus on the definition of CA-related cardiotoxicity 

although most trials have focused on changes in resting systolic function, namely LVEF 

and/or development of HF symptoms.(61, 62) Commonly used tools to assess cardiac 

function (i.e. LVEF) are notoriously insensitive to minor injury, and hence subtle 

changes may go unnoticed for many years.(122) When considering that cardiotoxicity 

revolves around the measurement of LV systolic function to diagnose HF, it is important 

to recognize more than half of all HF patients have HFpEF.(173) Based on the 

prevalence of HFpEF, a greater need for dynamic functional assessment of the CV 

system in addition to measures of resting myocardial function may be warranted in 

defining cardiotoxicity. This may allow detection of latent CV abnormalities before the 

precipitous decline of resting myocardial function or the development of CV 

symptomology that may impact quality of life.(64)  

Cardiopulmonary exercise testing (CPET) including measurement of peak 

oxygen consumption (VO2) is considered the gold standard for the assessment of 

cardiorespiratory fitness (CRF).(186) Cardiorespiratory fitness is a strong, independent 

predictor of mortality, CVD-related mortality, HF-related morbidity and mortality, CA-

related mortality and may be involved in the pathophysiologic link between anti-CA 

related treatments and the increased risk of late CVD morbidity and/or mortality.(66, 

163, 164, 187) Emerging evidence indicates CRF may be reduced in CA survivors.(170)  
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To date, no one has examined the contribution of contemporary RT on CRF in 

patients with CA. Moreover, the degree of reduction in CRF, the primary limitation (i.e. 

heart vs. lungs), the determination of a dose-response (MCRD-∆VO2) relationship, and 

the mechanistic link attributable to specific anti-CA therapies such as RT are all 

unexplored. 

The purpose of this pilot project was to evaluate CRF with an emphasis on peak 

VO2 and its determinants in a subset of CA patients who had previously undergone RT 

involving a significant dose to the heart. The hypothesis of this study is that patients with 

CA who have previously undergone RT with radiation dose to the heart have impaired 

cardiorespiratory fitness, measured as a reduction in peak oxygen consumption (VO2), 

mainly due to abnormal cardiac function, in a dose-dependent manner. The ability to 

demonstrate a significant relationship between exercise capacity, cardiac dysfunction, 

and RT regimen may signal the importance of CRF assessment in establishing latent 

cardiotoxicity.  
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METHODS 

 

We designed a single-center pilot prospective study in patients who had 

previously undergone irradiation to the chest including a clinically-significant radiation 

dose to the heart to obtain a cross-sectional assessment of RT cardiotoxicity.  

Potential subjects were identified during their routine clinical visits within the 

radiation oncology department at Virginia Commonwealth University (VCU) Medical 

Center according to the following inclusion and exclusion criteria:  

  

Inclusion criteria: 

• Previous thoracic radiotherapy to the chest;  

• minimum radiation dose to the heart of at least 5 Gray (Gy) involving at least 10 

percent (%) of the heart volume  

 

Exclusion criteria: 

• Inability to provide informed consent; 

• age <18 years; 

• contraindication to magnetic resonance imaging (MRI) with gadolinium contrast use 

(including, but not limited to implantable cardioverter defibrillator or pacemaker [not 

compatible with MRI] or moderate to severe renal impairment [glomerular filtration 

rate <60 mL/min/1.73 m2]); 

• pregnancy or breastfeeding; 

• inability to perform treadmill exercise testing; 

• prior history of significant cardiac disease (including prior myocardial infarction, HF, 

myocarditis, pericarditis, left ventricular hypertrophy, cardiomyopathy, pericardial 

effusion). 
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This study was approved by the VCU institutional review board (HM#20006724) 

prior to commencement and all subjects underwent informed consent prior to study 

procedures. Clinical data was extracted from the patient medical record. Cancer staging 

was based upon the American Joint Committee on Cancer (AJCC) Cancer Staging 

Manual 7th edition.(188) Cancers are staged (0–IV) with higher stages indicating larger 

tumors or the extent of spread to lymph nodes or other organs. 

Radiation dose calculation was performed based on a volumetric computed 

tomography (CT) data set obtained during a treatment planning session. A single well-

experienced radiation oncologist performed quantification of total radiation dose and 

volume of heart and lung exposed. Using dedicated treatment planning software 

(Pinnacle, Koninklijke Philips N.V.), the heart and lungs were manually contoured on 

each CT slice generating 3D structures. After radiation beam definition and target dose 

calculation, heart and lung dose was determined as maximum, minimum and mean 

dose (MCRD, MLRD) to the whole organ volume as well as using dose-volume 

histograms to generate %volumes of the heart receiving at least 5 Gy, 10 Gy, 20 Gy, 30 

Gy, 40 Gy, and 50 Gy, respectively (Figure 1).  
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Figure 1.  Example of a Dose-Volume Histogram to determine heart exposure during 
radiotherapy treatment. 
Abbreviations: Gy=Gray units; cGy= centigray. 

  

%Heart volume 
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Patients were evaluated for signs of cardiotoxicity through the use of the 

following procedures:  

• Cardiopulmonary exercise testing (CPET) 

• Transthoracic Doppler echocardiography at rest and with exercise  

• Cardiac-specific blood-based biomarker analysis 

• Cardiac magnetic resonance (CMR) imaging with delayed-gadolinium enhancement 

(LGE).  

Additionally, all subjects underwent assessment of anthropometrics, physical activity 

participation, and completed a health-related quality of life (HRQOL) questionnaire to 

further characterize the cohort. 

 

Cardiopulmonary Exercise Testing 

A physician supervised, symptom-limited CPET was administered to all subjects 

by a clinical exercise physiologist using a conservative incremental ramping treadmill 

protocol wherein the speed and grade increased by approximately 0.3 estimated 

metabolic equivalents every 30 seconds.(189) Ventilatory gas-analysis was performed 

pre-, during, and post-exercise using a metabolic cart (Parvomedics, Sandy, UT) to 

measure ventilation (VE), VO2, and carbon dioxide production (VCO2). Prior to each test, 

the O2 and CO2 sensors of the metabolic cart were calibrated using gases of known O2, 

nitrogen, and CO2 concentrations and the flow sensor was calibrated using a standard 

3-Liter syringe.  

Contraindications to testing and test termination criteria were based upon 

established American Heart Association/American College of Cardiology guidelines for 
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exercise testing.(154) All subjects were instructed to follow standard pre-exercise test 

procedures as outlined by the American Thoracic Society/American College of Chest 

Physicians and evaluated by a physician prior to testing.(186) This included instructions 

to arrive in a fasting state, abstain from smoking at least 8 hours before testing, 

continuation of current medications, no exercise the day of testing, and to wear 

appropriate exercise attire. Subjects were briefed regarding the exercise protocol and 

encouraged to exercise to volitional fatigue. Twelve-lead ECG monitoring was 

conducted at baseline, throughout the test, and at least 5-minutes into the recovery 

period to assess heart rate (HR) and rhythm. Presence of exercise-induced 

atrial/ventricular arrhythmias (atrial fibrillation, ventricular ectopy ≥6/minute) and/or ST-T 

wave segment changes (≥1-mm horizontal or downsloping depression) indicative of 

myocardial ischemia were considered abnormal consistent with international 

guidelines.(154) Peak HR in beats per minute (bpm) was indexed to the age-predicted 

maximal HR to give a percentage using the commonly used equation: 220-age.(190) 

Chronotropic response to exercise was determined from the chronotropic index (CI), 

which is the difference between the peak HR and the resting HR relative to the 

metabolic requirement of exercise (peak VO2 minus resting VO2). A CI <0.80 without 

beta-blockade and ≤0.62 with beta-blockade was considered indicative of chronotropic 

incompetence and considered an abnormal response.(191, 192) Blood pressure was 

measured at rest, every two minutes during exercise, and into recovery using an 

automated exercise-compatible sphygmomanometer (Tango+, SunTech Medical, 

Morrisville, NC).  
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During CPET, VE was determined using a pneumotachometer, and expired 

gases were sampled to continuously measure VO2 and VCO2. The average value for 

VO2 during the last 30 seconds of exercise was used to define peak VO2 expressed in 

both absolute values (mL·min-1) and relative to bodyweight (mL·kg-1·min-1). Percent of 

predicted normal peak VO2 was calculated according to the prediction equations of 

Wasserman and colleagues.(193) The peak respiratory (VCO2/VO2) exchange ratio 

(RER) coinciding with the peak VO2 was used to quantify subject effort. Typically, an 

RER ≥1.1 is regarded as criterion of an excellent maximal cardiopulmonary effort.(194) 

However, in the clinical setting an RER ≥1.1 is often not attained although the 

prognostic utility of peak VO2 is retained leading to the acceptance of lower thresholds 

of >1.05 as good or ≥1.0 as acceptable effort.(167, 195–197) A RER<1.0 was used to 

reflect submaximal effort and/or a non-cardiac reason for stopping in the absence of any 

hemodynamic or electrocardiographic abnormalities.(154) A peak VO2 <83% of 

predicted values was used to identify an abnormal aerobic exercise capacity or exercise 

intolerance.(193)  

The peak oxygen pulse (O2 pulse) was defined as the ratio between peak VO2 

(mLO2·min-1) and peak HR in units of mL/beat. Percent predicted O2 pulse was defined 

as the percentage of the predicted value achieved by dividing the predicted peak VO2 

by age-predicted peak HR. An O2 pulse ≤85% of predicted was considered abnormal 

based on the findings of Oliviera and colleagues.(198) 

The ventilatory anaerobic threshold (VAT) was calculated using the dual-

methods criteria wherein the V-slope and the ventilatory equivalents methods were 

employed.(199) The V-slope method was graphically determined by departure of the 
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VO2 from a line of identity drawn through a plot of VCO2 versus VO2. The ventilatory 

equivalents method was determined from graphical and averaged tabular data as the 

point wherein a systematic increase in the ventilatory equivalent for oxygen (VE/VO2) 

occurs without an increase in the ventilatory equivalent for carbon dioxide 

(VE/VCO2).(186) A VAT less than the lower 95% confidence limits for the ratio of 

predicted VAT to predicted peak VO2 indicated abnormality.(193) 

Ten second averaged VE and VCO2 data, from the initiation of exercise to peak, 

were inserted into spreadsheet software (Microsoft Excel, Microsoft Corp., Bellevue, 

WA) to calculate the minute ventilation/carbon dioxide production (VE/VCO2) slope via 

least squares linear regression. Additionally, the VE/VCO2 slope was indexed to the 

peak VO2 to normalize ventilatory efficiency to exercise capacity.(200) The oxygen 

uptake efficiency slope (OUES) was determined from the linear relation of V̇O2 versus 

the logarithmic transformation of VE during exercise, i.e., V̇O2 = a log10 VE + b, where 

‘a’ is the OUES and ‘b’ is the intercept.(201) The %-predicted OUES was calculated by 

comparing the observed with the reference values put forth by Sun et al.(202) A %-

predicted OUES of <89% of predicted was considered indicative of an abnormal CV 

limitation as proposed by Barron et al.(203) The oxygen uptake efficiency plateau 

(OUEP) was calculated as the 90-second average of the highest consecutive 

measurements of VO2 (mL·min-1)/VE (L·min-1) during the exercise period.(202) 

A normal CV limitation to exercise was defined as a peak VO2 ≥83% of predicted 

values in the setting of an RER ≥1.0 with a peak HR ≥85% of age-predicted maximal 

HR.(167, 193, 204) A priori an abnormal cardiovascular response to exercise was 

defined as exercise intolerance (peak VO2 <83%) in the presence of any one of the 
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following observances in the absence of a pulmonary limitation to exercise and a peak 

RER ≥1.0: 1) VAT <95% confidence limits for the ratio of predicted VAT to predicted 

peak VO2(193); 2) Chronotropic index (CI) <0.80 or ≤0.62 with beta-blockade(191, 192); 

3) OUES <89% of predicted(203); 4) Peak O2 pulse <85% of predicted.(198)  This 

would indicate subclinical cardiac dysfunction related directly to undergoing RT 

treatment and provide a means for early detection of latent heart disease. Inability to 

detect an abnormal cardiac limitation to exercise posits that cardiovascular dysfunction 

is not what’s driving the exercise intolerance rather it is due to pulmonary limitations, 

deconditioning or excess body habitus, or that CPET variables may be insensitive to 

detect early cardiovascular dysfunction. A peripheral limitation to exercise was defined 

as a peak VO2 <83% with an RER <1.0 in the absence of any cardiovascular or 

pulmonary abnormalities. 

 

Pulmonary Function Testing 

All subjects underwent standard spirometry prior to exercise including 

performance of forced vital capacity (FVC), forced expiratory volume in one second 

(FEV1), the mean forced expiratory flow between 25% and 75% of the FVC (FEF25-75%), 

peak expiratory flow (PEF), and the directly-measured maximal voluntary ventilation 

(MVV) maneuver according to American Thoracic Society standards.(205) The 

presence and severity of airflow limitation was assessed according to Global Initiative 

for Chronic Obstructive Lung Disease (GOLD) guidelines.(206) Peak exercise VE was 

compared to the MVV to assess ventilatory reserve with a peak VE/MVV ratio of >0.80 

indicating a pulmonary limitation to exercise.(207) Similarly, forehead pulse oximetry 
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was employed throughout exercise to estimate arterial hemoglobin oxygen saturation. 

Oxygen saturation values <95% at rest or >5% decrease with exercise were considered 

abnormal and indicative of a pulmonary limitation to exercise.(207) 

 

Doppler Echocardiography 

Standard two-dimensional transthoracic echocardiography was performed to 

measure left and right ventricular and atrial dimensions, left and right ventricular systolic 

function, stroke volume (SV), left-ventricular ejection fraction (LVEF), transmitral flow 

velocities [Early (E), Late (A), E/A ratio, and E wave deceleration time (DT)], tissue 

Doppler‐derived early diastolic mitral annular velocity (e′), and longitudinal systolic strain 

(s′) measured at tissue Doppler averaged between lateral and septal according to the 

recommendations of the American Society of Echocardiography.(120, 208, 209) All 

echocardiographic measurements and analysis were performed by trained cardiologists.  

Doppler derived cardiac output (CO) was estimated by measuring flow across the 

left ventricular outflow tract (LVOT) which is determined by the velocity time integral (VTI) 

of the Doppler signal directed across the LVOT (LVOT VTI) multiplied by the HR.(210) 

The LVOT VTI is used to estimate SV since it reflects the column of blood which moves 

through the LVOT during systole, per the following equation: SV = LVOT VTI x Cross 

Sectional Area (CSA) of the LVOT.(210) Since estimation of the CSA of the LVOT 

represents a potential source of significant error the LVOT VTI alone has been suggested 

as a reasonable surrogate for CO measurement.(211)  

The E/e’ ratio was calculated as an estimate of LV filling pressures.(212) The e′ 

velocity was indexed by the DT to obtain a measure (e′/DT) that reflected both the delay 
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in relaxation (DT) and the peak velocity in diastolic filling (e′).(213) A higher e′ and shorter 

DT would reflect better myocardial relaxation, whereas reduced e′ or prolonged DT would 

each reflect impaired relaxation with an additive value.  

Stress echocardiography was also performed to assess the LVOT VTI-derived CO 

(VTICO), E, lateral e′ and E/e′ ratio at peak exercise by having the patient sit down 

immediately post-exercise and obtaining an apical view in < 1-minute. The interval 

changes in VTICO, e′ and E/e′ were calculated (ΔVTICOexercise, Δe′exercise, ΔE/e′exercise), 

respectively. The diastolic functional reserve index (DFRI) was defined as the product of 

e′rest•Δe′exercise.(214) 

 

Cardiac-specific Blood-based Biomarker Assessment 

A blood sample was obtained prior to any study procedures and before exercise 

to measure the following biomarkers: 1) high-sensitivity cardiac troponin I (hs-cTnI); 2) 

high-sensitivity cardiac troponin T (hs-cTnT); 3) N-terminal pro-brain natriuretic peptides 

(NTproBNP); 4) galectin-3 (Gal-3); 5) high-sensitivity C-reactive protein (hsCRP). The hs-

cTnI and hs-cTnT plasma samples were collected in K2-Ethylenediaminetetraacetic acid 

(EDTA) tubes (Becton, Dickinson and Co., Franklin Lakes, NJ), centrifuged, frozen and 

shipped to Hamilton Health Sciences Research Laboratory (Hamilton, ON). The 

NTproBNP, Gal-3, and hsCRP plasma samples were collected in K2-EDTA tubes, 

centrifuged, and sent to a local laboratory (True Health Diagnostics, Richmond, VA).    

The hs-cTnI was determined using the Abbott ARCHITECT (Abbott Laboratories, 

Abbott Park, IL) high-sensitivity troponin I immunoassay. The Abbott hs-cTnI assay is a 

chemiluminescent microparticle immunoassay for the quantitative determination of the 
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cTnI in human plasma and serum. The Abbott hs-cTnI assay reportable range is 1 – 

50,000 nanograms per liter (ng/L) with a lower reportable limit of <1 ng/L.(142) The 99th 

percentile limit of the distribution of values in a reference population for males = 14.0 ng/L 

females = 11.1 ng/L, all-subjects = 13.6 ng/L, and at these concentrations the assay 

coefficient of variation (CV) is 5.0%.(142) 

The hs-cTnT was determined using the Roche Elecsys Troponin T Gen 5 STAT 

(Roche Diagnostics, Indianapolis, IN) electrochemiluminescence immunoassay with an 

analytical range from 3 to 10,000 ng/L. The 99th percentile limit of the distribution of values 

in a reference U.S. population is 19 ng/L for both genders, 14 ng/L for females and 22 

ng/L for males with a CV of <4%.(215)  

The NTproBNP was determined using the Roche Elecsys proBNP (Roche 

Diagnostics, Indianapolis, IN) immunoassay for the in vitro quantitative determination of 

N‐terminal pro‐brain natriuretic peptide in human serum and plasma. It has a measuring 

range of 5.00-35,000 pg/mL with a limit of detection (LOD) of <5.00 pg/mL. The 

NTproBNP is a marker of myocardial strain/stretch and a surrogate for HF that has been 

found to correlate with radiation dose to the heart in left-sided breast CA patients after 

RT(148) and in patients with lung CA.(216) An NTproBNP <125 pg/mL is considered 

normal and effectively rules out the presence of LV dysfunction.(146) 

Galectin-3 a novel mediator of HF development and progression(145) was 

measured with the Abbott ARCHITECT Galectin-3 assay (Abbott Laboratories, Abbott 

Park, IL) a chemiluminescent microparticle immunoassay for the quantitative 

determination of galectin-3 in human serum and EDTA plasma on the ARCHITECT i 

System. Galectin-3 is a galactoside-binding lectin expressed by macrophages during 
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phagocytosis and linked to the development of myocardial fibrosis.(217) An elevated Gal-

3 level (≥17.8 ng/mL) is indicative of increased cardiovascular risk.(218)   

High-sensitivity C-reactive protein is the prototypical inflammatory biomarker, and 

associated with worsening hemodynamics and outcomes in heart failure.(152) The 

hsCRP was determined using an ultrasensitive latex-enhanced immunoassay (Siemens 

Healthcare, Elangen, HR).(219) It has an analytical range of 0.175 to 20 mg/L with a CV 

of < 10%.  A low hsCRP level (<1 mg/L) is associated with a low cardiovascular risk.(220)  

 

Cardiac Magnetic Resonance Imaging 

Cardiac Magnetic Resonance imaging was performed on a Siemens Aera 1.5 

Tesla scanner (Siemens Healthcare, Elangen, HR) following a clinical assessment, 

measurement of renal function, a pregnancy test (if indicated), and completion of an 

MRI safety checklist. All studies were interpreted by a single experienced 

cardiovascular radiologist. For CMR, selected MRI sequences including cardiac 

dimensions (volumes and mass), systolic and diastolic function, and gadolinium-

contrast application was obtained. Cardiac Magnetic Resonance imaging is the gold-

standard for the assessment of ventricular function and volumes.(221) Delayed 

gadolinium enhancement imaging allows detection of myocardial fibrosis and scar and 

provides good diagnostic and prognostic value in cardiovascular diseases.(222) Areas 

of late-gadolinium enhancement (LGE) were considered a marker of myocardial injury.  

The time-1 (T1) relaxation is a measure in milliseconds of how quickly the net 

magnetization vector recovers to its ground state static magnetic field.(223) The 

concept of T1 mapping refers to pixelwise illustrations of absolute T1 relaxation times 
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on a map. Native T1 values are determined primarily by edema and an increase in 

interstitial space and myocardial T1 (native T1 myo) is prolonged in the presence of 

extracellular volume (ECV) expansion.(224) In gadolinium-enhanced T1 mapping (post-

contrast T1 myo), contrast is distributed throughout the extracellular space and shorten 

T1 relaxation times of myocardium proportional to the concentration of contrast-

agent.(225)  

The calculation of the ECV fraction requires measurements of myocardial and 

blood T1 before and after contrast administration along with the patient’s hematocrit 

value according to the following formula: 

 

Estimation of the ECV fraction was used to quantify diffuse myocardial injury.(226)  

  

Anthropometrics Assessment 

 Body composition was assessed pre-exercise via body mass index (BMI), waist 

and hip circumferences, and single-frequency bioelectrical impedance analysis (BIA) 

(Quantum II, RJL Systems, Inc., Clinton Township, MI) by experienced technicians. 

Body mass index was utilized to assess weight relative to height and calculated 

by the equation: BMI = kg/m2. Overweight was defined as a BMI of 25.0-29.9 kg/m2 and 

BMI ≥30.0 kg/m2 as obese.(227) Waist (above the iliac crest) and hip (maximal 

circumference of hip/proximal thigh, just below gluteal fold) circumferences were 
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obtained to characterize body fat distribution with a flexible tape measure on the skin 

surface in duplicate.(204)  

Bioelectrical impedance analysis has been validated as a measure of body 

adiposity when compared to reference methods such as dual X-ray 

absorptiometry.(228) Measurements were obtained prior to exercise in a fasted state 

with subjects on their current medications. Resistance and reactance (Xc) was 

calculated at a 50-kHz frequency at controlled room temperature with subjects placed in 

a supine position with arms and legs abducted approximately 45° to each other. Source 

electrodes were placed proximal to the metacarpophalangeal joint on the dorsal 

surfaces of the right hand and distal to the transverse arch on the superior surface of 

the right foot. Sensor electrodes were placed at the midpoint between the styloid 

processes and between the medial and lateral malleolus on the right ankle. Reactance 

and Xc were recorded to the nearest ohm and imputed into predictive equations to 

calculate fat mass (FM), fat-free mass (FFM), and total body water.(228) Fat mass and 

FFM was then indexed to height in meters squared. Percent body fat was calculated 

using FM and bodyweight in kilograms. 

  

Quality of Life and Physical Activity Questionnaires 

Two questionnaires were used to assess cancer-specific HRQOL 

and current levels of physical activity. The Functional Assessment of Cancer Therapy – 

General 7-item version (FACT-G7) is a validated HRQOL questionnaire with a scoring 

range of 0-28 and a mean value of 18.04  4.97 in healthy individuals wherein higher 

scores indicate better HRQOL that can be used with any tumor type.(229)  
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The International Physical Activity Questionnaire (IPAQ) – Short form is a 

validated instrument to assess physical activity levels in adults.(230) The IPAQ 

assesses subjective physical activity participation in the form of walking, moderate-

intensity, and vigorous-intensity activities weighted by energy requirements defined in 

metabolic equivalents (METS) taking into account frequency and duration to provide a 

volume of physical activity defined as MET-min/week.(230) Both questionnaires were 

administered by trained personnel prior to study procedures.  

 

Statistical Analysis 

 The objective of this pilot cross-sectional study was to determine the prevalence 

of exercise intolerance after chest irradiation, if exercise intolerance was related to 

markers of cardiac function, and if the “cardiac dose” – the amount of radiation the heart 

is exposed to – correlated with injury or dysfunction.  

Being the first study addressing the correlation of cardiac radiation dose with 

such parameters, it was not possible to estimate the sample size needed for statistical 

purposes. Given the design of this pilot study (single-cohort), the statistical analysis 

consisted primarily of descriptive statistics. A sample size of at least 29 subjects was 

considered to be required for a correlation coefficient >0.50 to demonstrate a moderate 

relationship between variables of interest with a power of 80% (=0.05) while 20 

subjects would provide a power of >95% for a correlation coefficient >0.70 (=0.05) 

reflecting a strong relationship. Continuous data are reported as median and 

interquartile range (IQR) or absolute range for potential deviation from a Gaussian 

distribution. Discrete variables are reported as a number and percentage. The 
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nonparametric Kruskal-Wallis test was used for comparisons between groups. The Chi 

square test was used to compare nominal level variables. Univariate analysis between 

CPET variables, cardiac biomarkers, and echo and CMR parameters was performed 

using the Spearman rank correlation coefficient test.  

Multivariate analysis using a linear regression model was performed using a 

stepwise approach including those variables associated with p<0.05 at univariate 

analysis from pre-specified cardiac, pulmonary, and body composition parameters to 

determine which predictor variables best explain peak VO2. Significant univariate 

predictors were assessed for multicollinearity prior to placement in the multivariate 

model. An additional correction for type of CA and for use of anthracyclines was 

performed by a mixed model of multivariate analysis using a General Linear Model. 

Statistical analysis was performed using SPSS version 24.0 (IBM Corp, Armonk, NY). 

 

  



 
70 
 
 

 

RESULTS 

Thirty subjects were enrolled between August 2016 - November 2017. During 

this time period 106 potential subjects were screened for study inclusion of which 76 

were not enrolled for the following reasons:  

1) 37 (35%) did not meet protocol minimum RT heart dose requirement;  

2) 27 (25%) were not interested;  

3) 5 (5%) failed to show up for their appointment;  

4) 5 (5%) had contraindications to undergo MRI;  

5) 2 (2%) had contraindication to undergo CPET.  

 Table 1 describes the clinical characteristics of the enrolled subjects which 

included 15 (50%) subjects who received RT for lung CA, 10 (33%) for breast CA, 2 

(7%) for esophageal CA, 1 (3%) for Hodgkin’s lymphoma, 1 (3%) for a desmoid tumor, 

and 1 (3%) for Castleman’s disease. The overall cohort was predominantly Caucasian 

(n=20 [67%]), mostly female (n=18 [60%]) with a median age of 63 (57-67) years. The 

median time since CA diagnosis was 2.6 years with a total range of 0.3 - 29.0 years. 
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Table 1: Clinical Characteristics of the Cohort. 

Variable Entire Cohort (N=30) 

Cancer type  
          Lung 15 (50%) 
          Breast 10 (33%) 
          Esophageal 2 (7%) 
          Hodgkin’s Lymphoma 1 (3%) 
Other diseases  
          Desmoid Tumor 1 (3%) 
          Castleman’s Disease 1 (3%) 
Caucasian 20 (67%) 
Female 18 (60%) 
Age (years) 63 (57-67) 
Time since Cancer Diagnosis (years) 2.6 (0.3-29.0)* 
Time since completion of Chemotherapy (years) 1.7 (0-21.8)* 
Prior chemotherapy 26 (87%) 
          Anthracycline-based chemotherapy 7 (24%) 
Time since completion of Radiotherapy (years) 2.0 (0.1-28.7)* 
Date are listed as median and (interquartile range), or total range*, or n (%). 

 

Non-small cell carcinoma was the primary lung CA type (13/15 [87%]) with the 

remaining 2 having small-cell carcinoma. The breast CA cohort (n=10) consisted of 

seven (70%) with left-sided disease and three (30%) with right-sided disease. Invasive 

ductal carcinoma was overwhelmingly the most common breast CA type (n=9/10 or 

90%) followed by one patient with an invasive lobular carcinoma. The prevalence of 

hormone receptor and HER2 status of the breast CA cohort was as follows: ER+ = 8/10 

(80%), PR+ = 7/10 (70%), HER2+ = 2/10 (20%). Table 2 provides a detailed breakdown 

of CA stage by diagnosis (breast CA or lung CA and other diseases).    
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Table 2: Cancer Stage of Study Participants. 

Stage Breast CA 
n=10 

Lung CA or other 
diseases 

n=20 

IA 1 (10%) 1 (5%) 
IB 1 (10%)  
II 1 (10%)  
IIA  1 (5%) 
IIB 1 (10%) 1 (5%) 
IIIA 3 (30%) 10 (50%) 
IIIB 2 (20%) 4 (20%) 
IIIC 1 (10%)  
Unknown  3 (15%) 

 

Fifteen (50%) of all patients (breast CA =10 (100%), lung CA or other diseases = 

5 (25%) had previously undergone surgery. Twenty-six (87%) of all patients (breast CA 

= 9 (90%), lung CA or other diseases = 17 (85%) had previously undergone neo-

adjuvant, adjuvant, or concurrent chemotherapy. Specifically, seven (70%) of the breast 

CA patients underwent neo-adjuvant chemotherapy, and 2 (20%) underwent adjuvant 

chemotherapy. Twelve (60%) of the lung CA or other disease patients underwent 

concurrent chemoradiation followed by 3 (15%) who underwent adjuvant chemotherapy, 

and 2 (10%) who underwent neo-adjuvant chemotherapy. Seven (24%) of the total 

cohort underwent regimens including anthracyclines which included 6/7 breast CA 

patients and one patient with Hodgkin’s lymphoma. Table 3 lists the types of 

chemotherapy, frequency of use, and average doses of the cohort. Seven (70%) of the 

breast CA patients were on concomitant hormonal therapy at the time of evaluation. 

Time since completion of chemo was 1.7 years with a total range of 0.1-28.7 years. 
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Table 3: Chemotherapy Regimens of the Cohort.  

Chemotherapy Type n (%) Dose  

Taxol  18 (60%) 483  289 mg/m2
 

Carboplatin 13 (43%) 863  636 mg 
Cyclophosphamide 8 (27%) 2540  523 mg/m2 
Doxorubicin 7 (23%) 234  44 mg/m2 
Cisplatin 5 (17%) 271  82 mg 
Etoposide 4 (13%) 597  248 mg/m2 
Pemetrexed 2 (7%) 1500  707 mg/m2 
Imatinib 1 (3%) 300 mg 
Rituximab 1 (3%) 375 mg/m2 every 3-months 
Nivolumab 1 (3%) 2240 mg 
Trastuzumab 1 (3%) 104 mg/kg 
Pertuzumab 1 (3%) 1260 mg/kg 
Vinblastine 1 (3%) 36 mg/m2 
Dacarbazine 1 (3%) 2250 mg/m2 
Bleomycin 1 (3%) 60 u/m2 
Data are listed as n (%) and mean  standard deviation.   

Abbreviations: mg/m2=milligrams per meter squared. 

 

All patients had previously undergone neo-adjuvant/adjuvant or concurrent RT 

with a median duration of 2.0 years with an absolute range of 0.1 - 28.7 years since end 

of RT treatment. Seventeen (85%) of the lung CA and other diseases group underwent 

primary RT, 2 (10%) underwent adjuvant RT followed by 1 (5%) who underwent neo-

adjuvant RT. The median number of RT fractions was 30 (range = 4-35) with a median 

of 2.0 (range = 1.5-12.0) Gy per fraction for a prescribed RT dose of 60.0 (range = 30.4-

70.0) Gy. Five of these subjects also had additional previous RT treatments (#fractions 

= 4 [range = 4-20], Gy per fraction = 12.0 [range = 1.8-12.0] Gy, total prescribed dose = 

48.0 [range = 32.0-60.0]) Gy.  

 The median number of RT fractions for the breast CA subjects was 32 (range = 

16-33) with a median of 2.0 (range = 1.8-2.7) Gy per fraction for a prescribed RT dose 

of 60.2 (range = 42.6-66.0) Gy. One of the breast CA patients also had additional 
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previous RT treatments (#fractions = 28, Gy per fraction = 1.8 Gy, total prescribed dose 

= 50.4 Gy).  

The MCRD and MLRD, reflective of the dose contributions from all RT treatments 

for each patient, for the entire cohort was 5.6 (3.7-17.8) and 9.4 (6.4-14.5) Gy, 

respectively. Specific to CA type, the MCRD for the lung CA and other diseases was 

12.4 (range = 3.1-42.0) Gy and the MLRD was 12.7 (range = 3.3-21.5) Gy. The MCRD 

for breast CA patients was 3.7 (range = 1.9-5.5) Gy while the MLRD was 6.9 (range = 

0.5-14.7) Gy, respectively. Table 4 lists the MCRD, MLRD, mean %heart and lung 

volumes that received at least 5 Gy, 10 Gy, 20 Gy, 30 Gy, 40 Gy, and 50 Gy, 

respectively. When separating the CA types (breast vs. lung CA and other diseases) 

there was a significant difference in MCRD, and the %heart volume receiving at least 5 

Gy, 10 Gy, 20 Gy, 30 Gy, 40 Gy, and 50 Gy (all P’s≤0.02) with the lung Ca and other 

diseases subjects receiving higher heart doses than breast CA patients. 
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Cardiovascular Risk and Comorbidity Status 

 Hypertension was the primary established CVD risk factor (n=17 [57%]) followed 

by hypercholesterolemia. Table 5 lists the prevalence of CVD risk factors and 

cardiovascular medication use amongst the group. Lung disease was the most common 

non-CVD-related comorbidity present in 17 (57%) individuals. All subjects were Eastern 

Cooperative Oncology Group (ECOG) status 0-1 with a mean Karnofsky grade of 

9010.     

 

Table 4: Heart & Lung Radiotherapy Volumes.  

 Entire Cohort 
N=30 

Breast CA 
n=10 

Lung Ca and 
Other Diseases 

n=20 
 

P-value 

Heart Volumes    
MCRD 5.6 (3.7-17.8) 3.7 (2.8-4.3) 12.4 (5.5-24.9) <0.001 
V5 Gy 39.5 (15.8-80.5) 13.5 (11.5-30.0) 62.0 (36.5-87.2) <0.001 

V10 Gy 19.3 (8.8-67.3) 8.2 (2.8-9.0) 40.0 (18.0-73.8) <0.001 
V20 Gy 7.0 (1.2-35.0) 1.6 (0.8-3.5) 24.0 (7.0-60.3) <0.01 
V30 Gy 2.5 (0-15.0) 0.1 (0-2.3) 5.1 (0.1-26.5) 0.02 
V40 Gy 1.0 (0-7.8) 0 (0-1.0) 2.5 (0-12.8) 0.01 
V50 Gy 0 (0-3.0) 0 (0-0) 0.5 (0-5.5) <0.01 

Lung Volumes     
MLRD 9.4 (6.4-14.5) 6.9 (5.7-10.4) 12.7 (7.6-16.6) 0.06 
V5 Gy 42.0 (25.7-60.0) 27.4 (17.0-39.7) 54.0 (29.0-66.5) 0.01 

V10 Gy 28.7 (20.0-36.8) 20.5 (13.3-29.9) 33.0 (23.5-43.5) 0.02 
V20 Gy 17.0 (11.3-25.8) 13.6 (11.3-20.1) 18.5 (10.8-26.5) 0.28 
V30 Gy 11.9 (5.5-18.0) 9.8 (7.0-13.5) 13.0 (4.0-18.5) 0.53 
V40 Gy 7.0 (3.0-11.0) 5.7 (3.5-9.0) 10.0 (2.8-14.0) 0.46 
V50 Gy 2.0 (1.0-6.8) 1.2 (0-2.0) 4.0 (1.0-9.5) 0.03 

Values are listed as median and (interquartile range). 
Abbreviations: MCRD=mean cardiac radiation dose; V=percent volume of the heart; Gy=Gray 
units; MLRD=mean lung radiation dose. 
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Anthropometrics Assessment 

 Nineteen (63%) subjects met BMI criteria for overweight (9 [30%]) or obesity (10 

[33%]). Anthropometrics of the group are detailed in Table 6.  

Table 6: Anthropometrics of the Cohort. 

Variable Entire Cohort (N=30) 

Weight (kg) 76.1 (62.2-85.2) 
Body Mass Index (kg/m2) 27.1 (23.6-30.6) 
Waist Circumference (cm) 96 (84-106) 
Waist/Hip Ratio 0.86 (0.83-0.95) 
Fat Mass % 33 (23-40) 
Fat Mass (kg) 23.1 (15.3-33.1) 
Fat Mass Index 8.7 (5.3-12.1) 
Fat-Free Mass % 66 (60-77) 
Fat-Free Mass (kg) 51.0 (44.2-60.1) 
Fat-Free Mass Index 18.4 (16.6-20.2) 
Data are listed as median and (interquartile range). 

Abbreviations: kg=kilograms; kg/m2=kilograms per meter squared; cm=centimeters. 

 

 

Table 5: Prevalence of Established Cardiovascular Disease Risk Factors and 
Cardiovascular Medication Usage.  

Cardiovascular Disease Risk Factors N (%) 

     Hypertension 17 (57%) 
     Diabetes Mellitus-Type II 7 (23%) 
     Hypercholesterolemia 14 (47%) 
     Early Family History of Cardiovascular Disease 9 (30%) 
     Current Smoker 6 (20%) 
     Obesity (Body Mass Index > 30) 10 (33%) 
     Sedentary Lifestyle 12 (40%) 
Cardiovascular Medications 
     Beta-blockers 5 (17%) 
     Angiotensin blockers 6 (20%) 
     Aldosterone inhibitors 2 (7%) 
     Statins 10 (33%) 
     Calcium channel blockers 5 (17%) 
     Diuretics 12 (40%) 
          Thiazide diuretics           7/12 (58%) 
           Loop diuretics           5/12 (42%) 
     Anti-platelets 13 (43%) 
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Cardiopulmonary Exercise Testing (CPET) 

The peak VO2 for the entire cohort was 1376 (1057-1552) mL·min-1, normalized 

to bodyweight was 16.9 (14.4-20.8) mL·kg-1·min-1 or moderately reduced at 62 (52-89) 

% of predicted values based upon age/gender/anthropometrics-based normative 

values. Table 7 provides a comprehensive summary of the CPET variables analyzed 

with this study. As expected peak VO2 was inversely correlated with age (R=-0.401, 

P=0.031). Peak VO2 was not significantly different with regards to gender (P=0.116) or 

race (P=0.556). However, it was significantly higher (P=0.008) in the breast CA cohort 

compared with the lung CA and other diseases (21.0 [17.8-23.6] mL·kg-1·min-1 versus 

16.0 [13.0-18.6] mL·kg-1·min-1) or 93 (77-98) %predicted versus 54 (48-68) %predicted. 

Peak VO2 was not significantly different when comparing those who underwent 

chemotherapy of any type (P=0.66) versus those who did not undergo chemotherapy. 

Peak VO2 was significantly higher (P=0.021) in those who underwent ACT regimens 

(22.0 [16.2-23.2] versus 16.6 [14.4-19.6] mL·kg-1·min-1) although it did not correlate with 

anthracycline dose when treated as a continuous variable (R=0.535, P>0.2). 

 The median peak RER was 1.02 (0.95-1.09) with 16/30 (53%) achieving an RER 

≥ 1.0, 12/30 (40%) reaching an RER ≥ 1.05, and 12/30 (40%) reaching an RER ≥ 1.10, 

respectively. The primary reason for test termination was dyspnea (43%) followed by 

fatigue (30%) with 27% stopping for other reasons (musculoskeletal limitations, 

lightheaded/dizziness). 
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Table 7: Cardiopulmonary Exercise Test Variables. 

CPET Variables Entire Cohort 

Absolute Peak VO2 (mL·min-1) 1376 (1057-1552) 
     Percent-predicted Absolute Peak VO2 (%) 62 (51-98) 
Relative VO2 (mL·kg-1·min-1) 16.9 (14.4-20.8) 
     Percent-predicted Relative VO2 (%) 62 (52-89) 
     Relative Peak VO2 <83% predicted 22 (73%) 
METS 4.8 (4.1-5.9) 
Oxygen Pulse (mL/beat) 9.2 (7.5-10.7) 
     Percent-predicted Oxygen Pulse (%) 82 (66-96) 
     Oxygen Pulse <85% predicted 13 (45%) 
Ventilatory Anaerobic Threshold (mL·min-1) 1040 (842-1234) 
     Percent-predicted VAT (%) 53 (44-70) 
Ventilatory Anaerobic Threshold (mL·kg-1·min-1) 13.5 (11.4-14.7) 
     Percent-predicted VAT (%) 54 (43-59) 
VE/VCO2 Slope 32.4 (27.9-35.5) 
VE/VCO2/VO2 ratio 1.69 (1.40-2.48) 
OUES 1.58 (1.38-1.97) 
OUEP 37 (30.5-42.0) 
Peak RER 1.02 (0.95-1.09) 
Exercise Time (minutes) 9.5 (7.9-12.0) 
Resting Heart Rate (bpm) 73 (68-86) 
Maximal Heart Rate (bpm) 150 (122-164) 
Percent-predicted APMHR (%) 91 (79-100) 
Chronotropic Index  1.10 (0.92-1.39) 
Heart Rate Recovery-1 (bpm) 20 (13-26) 
Resting Systolic BP (mmHg) 124 (111-143) 
Resting Diastolic BP (mmHg) 70 (63-81) 
Max Systolic BP (mmHg) 174 (155-190) 
Max Diastolic BP (mmHg) 70 (70-80) 
Rate-Pressure Product (Systolic mmHg x HR) 24.0 (19.7-29.8) 
Resting SPO2 (%) 99 (98-100) 
Exercise SPO2 (%) 97 (95-99) 

 SPO2 exercise 1 (0-4) 

VE/MVV ratio 0.67 (0.54-0.78) 
Breathing reserve (Liters) 23.0 (12.1-41.5) 
Peak Minute Ventilation (L·min-1) 47.7 (42.2-53.1) 
Peak Respiratory Rate (breaths·min-1) 36 (31-42) 
Peak Tidal Volume (Liters) 1.26 (1.03-1.62) 
Data are listed as median and (interquartile range) or n (%). 

Abbreviations: VO2=oxygen consumption; METS=metabolic equivalents; VAT=ventilatory anaerobic 
threshold; VE/VCO2=minute ventilation to carbon dioxide production; OUES=oxygen uptake efficiency 
slope; OUEP=oxygen uptake efficiency plateau; RER=respiratory exchange ratio; APMHR=age-predicted 
maximal heart rate, SPO2=oxygen saturation; VE/MVV=peak minute ventilation/maximal voluntary 
ventilation ratio. 
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Pulmonary Function Results 
 The majority of the cohort (n=16 [53%]) did not show evidence of any significant 

airflow limitation while the remaining subjects were graded according to GOLD criteria 

as follows: Grade 1 (Mild) = 2 (7%); Grade 2 (Moderate) = 7 (23%); Grade 3 (Severe) = 

4 (13%); Grade 4 (Very Severe) = 1 (3%). Presence of airflow limitation was not 

identified in the breast CA patients and was predominantly confined to those with lung 

CA (n=13/14 [93%] of the remaining cohort). Table 8 provides a detailed assessment of 

spirometry values for the entire cohort. 

 

Table 8: Pulmonary Function Results of the Cohort. 

Variables Entire Cohort (N=30) 

Forced Vital Capacity (Liters) 2.80 (2.39-3.40) 
     FVC% 83 (74-97) 
Forced Expiratory Volume 1-second (Liters) 2.01 (1.50-2.46) 
     FEV1% 75 (55-95) 
FEV1/FVC ratio 0.72 (0.57-0.79) 
Forced Expiratory Flow 25-75% 1.33 (0.85-2.26) 
     FEF% 51 (31-95) 
Peak Expiratory Flow (L/Sec) 4.61 (3.29-5.80) 
     PEF% 67 (46-98) 
Direct MVV (Liters per minute) 72.4 (54.2-95.6) 
     MVV% 78 (45-92) 
Data are listed as median and (interquartile range). 

Abbreviations: FVC=Forced vital capacity; FEV1=Forced expiratory volume in 1-second; 
FEF=Forced expiratory flow; PEF=Peak expiratory flow; MVV=Maximal voluntary 
ventilation. 

 

Doppler Echocardiography 

 Two-dimensional echocardiography revealed half of the subjects (n=15 [50%]) 

had an LVEF (52 (47-60)%) less than the lower limit of the normal reference range (53-

73%, mean2-standard deviations [SD]). Using European Society of Cardiology (ESC) 

criteria(231): two patients had a reduced LVEF (<40%), seven had a mid-range LVEF 
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(≥40% - 49%) with the remaining having LVEF’s ≥50%. Thirteen (43%) patients met 

criteria for diastolic dysfunction based upon ESC recommendations defined as at least 

two of the following to be present: functional alterations of - E/e’>13; or mean e’ <9 

cm/s; or structural alterations of - left-atrial volume index (LAVI) >34 mL/m2; or left-

ventricular hypertrophy.(231) Furthermore, when using the ESC Diagnostic algorithm 

for a diagnosis of heart failure of non-acute onset and assigning exercise 

intolerance as a typical symptom of HF with the exposition to cardiotoxic drug/radiation 

as an assessment of HF probability the prevalence of HFpEF was 21% in the cohort 

evidenced by a NTproBNP ≥125 pg/mL and the aforementioned echo diastolic 

dysfunction criteria with a preserved LVEF (≥50%). Table 9 provides a detailed 

summary of the Doppler echocardiographic variables of the entire cohort. In univariate 

analysis, the echo-derived resting e’ (R=-0.562, P=0.024), and stress echo  VTICO 

exercise (R=-0.521, P=0.046) both correlated with the MCRD. 
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Table 9: Echocardio-Doppler Parameters. 

Variables Entire Cohort (N=30) 

Left-ventricular ejection fraction (%) 52 (47-60) 
LVEDV (mL) 83 (70-102) 
LVESV (mL) 41 (30-51) 
Stroke Volume (mL) 44 (36-52) 
LVEDV Index (mL) 45 (39-56) 
LVESV Index (mL) 22 (16-26) 
Stroke Volume Index (mL/m2) 23 (19-29) 
E (cm/s) 74.1 (62.3-87.3) 
A (cm/s) 86.5 (72.5-94.2) 
E/A ratio 0.89 (0.72-1.03) 
LAVI (mL/m2) 21.2 (17.1-28.1) 
e’ (cm/s) 8.0 (7.1-9.6) 
s’ (cm/s) 7.9 (7.1-8.7) 
a’ (cm/s) 10.3 (8.2-11.4) 
Deceleration time (ms) 215 (172-244) 
E/e’ 8.9 (7.0-12.8) 
e’/DT 0.039 (0.031-0.046) 
Exercise E (cm/s) 100 (76-123) 
Exercise e’ (cm/s) 10.7 (7.8-14.9) 

 e’exercise (cm/s) 1.3 (-0.5-5.3) 

Exercise E/e’ 7.9 (7.0-13.5) 

 E/e’exercise 0.4 (-2.8-1.9) 

DFRI (e′rest•Δe′exercise) 12.5 (-3.8-48.7) 
LVOT VTI – Rest (cm) 16.6 (14.4-20.4) 
LVOT VTI – Exercise (cm) 19.5 (17.5-25.0) 

 LVOT VTIexercise 3.1 (2.1-5.9) 
Data are listed median and (interquartile range). 

Abbreviations: LVEDV=left-ventricular end-diastolic volume; LVESV=left-ventricular end-systolic 
volume; E=early transmitral velocity; A=late transmitral velocity; LAVI=left-atrial volume index; e’= early 
diastolic mitral annular velocity; s’=longitudinal systolic strain; a’=late diastolic myocardial velocity; 
E/e’=ratio of early transmitral velocity to early diastolic mitral annular velocity; e’/DT=ratio of early 
diastolic mitral annular velocity to deceleration time; DFRI= diastolic functional reserve index; 
cm/s=centimeters per second; ms=milliseconds; LVOT VTI=left-ventricular outflow tract velocity time 
integral. 

  

Cardiac-specific Blood-based Biomarker Assessment 
 Table 10 indicates the proportion of the cohort with abnormal responses for each 

blood-based biomarker and the median values for each. Elevated hsCRP and 

NTproBNP was noted in over half of all subjects. The cardiac troponins hs-cTnI and hs-
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cTnT were detected in 28/30 (93%) and 29/30 (unable to detect hs-cTnT in 1-subject 

due to hemolysis) (97%) of all subjects, respectively. 

 

Table 10: Cardiac-specific Blood-based Biomarkers. 

Biomarker Abnormal Response Values 

NTproBNP (pg/mL) 18 (60%) 187 (51-310) 
hsCRP (mg/L) 19 (63%) 2.9 (1.5-6.2) 
Galectin-3 (ng/mL) 10 (33%) 15.0 (13.3-18.8) 
hs-cTnT (ng/L) 5 (17%) 9.05 (5.28-12.79) 
hs-cTnI (ng/L) 3 (10%) 3.00 (2.00-6.50) 

Legend: Date are listed as n (%) or median and (interquartile range). Abnormal 
response was defined as: NTproBNP ≥125 pg/mL, hsCRP >2 mg/L, Galectin-3 >17.8 
ng/mL, hs-cTnT >22ng/L-Male and >14ng/L-Female, hs-cTnI >14ng/L-Male and 
>11.1ng/L-Female. 
 

Abbreviations: NTproBNP=N-terminal pro-brain natriuretic peptide; pg/mL=picograms per milliliter; 
hsCRP=high-sensitivity C-reactive protein; mg/L=milligrams per liter; hs-cTnT=high-sensitivity cardiac 
troponin T; ng/L=nanograms per liter; hs-cTnI=high-sensitivity cardiac troponin I; ng/mL=nanograms 
per milliliter. 

 

 

Health-Related Quality of Life and Physical Activity Questionnaires 

 The median FACT-G7 was within a normal range with a score 20 (15.0-23.5). 

FACT-G7 scores did not significantly correlate with peak VO2, echo parameters, cardiac 

biomarkers, or CMR variables (all P’s>0.06). The median IPAQ score was 792 (330-

1689) MET-min/week and the distribution of physical activity (PA) according to IPAQ 

categories was as follows: Category-1 (Inactive) = 40%, Category-2 (Minimally Active) = 

40%, Category-3 (Highly Activity) = 20%.  The IPAQ-derived MET-min/week as a 

continuous variable or PA categories did not correlate with peak VO2 (R=0.207, 

P=0.282) and (R=0.145, P=0.452), respectively. However, the FACT-G7 score did 

demonstrate a significant positive relationship with the IPAQ-derived volume of PA 

(R=0.423, P=0.02). 
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Cardiac Magnetic Resonance Imaging 

 Using CMR assessment of LVEF: 8 (27%) had an LVEF below the lower limit of 

normal (<57%, mean  2SD) and 2 (7%) had an LVEF greater than the upper limit of 

normal (>77%, mean  2SD).(232) The CMR LVEF, ECV, left-ventricular end-diastolic 

volume (LVEDV), left-ventricular end-systolic volume (LVESV), SV, SV index (SVI), 

LGE, or myocardial T1 mapping (pre- and post-contrast) did not correlate with MCRD 

(all R’s<0.31, P’s>0.12) or peak VO2 (all R’s<0.3, P’s>0.08). Table 11 provides a 

detailed description of the CMR variables of interest. 

Table 11: Cardiac Magnetic Resonance Imaging Parameters. 

Variables Entire Cohort (N=30) 

Left-ventricular ejection fraction (%) 64 (53-74) 
LVEDV (mL) 117.2 (93.6-136.6) 
LVESV (mL) 40.5 (31.1-62.0) 
LV Stroke Volume (mL) 68.2 (54.9-80.6) 
LV Stroke Volume Index (mL/m2) 38.0 (31.0-43.8) 
Presence of late-gadolinium enhancement 12 (41%) 
Myocardial T1 Mapping (ms) 1030 (1016-1067) 
Post-contrast myocardial T1 Mapping (ms) 442 (416-466) 
Extracellular Volume (%) 26.9 (24.8-29.2) 
Data are listed as median and (interquartile range) or n (%). 

Abbreviations: LVEDV=left-ventricular end-diastolic volume; LVESV=left-ventricular end-systolic 
volume; mL=milliliter; mL/m2=milliliters per meter squared; ms=milliseconds. 

 

 

Limitation to Exercise 

 Normal aerobic exercise capacity was observed in 8 (27%) subjects evidenced 

as a peak VO2 above 83% of predicted per age, sex, height, and weight. In the 

remaining 22 (73%) of subjects with a reduced peak VO2 <83% of predicted, 9 (30%) 

demonstrated a predominant CV limitation, 8 (27%) a pulmonary limitation, and 5 (17%) 

a non-cardiopulmonary or indeterminate limitation to exercise. Table 12 details the 
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comparison of groups based upon aerobic exercise capacity and the predominant 

limitation to exercise. There were significant differences between the groups in CA type 

(x2=[3, n=30] 16.7, P<0.01), peak VO2 (P<0.01), FEV1 (P<0.01), and MCRD (P=0.03).  

 Between group comparisons using Bonferroni correction of continuous variables 

revealed peak VO2 was significantly higher in those with normal exercise capacity 

relative to those with a predominant pulmonary limitation (P<0.01) or those with a 

predominant cardiac limitation to exercise (P<0.01). The FEV1 was significantly higher 

in the normal aerobic exercise capacity group compared to those with a pulmonary 

limitation (P<0.01). Furthermore, the MCRD was lower in those with normal aerobic 

exercise capacity compared to those with a pulmonary limitation (P=0.05).  
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Table 12: Comparison of groups based upon limitation to exercise. 

 Normal 
Exercise 
Capacity 

(n=8) 

CV 
Limitation 

(n=9) 

Pulmonary 
Limitation 

(n=8) 

Indeterminate 
Limitation 

(n=5) 

P-
value 

Age (years) 59.5 
(49.5-67.5) 

59.0 
(49.0-65.0) 

63.5 
(57.5-72.3) 

64.0 
(61.5) 

0.42 

Female 8 (100%) 4 (44%) 3 (38%) 3 (60%) 0.05 

Breast CA 7 (88%) 1 (11%) 0 (0%) 2 (40%) <0.01 

Peak VO2 22.8  
(20.5-25.0) 

16.0 
(13.7-17.6) 

15.5 
(11.7-18.8) 

16.5 
(13.7-18.5) 

<0.01 

BMI (kg/m2) 27.0 
(22.9-30.6) 

25.1 
(19.7-30.2) 

26.3 
(23.6-28.0) 

36.9 
(29.5-46.2) 

0.08 

FEV1 (Liters) 2.35 
(2.10-2.72) 

2.11 
(1.49-2.53) 

1.12 
(0.87-1.86) 

1.90 
(1.74-2.59) 

<0.01 

MRI LVEF (%) 65 
(63-75) 

59 
(53-68) 

60 
(46-73) 

73 
(54-78) 

0.34 

Chemotherapy 7 (88%) 9 (100%) 5 (63%) 5 (100%) 0.11 

MCRD (Gy) 3.5  
(2.7-5.1) 

10.3  
(4.0-22.6) 

12.3 
(5.2-26.5) 

10.7 
(4.4-20.3) 

0.03 

Time since RT  
(years) 

1.5  
(0.7-2.5) 

1.8  
(0.4-4.0) 

5.2  
(1.7-7.8) 

0.5  
(0.2-2.6) 

0.16 

Hypertension  4 (50% 6 (67%) 3 (38%) 4 (80%) 0.44 

Dyslipidemia  4 (50%) 5 (56%) 4 (50%) 4 (50%) 0.42 

Diabetes 3 (38%) 1 (11%) 1 (13%) 3 (38%) 0.63 

Obesity 3 (38%) 3 (33%) 1 (13%) 3 (60%) 0.37 

Smoking 0 (0%) 1 (11%) 4 (50%) 1 (20%) 0.08 

MET-min/week 1689 
(1064-4467) 

462 
(132-983) 

662 
(26-924) 

2523 
(468-8025) 

0.09 

Data are listed as median and (interquartile range) or n (%). 

Abbreviations: CA=cancer; VO2=oxygen consumption; BMI=body mass index; FEV1=forced expiratory 
volume in 1-second; MRI=magnetic resonance imaging; LVEF=left-ventricular ejection fraction; 
MCRD=mean cardiac radiation dose; Gy=Gray units; RT=radiotherapy; MET=metabolic equivalent. 

 

Predictors of Peak Oxygen Uptake 

 An assessment of pre-specified physiologic predictors of peak VO2 listed in 

Table 13 at univariate analysis revealed significant associations with RT, cardiac, body 

composition, and ventilatory parameters and includes the variables retained in a 
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multivariate analysis model. The MCRD demonstrated a significant inverse association 

(Figure 2) with peak VO2 (R=-0.380, P=0.04), but total prescribed radiation dose or 

MLRD did not reveal a significant relationship.  

The cardiac parameters e’, E/e’, E/e’ exercise, e’/DT ratio, DFRI, VTICO exercise, 

NTproBNP, hs-cTnI, and hs-cTnT were all significantly associated with peak VO2 in the 

entire cohort. The waist/hip ratio was the only body composition parameter that 

demonstrated a significant correlation with peak VO2 (R=-0.431, P=0.03). The 

ventilatory parameters FVC, FEV1, FEV1/FVC, MVV, and SPO2 with exercise were all 

associated with peak VO2 at univariate analysis. 
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Figure 2. Relationship of peak VO2 to the mean cardiac radiation dose. 
Abbreviations: VO2=oxygen consumption; MCRD=mean cardiac radiation dose; Gy=Gray units. 

 

 

  

R=-0.380, P=0.04
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 Pre-specified cardiac, pulmonary, and body composition parameters that 

demonstrated a significant relationship to peak VO2 (P<0.05) were entered into a 

stepwise multivariate regression model that revealed the DFRI and NTproBNP were 

both independent predictors of peak VO2 in the entire cohort (R2=0.73, P<0.01; DFRI -  

ß=0.765, P<0.01; NTproBNP - ß =-0.389, P=0.04). 

 The DFRI and NTproBNP were then entered into a general linear model with the 

addition of two potential categorical predictors: 1) CA-type (breast vs. lung and other 

diseases) and 2) use of anthracycline-based chemotherapy (yes or no). This resulted in 

the loss of NTproBNP as an independent predictor (P=0.06), but the DFRI remained 

strongly associated with peak VO2 (R2=0.74, P<0.01).  

 The DFRI reflects the velocity of myocardial relaxation at rest and with exercise. The 

strong association between DFRI and peak VO2 supports a central role of impaired left 

ventricular diastolic reserve in the pathophysiology of radiation-induced exercise 

intolerance. 
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Table 13: Multivariate Analysis of Predictors of Peak VO2 for the Entire Cohort. 

Variable R-value Univariate P-value Multivariate P-value 

Radiotherapy Parameters 
Total Prescribed Dose (Gy) 0.610 0.76  
MCRD (Gy) -0.380 0.04 0.64 
MLRD (Gy) 0.123 0.54  
Cardiac Parameters 
MRI LVEF (%) 0.050 0.80  
ECV (%) -0.177 0.39  
Rest e’ 0.494 <0.01 0.76 
E/e’ -0.552 <0.01 0.31 

 e’exercise 0.644 <0.01 0.41 

Exercise e’ 0.574 0.02 0.58 
Exercise E/e’ -0.487 0.08  

 E/e’exercise -0.329 0.21  

e’/DT ratio 0.427 0.02 0.58 
DFRI 0.693 <0.01 <0.01 
Exercise VTICO 0.200 0.46  

 VTICO exercise 0.614 0.02 0.86 

NTproBNP -0.590 <0.01 0.04 
hs-cTnI -0.515 <0.01 0.66 
hs-cTnT -0.550 <0.01 0.57 
Galectin-3 -0.279 0.14  
hsCRP -0.301 0.11  
Body Composition Parameters 
Weight (kg) -0.157 0.42  
BMI -0.051 0.80  
Waist Circumference -0.368 0.06  
W/H Ratio -0.431 0.03 0.82 
Fat Mass% -0.008 0.97  
Fat Mass Index -0.013 0.95  
Fat-Free Mass% -0.005 0.98  
Fat-Free Mass Index -0.186 0.33  
Ventilatory Parameters 
FVC 0.469 0.01 0.54 
FEV1 0.673 <0.01 0.16 
FEV1/FVC 0.550 <0.01 0.21 
Direct MVV 0.600 <0.01 0.07 

 SPO2 exercise -0.429 0.02 0.70 
Abbreviations: Gy=Gray; MCRD=mean cardiac radiation dose; MLRD=mean lung radiation dose; 
LVEF=left-ventricular ejection fraction; e’=early diastolic mitral annular velocity; E/e’=ratio of early 

transmitral velocity to early diastolic mitral annular velocity; =delta; e’/DT=ratio of early diastolic mitral 

annular velocity to deceleration time; DFRI= diastolic functional reserve index; VTICO =left-ventricular 
outflow tract velocity time integral cardiac output; NTproBNP=N-terminal pro-brain natriuretic peptide; 
hs-cTnT=high-sensitivity cardiac troponin T; hs-cTnI=high-sensitivity cardiac troponin I; hsCRP=high-
sensitivity C-reactive protein; kg=kilograms; BMI=body mass index; W/H=waist/hip; FVC=Forced vital 
capacity; FEV1=Forced expiratory volume in 1-second; MVV=Maximal voluntary ventilation; 
SPO2=oxygen saturation. 
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Predictors of peak VO2 according to primary cause of limitation. 

 Dividing the cohort by primary exercise limitation (cardiac vs. pulmonary vs. 

other) and examining the predictors of peak VO2 in each group revealed the relationship 

between MCRD and peak VO2 was further strengthened (Figure 3) (R=-0.569, P=0.02) 

in those with a primary cardiac limitation to exercise. Doppler-derived stress echo 

diastolic parameters (e’ with exercise, exercise e’, DFRI), cardiac-specific biomarkers 

(NTproBNP, hs-cTnT), and pulmonary function (FEV1, MVV) were also univariate 

predictors of peak VO2 (Table 14). None of the body composition parameters correlated 

with peak VO2 in those with a cardiac limitation to exercise. A multivariate stepwise 

regression model created using significant univariate predictors (P<0.05) revealed that 

the variable: exercise e’ was an independent predictor of peak VO2 (R=0.785, P=0.01). 

Exercise e’ reflects the velocity of myocardial relaxation with exercise. Also, in this 

subgroup, the strong association between diastolic reserve and peak VO2 support its central 

role of in the pathophysiology of radiation-induced exercise intolerance. 

 Those limited predominantly by a pulmonary limitation to exercise also 

demonstrated significant associations between peak VO2 and Doppler-derived 

rest/stress echo diastolic parameters (e’, E/e’, e’ exercise, exercise e’, exercise E/e’, 

E/e’ exercise, DFRI, exercise VTICO,  VTICO exercise), cardiac-specific biomarkers (hs-cTnI, 

Gal-3), and pulmonary function (MVV, SPO2exercise) parameters (Table 15). None of 

the body composition parameters correlated with peak VO2 in those with a primary 

pulmonary limitation to exercise. In a multivariate model, only the echo-Doppler diastolic 

parameter, exercise E/e’ reflective of the increase in LV filling pressure with exercise was 

an independent predictor of peak VO2 (R=1.00, P<0.001). Also, in this subgroup with 
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pulmonary limitation, the strong inverse association between diastolic function and peak 

VO2 support its central role of in the pathophysiology of radiation-induced exercise 

intolerance. 

 In those with an indeterminate or non-cardiopulmonary limitation to exercise only 

the Doppler-derived echo diastolic parameter: resting E/e’ and hsCRP were univariately 

associated with peak VO2. However, due to the small size of the sample (n=5) 

multivariate analysis was not performed.  
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Figure 3. Relationship of peak VO2 to the mean cardiac radiation dose in individuals 
with a predominant cardiac limitation to exercise. 
Abbreviations: VO2=oxygen consumption; MCRD=mean cardiac radiation dose; Gy=Gray units. 

 

  

R=-0.569, P=0.02
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Exploratory Analysis: Relationship of Other CPET Variables to Mean Cardiac 

Radiation Dose. 

 
 In addition to peak VO2, numerous other CPET-derived variables correlated with 

radiation doses.  

Peak VO2 in absolute values (mL·min-1) moderately correlated with MCRD (R=-

0.432, P=0.019), V5Gy (R=-0.434, P=0.019), and V10Gy (R=-0.470, P=0.010). Percent-

predicted peak VO2 demonstrated a significant inverse relationship with MCRD (R=-

0.471, P=0.010), V5Gy (R=-0.453, P=0.014), V10Gy (R=-0.489, P=0.007), V20Gy (R=-

0.413, P=0.026, and V40Gy (R=-0.369, P=0.045).  

The peak %-predicted O2 pulse was inversely associated with all RT doses: 

MCRD (R=-0.505, P=0.005), V5Gy (R=-0.514, P=0.004), V10Gy (R=-0.561, P=0.002), 

V20Gy (R=-0.452, P=0.014), V30Gy (R=-0.476, P=0.009), V40Gy (R=-0.536, P=0.003), 

and V50Gy (R=-0.420, P=0.023). 

The OUEP and %-predicted OUEP also demonstrated significant inverse 

associations with MCRD ([R=-0.419, P=0.024], V5Gy [R=-0.463, P=0.012], V10Gy [R=-

0.465, P=0.011] and %-predicted OUEP: MCRD [R=-0.429, P=0.020], V5Gy [R=-0.477, 

P=0.009], V10Gy [R=-0.466, P=0.011]), respectively.  

The standard exercise test variables maximal HR and the rate-pressure product 

(RPP) (Max HR x Max systolic BP) inversely correlated with MCRD ([R=-0.441, 

P=0.017], [R=-0.486, P=0.008], V5Gy [R=-0.451, P=0.014], [R=-0.420, P=0.023], and 

V10Gy [R=-0.500, P=0.006], [R=-0.467, P=-0.011]), RPP only: V30Gy [R=-0.377 

P=0.044], V40Gy [R=-0.394, P=0.035, V50Gy [R=-0.515, P=0.004),respectively. 
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 Collectively, including peak VO2, the %-predicted peak O2 pulse showed the 

strongest correlations with MCRD and %heart volume exposed to RT dose. 

Interestingly, other key CPET variables(167) including the VE/VCO2 slope (R=0.259, 

P=0.175), exercise time (R=-0.352, P=0.061), HRR-1’ (R=-0.127, P=0.513), and the 

OUES (R=0.048, P=0.807) did not correlate with MCRD. 
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Table 14: Multivariate Analysis by Cardiac Limitation to Exercise. 

Variable R-Value Univariate P-value Multivariate P-value 

Radiotherapy Parameters 
Total Prescribed Dose (Gy) 0.209 0.42  
MCRD (Gy) -0.569 0.02  
MLRD (Gy) 0.017 0.95  
Cardiac Parameters 
MRI LVEF (%) 0.049 0.85  
ECV (%) -0.129 0.65  
Rest e’ 0.407 0.13  
E/e’ -0.482 0.06  

 e’exercise 0.700 0.04  

Exercise e’ 0.693 0.03 0.01 
Exercise E/e’ -0.576 0.08  

 E/e’exercise -0.139 0.70  

e’/DT ratio 0.344 0.19  
DFRI 0.783 0.01  
Exercise VTICO 0.103 0.78  

 VTICO exercise 0.633 0.07  

NTproBNP -0.601 0.01  
hs-cTnI -0.309 0.23  
hs-cTnT -0.598 0.01  
Galectin-3 0.174 0.50  
hsCRP -0.243 0.35  
Body Composition Parameters 
Weight (kg) -0.135 0.61  
BMI -0.059 0.82  
Waist Circumference -0.374 0.17  
W/H Ratio -0.364 0.18  
Fat Mass% -0.022 0.93  
Fat Mass Index -0.056 0.83  
Fat Free Mass% 0.054 0.84  
Fat Free Mass Index -0.199 0.45  
Ventilatory Parameters 
FVC 0.401 0.11  
FEV1 0.628 <0.01  
FEV1/FVC Ratio 0.400 0.11  
Direct MVV 0.488 <0.05  

 SPO2exercise -0.230 0.37  
All abbreviations are the same as Table 13. 
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Table 15: Multivariate Analysis by Pulmonary Limitation to Exercise. 

Variable R-Value Univariate P-value Multivariate P-value 

Radiotherapy Parameters 
Total Prescribed Dose (Gy) 0.000 1.00  
MCRD (Gy) 0.357 0.39  
MLRD (Gy) 0.638 0.17  
Cardiac Parameters 
MRI LVEF (%) -0.321 0.48  

ECV (%) 0.143 0.76  
Rest e’ 0.714 <0.05  
E/e’ -0.762 0.03  

 e’exercise 1.000 <0.01  

Exercise e’ 1.000 <0.01  
Exercise E/e’ -1.000 <0.01 <0.001 

 E/e’exercise -1.000 <0.01  

e’/DT ratio 0.381 0.35  
DFRI 1.000 <0.01  
Exercise VTICO -1.000 <0.01  

 VTICO exercise 1.000 <0.01  

NTproBNP -0.476 0.23  
hs-cTnI -0.719 <0.05  
hs-cTnT -0.381 0.35  
Galectin-3 -0.833 0.01  
hsCRP -0.381 0.35  
Body Composition Parameters 
Weight (kg) 0.143 0.74  
BMI 0.143 0.74  
Waist Circumference -0.238 0.57  
W/H Ratio -0.143 0.74  
Fat Mass% -0.190 0.65  
Fat Mass Index -0.190 0.65  
Fat Free Mass% 0.190 0.65  
Fat Free Mass Index 0.167 0.69  
Ventilatory Parameters 
FVC 0.548 0.16  
FEV1 0.595 0.12  
FEV1/FVC Ratio 0.690 0.06  
Direct MVV 0.762 0.03  

 SPO2exercise -0.741 0.04  
All abbreviations are the same as Table 13. 
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DISCUSSION 

 The results of this pilot study indicate aerobic exercise capacity defined as peak 

VO2 is markedly reduced (38% less than predicted normal values) in CA patients who 

have previously undergone thoracic radiation wherein the heart received significant RT 

dose. This exercise intolerance is multifactorial but our results indicate this is 

predominantly due to a cardiac dysfunction in a group of patients without a clinical 

diagnosis of CVD. The Doppler-stress echo-derived diastolic functional reserve index 

(DFRI) and the cardiac-biomarker NTproBNP are strong, independent predictors of 

peak VO2. Reduced aerobic exercise capacity is inversely associated with multiple 

indices of abnormal CV function using multiple imaging and biomarker analyses. 

Furthermore, the MCRD received during RT correlates with aerobic exercise capacity. 

This indicates CRF is sensitive to detect latent CV abnormalities in this cohort. This 

confirms the presence of impaired CRF in patients with CA who have previously 

undergone thoracic radiation wherein the heart received significant RT dose. The 

results also further show that the impairment in CRF shows a dose-dependent 

relationship with the radiation dose to the heart, and that impaired CRF is predominantly 

due to cardiovascular limitations in diastolic function with exercise (impaired diastolic 

reserve). 

 

Aerobic exercise capacity is reduced in CA survivors whom have previously 

undergone thoracic radiation wherein the heart received significant RT dose.  

The results of the current study demonstrate aerobic exercise capacity is 

markedly reduced in CA patients who have previously undergone thoracic radiation 
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wherein the heart received significant RT dose. Exercise capacity in this population has 

not been previously been characterized to this detail in reference to the RT regimen. 

The finding of reduced exercise capacity has been previously observed by others in the 

study of CA survivors who have anti-CA therapies.(166, 170, 174, 233, 234) Jones et al. 

evaluated peak VO2 in 47 post-menopausal hormone receptor+ breast CA women who 

all received anthracycline-based chemotherapy and 98% also underwent RT 

(mean=47±2.4 Gy) and observed a peak VO2 of 17.9±4.3 mL·kg-1·min-1 or 24% below 

age-gender matched healthy controls. Significant univariate predictors of peak VO2 

were BMI, glucose, CRP, and insulin. Associations with RT dose and/or MCRD was not 

reported.(233) 

In yet another study Jones et al. evaluated the CV risk profile including CRF in 26 

early-stage HER2+ breast CA patients (65% received RT) treated with adjuvant taxane-

anthracycline chemotherapy and/or trastuzumab.(174) Peak VO2 was 19.2  

mL·kg-1·min-1 and was significantly lower than controls. However, radiotherapy dose 

and/or MCRD was not reported. 

Burnett and colleagues sought to determine the proportion of breast CA survivors 

(at least 3-months post-chemotherapy or left-chest RT, 80% received anthracycline-

based chemotherapy, 40% received RT) with 2 or more CVD risk factors exhibiting a 

low VO2 max in 30 patients.(166) The mean VO2 was 25.4±5.3 mL·kg-1·min-1 which was 

commensurate to the 20th percentile threshold value for age-gender matched normative 

values with 77% having values below the 20th percentile value. Radiotherapy dose 

and/or MCRD was not reported. 
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A study by Adams et al. looked at CV status in 48 Hodgkin’s disease survivors 

who received mediastinal irradiation (40 [27.0-51.7] Gy).(234) The peak VO2 was 

significantly reduced (defined as < 20 mL·kg-1·min-1) in 30% of survivors. Furthermore, 

VO2 max was significantly correlated with increasing fatigue, shortness of breath, and 

decreased physical component scores on the short-form-36 HRQOL questionnaire. All 

subjects in this study underwent mediastinal RT, but relationships with dose and/or 

heart involvement was not reported. 

A review by Peel and colleagues developed normative values for peak VO2 in 

breast CA patients.(170) They identified 27 clinical trials involving a total of 1,856 

females (chemotherapy: n=78%, RT=56%, endocrine therapy= 33%) directly measuring 

pVO2 in the pre- or post-adjuvant setting. Radiotherapy dose and/or MCRD was not 

reported. The mean pVO2 prior to adjuvant therapy was 24.6 ml•kg-1•min-1, whereas the 

mean pVO2 post-adjuvant therapy was 22.2 ml•kg-1•min-1. This equated to a post-

adjuvant reduction in VO2 of -2.4 ml•kg-1•min-1or 10% lower. Compared with reference 

values the pre-adjuvant VO2 values were significantly lower (17%) than that of healthy, 

sedentary women (29.7 ml•kg-1•min-1) or 83% of predicted . In the post-adjuvant setting, 

pVO2 was 25% lower (75% of predicted) compared to healthy, sedentary values. 

A summarization of these prior studies in CA survivors is that reduced CRF is 

consistently observed in CA patients compared with normative values. Exercise testing 

occurred at different time points across the CA treatment continuum and has largely 

been cross-sectional in nature. They were treated predominantly with chemotherapy 

although a majority also having received adjuvant RT. The reduction in CRF appears to 

be more pronounced in the post-adjuvant period and is associated with a higher 
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prevalence of CVD risk factors. Reduced CRF is usually observed in the setting of a 

normal LVEF. The novelty of the current study lies in its detailed characterization of the 

exercise response in CA survivors and the contribution of significant RT dose to the 

heart.  

 

CRF in RT-treated chest CA survivors with significant heart dose is influenced 

predominantly due to cardiovascular dysfunction. 

 Cardiorespiratory fitness is determined by the components of the Fick equation 

where: VO2 = CO x a-vO2 difference. In normal healthy individuals and patients with 

systolic HF, CO is generally regarded as the primary determinant of CRF although this 

has not been consistently shown in those with HFpEF, the predominant HF phenotype 

in the breast CA patient.(235–237)  

 In the aforementioned study by Jones et al. the decreased peak VO2 in breast 

CA patients with a preserved LVEF (>50%) using impedance cardiography was due to a 

reduced CO response attributed to a blunted increase in SV with exercise compared 

with controls.(233) This was based on the finding that peak HR and a-vO2 difference 

was not different between the groups. The finding of a similar a-vO2 difference, 

however, may suggest impaired microvascular dysfunction and/or skeletal muscle 

abnormalities may also limit peak VO2 as oxygen extraction is directly proportional to 

muscle oxygen diffusion conductance and inversely related to CO.(238, 239)  

 Khouri et al. evaluated peak VO2, LV volumes, and CO using stress 2DE in 57 

female breast CA patients treated with doxorubicin-containing adjuvant therapy (79% 

received RT).(161) Peak VO2 was 20% lower in patients and stress echo SV and 
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cardiac index (CI) were lower than controls. Furthermore, the post-stress increase in CI 

predicted peak VO2. 

 A study by Koelwyn et al. evaluated arterial elastance (Ea), end-systolic 

elastance (Ees), and ventricular-arterial coupling (Ea/Ees) to determine the presence of 

vascular dysfunction following anthracycline-based chemotherapy.(175) In a cross-

sectional design, 30 ER+, HER2- breast CA survivors (77% underwent RT) and 30 age-

BMI-activity-matched controls underwent discontinuous CPET on an upright bicycle 

ergometer with 2DE images obtained at 25%, 50%, and 75% of peak work rate to 

calculate EDV, ESV, and LVEF. Central and peripheral vascular structure and function 

was also assessed. No significant differences were noted with resting measures of 

ventricular-arterial coupling between groups. The exercise Ea response was also not 

significantly different in survivors compared with controls. However, Ees was 

significantly reduced in survivors during exercise with a resulting elevated Ea/Ees ratio 

compared with controls at all exercise stages. Resting measures of LV systolic function 

were not different between CA survivors and controls, but LVEF was reduced at all 

three submaximal workloads in the survivor group. No significant differences between 

groups were found in regards to central and peripheral vascular structure and function. 

The results of this study indicate impaired ventricular-arterial coupling due to a reduced 

LV contractility in breast CA survivors at a mid-term follow-up period (>5-years) who 

were previously treated with anthracyclines with a majority having underwent adjuvant 

RT. 

Conversely, in a small pilot feasibility study (n=14) of comprehensive pulmonary 

evaluation following thoracic lung RT in childhood CA survivors, De and colleagues 
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described the prevalence of CPET abnormalities.(240) In 14 subjects (median time 

since RT=4.8 years, prescribed RT dose=21 Gy, MLRD=11.9 Gy), of which 11 

underwent CPET where nine patients demonstrated CPET abnormalities with the 

majority, seven (64%) being described as having a pulmonary limitation to exercise. 

However, they did not report CRF metrics, MCRD, or the status of CV function. 

These studies allude to seemingly normal cardiac function in CA patients who 

have undergone anti-CA treatments when referencing resting values but reveal 

unmasking of cardiac abnormalities when subjected to stress. The majority of studies 

examining exercise determinants in CA survivors to date have been cardio-centric with 

most of the emphasis being placed on indices of systolic function.(161, 174, 175) 

Presently, there is scant information on the contribution of diastolic dysfunction on CRF 

in CA survivors although breast CA survivors share a number of risk factors associated 

with HFpEF patients.(66, 104) Heart failure with a preserved ejection fraction is a 

heterogeneous syndrome although evidence of diastolic dysfunction is a critical 

component.(231)  

In an elegant animal model, Saiki et al. used cardiac radiation exposure to induce 

diastolic dysfunction with preserved ejection fraction.(241) Male rats were subjected to 

diffuse cardiac radiation at two different doses (10 and 20 Gy) using adeno-associated 

virus serotype-9 gene delivery of the rat sodium-iodide symporter gene followed by 

injection of radioactive Iodine-131 at 10-weeks age, were followed for five-months, and 

then underwent treadmill exercise testing, echo, hemodynamic catheterization, and 

tissue harvest. Radiation treated rats had reduced exercise capacity, increased LV 

diastolic stiffness, impaired myocardial relaxation, elevated filling-pressures, but similar 
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LVEF compared with controls. Post-hoc analysis showed evidence of a significant 

inverse linear trend between exercise capacity and radiation dose suggesting a dose-

response relationship. Exercise capacity was inversely correlated with mean circulatory 

filling pressure, positively correlated with microvascular density, and inversely correlated 

with LV fibrosis. Pathology revealed increased LV fibrosis, mild concentric 

cardiomyocyte hypertrophy, and reduced microvascular density. This study provides 

mechanistic insight into pathological link between HFpEF with diastolic dysfunction, RT 

exposure, and the resulting impairment of exercise capacity. 

 

Cardiac-biomarker NTproBNP and the diastolic functional reserve index (DFRI) 

are strong, independent determinants of peak VO2. 

 Natriuretic peptides (BNP, NTproBNP) are markers of ventricular wall stress and 

are produced endogenously to counteract the adverse effects of sympathetic nervous 

system RAAS activation in the presence of cardiac dysfunction.(242) Furthermore, 

natriuretic peptides are accurate in the diagnosis of HF, improve risk stratification of HF 

patients, improve patient management, may be helpful to screen for asymptomatic LV 

dysfunction in high-risk patients, and powerful predictors of outcome in predicting death 

and hospitalization in HF patients.(243, 244) The inactive amino-terminal portion of pro-

BNP, NTproBNP, is secreted in equivalent proportions to BNP, but has a longer half-life 

and may be more sensitive to detect early stage LV dysfunction.(245) Natriuretic 

peptides also inversely correlate with peak VO2 and are sensitive to change with 

interventions designed to improve CRF .(246–248) This supports the current study 

wherein NTproBNP was a strong, independent predictor of exercise capacity along with 
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indices of cardiac dysfunction in chest CA patients who had previously undergone RT 

with significant heart dose. 

 The DFRI has previously been shown to predict exercise capacity in individuals 

with exertional diastolic dysfunction with a decreased DFRI indicating exercise 

intolerance.(213, 214, 249) The utility of the DFRI is its ability to identify diastolic 

abnormalities not apparent at rest. The DFRI is the Doppler-echo derived product of 

e′rest•Δe′exercise. The early mitral annulus diastolic velocity (e’), a surrogate of myocardial 

relaxation, demonstrates a strong inverse correlation with the isovolumetric time 

constant (tau) a reference marker of LV relaxation and is less dependent upon 

preload.(250, 251) During exercise, augmentation of CO is achieved by increases in SV 

and HR. The tachycardia induced by exercise reduces diastolic filling time and the mitral 

inflow rate must increase to maintain or increase SV which can be accomplished by 

faster relaxation.(252) However, with diastolic dysfunction augmentation of relaxation is 

prevented as the HR increases during exercise.(253) The finding of reduced CRF and 

its strong association with DFRI in the present indicates impaired relaxation is driving 

the exercise intolerance. 

  

Mean cardiac radiation dose is inversely associated with CRF. 

 In the current study multiple imaging modalities and cardiac-biomarkers were 

utilized with the intent to identify CV abnormalities related to RT dose. Using CMR 

techniques (LVEF, LGE, ECV), Doppler echocardiography (systolic and diastolic 

parameters, Doppler spectra), and cardiac-specific blood-based biomarkers only the 

echo-derived early diastolic mitral annular velocity (e’), and  VTICO exercise were able to 
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demonstrate a significant relationship with the MCRD. On the contrary, multiple CRF 

variable demonstrated a significant relationship with RT doses. Moreover, this 

relationship was further strengthened when evaluating RT dose in those with a 

predominant cardiac limitation to exercise. Although a univariate predictor of peak VO2 

the MCRD was not an independent predictor in multivariate analysis. This indicates 

MCRD is not directly influencing CRF rather the pathophysiology associated with 

radiation exposure causes impaired relaxation evidenced by the reduced DFRI leads to 

exercise intolerance.   

 In a population-based case-control study of incident HF in female breast CA 

patients (MCRD=2.5 Gy, mean time post-RT=5.8 years), Saiki and colleagues 

demonstrated a dose-response relationship between MCRD and the incidence of 

HF.(104) The odds ratio (95%CI) for HF per log MCRD was 9.1 (3.4–24.4) for any HF, 

16.9 (3.9–73.7) for HFpEF, and 3.17 (0.8–13.0) for HFrEF.   

 In the Saiki et al. animal study, tau was linearly related to radiation dose.(241) 

Rats exposed to 10 Gy demonstrated longer relaxation times compared with controls 

and rats receiving 20 Gy had even longer relaxation times. 

 In another animal study by Mezzarroma et al., contractile reserve measured with 

an isoproteronol challenge decreased in a dose-dependent manner.(254) Mice exposed 

to two different doses (20 or 14 Gy) experienced a graduated attenuation of %LVEF 

change in the acute (72-hours) and late (4-months) stages compared to sham controls. 

 Wang and colleagues demonstrated a linear relationship between MCRD and the 

risk of cardiac events in lung CA patients who had undergone thoracic RT.(255) In 127 

patients with stage III NSCLC (ECOG status 0-1, prescribed RT dose=74 Gy, 
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MCRD=12.3 Gy, cardiac V5Gy = 36.5%) heart dose and baseline CVD each 

independently predicted the incidence of cardiac events.  

 

CRF is sensitive to detect subclinical cardiac dysfunction in CA survivors who 

have received thoracic radiation with heart involvement. 

 Traditionally, cardiotoxicity of anti-CA treatments has been defined by reductions 

in the LVEF. The change in LVEF, however, is insensitive to detect subtle declines in 

CV function and when it declines may manifest in overt HF with disabling symptoms and 

a poor prognosis.(256, 257) This has led to the active investigation of alternative 

imaging and blood biomarkers for the detection of early-onset cardiac injury including 

cardiac troponins, NTproBNP, echo tissue Doppler imaging, and CMR with LGE 

measurements.(258) Although not yet systematically evaluated to detect cardiotoxicity 

there have been increasing calls to recognize CPET and the measurement of peak VO2 

as a potential diagnostic tool and/or indicator of anti-CA related cardiac 

dysfunction.(258, 259) In the present study, peak VO2 demonstrated a dose-response 

relationship with RT dose that was strengthened in those with a predominant cardiac 

limitation to exercise. Peak VO2, a well-established indicator of prognosis in the cardiac 

patient(167), demonstrated strong correlations with NTproBNP, hs-cTnI, hs-cTnT, and 

multiple indices of diastolic function which are themselves known to predict 

prognosis.(244, 260) 

 

Is CRF a Therapeutic Target to Prevent or Reverse Cardiovascular 

Morbidity/Mortality in CA Survivors? 
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 Cardiorespiratory fitness is a global assessment of the interconnected responses 

involving the cardiovascular, pulmonary, skeletal muscle, hematopoietic, and 

neuropsychological systems to exercise.(186) The direct and indirect effects of anti-CA 

therapies have the potential to adversely influence all of these systems thus reducing 

CRF. Exercise training regimens have consistently been shown to have favorable 

effects on each of these integrated systems.(261) Furthermore, it has been 

demonstrated to be one of the few effective interventions to improve CRF in HFpEF 

patients which appears to be the predominant cardiac phenotype in CA patients.(104, 

238, 262) An elegant review by Scott et al. recently addressed the efficacy of exercise 

on cardiovascular toxicity in adult CA survivors.(263) The results indicate that at present 

the results of exercise training to mitigate cardiotoxicity are encouraging, but limited with 

most of the evidence coming from observational studies. 

 Neurohormonal blockade through the use of beta-blockers and RAAS inhibitors 

have been shown to decrease cardiac troponin and NTproBNP levels.(264) Evidence is 

accumulating for the use of beta-blockers (ß-blockers) in the prevention of 

cardiotoxicity.(265) Beta-blocker usage is associated with a lower incidence of HF 

following anti-CA treatment with anthracyclines and trastuzumab.(266) Animal studies 

allude to the cardio-protective effects of angiotensin-converting enzyme inhibitors (ACE-

I) in anthracycline cardiotoxicity.(267)  In an epidemiological cohort study of 142,990 

women with breast CA exposure to ß-blockers and ACE-I (defined as a filled 

prescription for such) resulted in a reduction of cardiotoxicity (adjusted hazard ratio 

(adj.HR) =0.77 (0.62-0.95) and all-cause mortality (adj.HR=0.79 [0.70-0.90]) compared 

with the non-exposed (never prescribed ß-blockers/ACE-I) group.(268) Angiotensin- 
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converting enzyme inhibitors also reduce the effects of radiation-induced 

nephropathy(269) although the benefit in RIHD has not been demonstrated. The 

independent predictive value of NTproBNP on peak VO2 in the current study suggests 

this may be viable target to improve cardiorespiratory fitness.  

Future Directions 

The observational nature of this study cannot prove a cause-effect relationship 

between RT dose to the heart and CRF. The demonstration of a direct cause-effect 

relationship would require a longitudinal study involving assessment of CRF and cardiac 

function both before and after administration of anti-CA therapies. Furthermore, a 

prospective interventional study would be required to ascertain if improvements in CRF 

translate into improvement of cardiac function and thus reduced CV risk status in this 

cohort.   

Limitations 

 The primary limitation of this study is its observational single-time point and thus 

leading to a cross-sectional assessment rather than longitudinal assessment of the 

disease. Therefore, despite the multiple correlations between cardiac variables, CRF, 

and RT dose a cause-effect link cannot be proven.  

There was significant heterogeneity in CA type and concomitant anti-CA 

systemic agent utilization investigated with this study. However, the unifying 

coexistence of a significant cardiac radiation dose threshold, but varying dose amounts 

based upon CA type and guideline-directed treatments (i.e. lower in breast CA vs. 

higher in lung CA) may have allowed detection of the observed dose-response 

relationship. 
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From a technical standpoint, when ascertaining organ-system limitation to 

exercise, no specific procedures were performed that directly measured peripheral 

vascular function or skeletal muscle characteristics both of which are known to 

contribute to exercise capacity.(270) There is also the potential confounding effects of 

patient medication use on the exercise response observed in this study. 

  

CONCLUSIONS 

 Impaired CRF is common in patients with CA who have previously undergone 

thoracic radiation wherein the heart received significant RT dose. The impairment in 

CRF shows a dose-dependent relationship with the radiation dose to the heart, and that 

impaired CRF is predominantly due to cardiovascular limitations in diastolic function 

with exercise (impaired diastolic reserve). Cardiopulmonary exercise testing is able to 

detect subclinical cardiotoxicity in chest CA patients treated with thoracic irradiation 

including a significant heart dose. This study warrants further investigation into 

radiation-induced exercise intolerance and the efficacy of interventions to improve CRF 

in this population.   



 
110 
 
 

 

 

 

 
 

Bibliography 
  



 
111 
 
 

 

 
 
 
 

Bibliography 
 
 

 

1. CDC/NCHS. National Center for Health Statistics, Health Data Interactive, 

www.cdc.gov/nchs/hdi.htm. 2016. 

2. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA. Cancer J. Clin. 

2017;67:7–30. 

3. Miller KD, Siegel RL, Lin CC, et al. Cancer treatment and survivorship statistics, 

2016. CA. Cancer J. Clin. 2016;66:271–289. 

4. Breastcancer.org. U.S. Breast Cancer Statistics. 2017. 

5. Patnaik JL, Byers T, DiGuiseppi C, Dabelea D, Denberg TD. Cardiovascular disease 

competes with breast cancer as the leading cause of death for older females diagnosed 

with breast cancer: a retrospective cohort study. Breast Cancer Res. 2011;13:R64. 

6. Brana I, Tabernero J. Cardiotoxicity. Ann. Oncol.  Off. J. Eur. Soc. Med. Oncol. 

2010;21 Suppl 7:vii173-9. 

7. Rygiel K. Cardiotoxic effects of radiotherapy and strategies to reduce them in patients 

with breast cancer: An overview. J. Cancer Res. Ther. 2017;13:186–192. 

8. Albini A, Pennesi G, Donatelli F, Cammarota R, Flora S De, Noonan DM. 

Cardiotoxicity of anticancer drugs: the need for cardio-oncology and cardio-oncological 

prevention. J. Natl. Cancer Inst. 2010;102:14–25. 

9. Cuzick J, Stewart H, Rutqvist L, et al. Cause-specific mortality in long-term survivors 



 
112 
 
 

 

of breast cancer who participated in trials of radiotherapy. J. Clin. Oncol. 1994;12:447–

453. 

10. Aleman BM, Moser EC, Nuver J, et al. Cardiovascular disease after cancer therapy. 

Eur. J. Cancer Suppl. 2014;12:18–28. 

11. Amin MB, Greene FL, Edge SB, et al. The Eighth Edition AJCC Cancer Staging 

Manual: Continuing to build a bridge from a population-based to a more “personalized” 

approach to cancer staging. CA. Cancer J. Clin. 2017;67:93–99. 

12. Anon. Harrison’s principles of internal medicine. 19th ed. /. New York: New York 

McGraw-Hill Medical; 2015. 

13. Vila J, Gandini S, Gentilini O. Overall survival according to type of surgery in young 

(</=40 years) early breast cancer patients: A systematic meta-analysis comparing 

breast-conserving surgery versus mastectomy. Breast 2015;24:175–181. 

14. Ye JC, Yan W, Christos PJ, Nori D, Ravi A. Equivalent Survival With Mastectomy or 

Breast-conserving Surgery Plus Radiation in Young Women Aged < 40 Years With 

Early-Stage Breast Cancer: A National Registry-based Stage-by-Stage Comparison. 

Clin. Breast Cancer 2015;15:390–397. 

15. Clarke M, Collins R, Darby S, et al. Effects of radiotherapy and of differences in the 

extent of surgery for early breast cancer on local recurrence and 15-year survival: an 

overview of the randomised trials. Lancet (London, England) 2005;366:2087–2106. 

16. Delaney G. Recent advances in the use of radiotherapy to treat early breast cancer. 

Curr. Opin. Obstet. Gynecol. 2005;17:27–33. 

17. (EBCTCG) EBCTCG, Darby S, McGale P, et al. Effect of radiotherapy after breast-

conserving surgery on 10-year recurrence and 15-year breast cancer death: meta-



 
113 
 
 

 

analysis of individual patient data for 10,801 women in 17 randomised trials. Lancet 

(London, England) 2011;378:1707–1716. 

18. (EBCTCG) EBCTCG, Peto R, Davies C, et al. Comparisons between different 

polychemotherapy regimens for early breast cancer: meta-analyses of long-term 

outcome among 100,000 women in 123 randomised trials. Lancet (London, England) 

2012;379:432–444. 

19. Gradishar WJ, Anderson BO, Balassanian R, et al. NCCN Guidelines Insights 

Breast Cancer, Version 1.2016. J. Natl. Compr. Canc. Netw. 2015;13:1475–1485. 

20. Goldhirsch A, Winer EP, Coates AS, et al. Personalizing the treatment of women 

with early breast cancer: highlights of the St Gallen International Expert Consensus on 

the Primary Therapy of Early Breast Cancer 2013. Ann. Oncol.  Off. J. Eur. Soc. Med. 

Oncol. 2013;24:2206–2223. 

21. Fisher B, Anderson S, Tan-Chiu E, et al. Tamoxifen and chemotherapy for axillary 

node-negative, estrogen receptor-negative breast cancer: findings from National 

Surgical Adjuvant Breast and Bowel Project B-23. J. Clin. Oncol. 2001;19:931–942. 

22. Gelber RD, Goldhirsch A, Coates AS. Adjuvant therapy for breast cancer: 

understanding the overview. International Breast Cancer Study Group. J. Clin. Oncol. 

1993;11:580–585. 

23. Allred DC, Anderson SJ, Paik S, et al. Adjuvant tamoxifen reduces subsequent 

breast cancer in women with estrogen receptor-positive ductal carcinoma in situ: a 

study based on NSABP protocol B-24. J. Clin. Oncol. 2012;30:1268–1273. 

24. Wapnir IL, Dignam JJ, Fisher B, et al. Long-term outcomes of invasive ipsilateral 

breast tumor recurrences after lumpectomy in NSABP B-17 and B-24 randomized 



 
114 
 
 

 

clinical trials for DCIS. J. Natl. Cancer Inst. 2011;103:478–488. 

25. Berry DA, Cirrincione C, Henderson IC, et al. Estrogen-receptor status and 

outcomes of modern chemotherapy for patients with node-positive breast cancer. Jama 

2006;295:1658–1667. 

26. Goldhirsch A, Glick JH, Gelber RD, et al. Meeting highlights: international expert 

consensus on the primary therapy of early breast cancer 2005. Ann. Oncol.  Off. J. Eur. 

Soc. Med. Oncol. 2005;16:1569–1583. 

27. Joensuu H, Kellokumpu-Lehtinen PL, Bono P, et al. Adjuvant docetaxel or 

vinorelbine with or without trastuzumab for breast cancer. N. Engl. J. Med. 

2006;354:809–820. 

28. Piccart-Gebhart MJ, Procter M, Leyland-Jones B, et al. Trastuzumab after adjuvant 

chemotherapy in HER2-positive breast cancer. N. Engl. J. Med. 2005;353:1659–1672. 

29. Tan-Chiu E, Yothers G, Romond E, et al. Assessment of cardiac dysfunction in a 

randomized trial comparing doxorubicin and cyclophosphamide followed by paclitaxel, 

with or without trastuzumab as adjuvant therapy in node-positive, human epidermal 

growth factor receptor 2-overexpressing breast can. J. Clin. Oncol. 2005;23:7811–7819. 

30. Slamon D, Eiermann W, Robert N, et al. Adjuvant trastuzumab in HER2-positive 

breast cancer. N. Engl. J. Med. 2011;365:1273–1283. 

31. Kiyomiya K, Matsuo S, Kurebe M. Mechanism of specific nuclear transport of 

adriamycin: the mode of nuclear translocation of adriamycin-proteasome complex. 

Cancer Res. 2001;61:2467–2471. 

32. Marco A, Arcamone F. DNA complexing antibiotics: daunomycin, adriamycin and 

their derivatives. Arzneimittelforschung. 1975;25:368–374. 



 
115 
 
 

 

33. Green PS, Leeuwenburgh C. Mitochondrial dysfunction is an early indicator of 

doxorubicin-induced apoptosis. Biochim. Biophys. Acta 2002;1588:94–101. 

34. Lee K, Qian DZ, Rey S, Wei H, Liu JO, Semenza GL. Anthracycline chemotherapy 

inhibits HIF-1 transcriptional activity and tumor-induced mobilization of circulating 

angiogenic cells. Proc. Natl. Acad. Sci. U. S. A. 2009;106:2353–2358. 

35. Licata S, Saponiero A, Mordente A, Minotti G. Doxorubicin metabolism and toxicity 

in human myocardium: role of cytoplasmic deglycosidation and carbonyl reduction. 

Chem. Res. Toxicol. 2000;13:414–420. 

36. Giordano SH, Lin YL, Kuo YF, Hortobagyi GN, Goodwin JS. Decline in the use of 

anthracyclines for breast cancer. J. Clin. Oncol. 2012;30:2232–2239. 

37. Jordan MA, Toso RJ, Thrower D, Wilson L. Mechanism of mitotic block and 

inhibition of cell proliferation by taxol at low concentrations. Proc. Natl. Acad. Sci. U. S. 

A. 1993;90:9552–9556. 

38. Rowinsky EK. The development and clinical utility of the taxane class of 

antimicrotubule chemotherapy agents. Annu. Rev. Med. 1997;48:353–374. 

39. Henderson IC, Berry DA, Demetri GD, et al. Improved outcomes from adding 

sequential Paclitaxel but not from escalating Doxorubicin dose in an adjuvant 

chemotherapy regimen for patients with node-positive primary breast cancer. J. Clin. 

Oncol. 2003;21:976–983. 

40. Swain SM. Chemotherapy: updates and new perspectives. Oncologist 2010;15 

Suppl 5:8–17. 

41. Wigmore PM, Mustafa S, El-Beltagy M, Lyons L, Umka J, Bennett G. Effects of 5-

FU. Adv. Exp. Med. Biol. 2010;678:157–164. 



 
116 
 
 

 

42. Sensenbrenner LL, Marini JJ, Colvin M. Comparative effects of cyclophosphamide, 

isophosphamide, 4-methylcyclophosphamide, and phosphoramide mustard on murine 

hematopoietic and immunocompetent cells. J. Natl. Cancer Inst. 1979;62:975–981. 

43. Kelland L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. 

2007;7:573–584. 

44. Hurley J, Reis IM, Rodgers SE, et al. The use of neoadjuvant platinum-based 

chemotherapy in locally advanced breast cancer that is triple negative: retrospective 

analysis of 144 patients. Breast Cancer Res. Treat. 2013;138:783–794. 

45. Untch M, Himsl I, Kahlert S, et al. Anthracycline and trastuzumab in breast cancer 

treatment. Oncology (Williston Park). 2004;18:59–64. 

46. Wolff AC, Hammond ME, Schwartz JN, et al. American Society of Clinical 

Oncology/College of American Pathologists guideline recommendations for human 

epidermal growth factor receptor 2 testing in breast cancer. J. Clin. Oncol. 

2007;25:118–145. 

47. Moja L, Tagliabue L, Balduzzi S, et al. Trastuzumab containing regimens for early 

breast cancer. Cochrane database Syst. Rev. 2012;(4):CD0062:CD006243. 

48. Bird BR, Swain SM. Cardiac toxicity in breast cancer survivors: review of potential 

cardiac problems. Clin. Cancer Res. 2008;14:14–24. 

49. Anon. Devita, Hellman, and Rosenberg’s cancer : principles & practice of oncology. 

10th editi. Philadelphia : Wolters Kluwer; 2015. 

50. Group IBCS, Colleoni M, Gelber S, et al. Tamoxifen after adjuvant chemotherapy for 

premenopausal women with lymph node-positive breast cancer: International Breast 

Cancer Study Group Trial 13-93. J. Clin. Oncol. 2006;24:1332–1341. 



 
117 
 
 

 

51. Fisher B, Costantino JP, Wickerham DL, et al. Tamoxifen for the prevention of 

breast cancer: current status of the National Surgical Adjuvant Breast and Bowel Project 

P-1 study. J. Natl. Cancer Inst. 2005;97:1652–1662. 

52. Burstein HJ, Prestrud AA, Seidenfeld J, et al. American Society of Clinical Oncology 

clinical practice guideline: update on adjuvant endocrine therapy for women with 

hormone receptor-positive breast cancer. J. Clin. Oncol. 2010;28:3784–3796. 

53. Baum M, Budzar AU, Cuzick J, et al. Anastrozole alone or in combination with 

tamoxifen versus tamoxifen alone for adjuvant treatment of postmenopausal women 

with early breast cancer: first results of the ATAC randomised trial. Lancet (London, 

England) 2002;359:2131–2139. 

54. Cooper GM. The Cell: A Molecular Approach. 2nd edition. Sunderland (MA): 

Sinauer Associates; 2000. The Eukaryotic Cell Cycle. Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK9876/. 

55. Ahn SJ, Choi C, Choi YD, et al. Microarray analysis of gene expression in lung 

cancer cell lines treated by fractionated irradiation. Anticancer Res. 2014;34:4939–

4948. 

56. Elkind MM, Moses WB, Sutton-Gilbert H. Radiation response of mammalian cells 

grown in culture. VI. Protein, DNA, and RNA inhibition during the repair of x-ray 

damage. Radiat. Res. 1967;31:156–173. 

57. Bartelink H, Horiot JC, Poortmans PM, et al. Impact of a higher radiation dose on 

local control and survival in breast-conserving therapy of early breast cancer: 10-year 

results of the randomized boost versus no boost EORTC 22881-10882 trial. J. Clin. 

Oncol. 2007;25:3259–3265. 



 
118 
 
 

 

58. Eschenhagen T, Force T, Ewer MS, et al. Cardiovascular side effects of cancer 

therapies: a position statement from the Heart Failure Association of the European 

Society of Cardiology. Eur. J. Heart Fail. 2011;13:1–10. 

59. HEALTH USDOF, SERVICES H, of Health NI, Institute NC. Common Terminology 

Criteria for Adverse Events (CTCAE) Version 4.0. 2009;2009. 

60. Pai VB, Nahata MC. Cardiotoxicity of chemotherapeutic agents: incidence, 

treatment and prevention. Drug Saf. 2000;22:263–302. 

61. Seidman A, Hudis C, Pierri MK, et al. Cardiac dysfunction in the trastuzumab clinical 

trials experience. J. Clin. Oncol. 2002;20:1215–1221. 

62. Lenneman CG, Sawyer DB. Cardio-Oncology: An Update on Cardiotoxicity of 

Cancer-Related Treatment. Circ. Res. 2016;118:1008–1020. 

63. Sawaya H, Sebag IA, Plana JC, et al. Early detection and prediction of cardiotoxicity 

in chemotherapy-treated patients. Am. J. Cardiol. 2011;107:1375–1380. 

64. Koelwyn GJ, Jones LW, Moslehi J. Unravelling the causes of reduced peak oxygen 

consumption in patients with cancer: complex, timely, and necessary. J. Am. Coll. 

Cardiol. 2014;64:1320–1322. 

65. Cueva JF, Antolin S, Calvo L, et al. Galician consensus on management of 

cardiotoxicity in breast cancer: risk factors, prevention, and early intervention. Clin. 

Transl. Oncol. 2017. 

66. Jones LW, Haykowsky MJ, Swartz JJ, Douglas PS, Mackey JR. Early breast cancer 

therapy and cardiovascular injury. J. Am. Coll. Cardiol. 2007;50:1435–1441. 

67. Chlebowski RT. Adriamycin (doxorubicin) cardiotoxicity: a review. West. J. Med. 

1979;131:364–368. 



 
119 
 
 

 

68. Shan K, Lincoff AM, Young JB. Anthracycline-induced cardiotoxicity. Ann. Intern. 

Med. 1996;125:47–58. 

69. Armstrong DK, Davidson NE. Dose intensity for breast cancer. Oncology (Williston 

Park). 2001;15:701–8, 712; discussion 712–4, 717–8. 

70. Hershman DL, Shao T. Anthracycline cardiotoxicity after breast cancer treatment. 

Oncology (Williston Park). 2009;23:227–234. 

71. Costa RB, Kurra G, Greenberg L, Geyer CE. Efficacy and cardiac safety of adjuvant 

trastuzumab-based chemotherapy regimens for HER2-positive early breast cancer. 

Ann. Oncol.  Off. J. Eur. Soc. Med. Oncol. 2010;21:2153–2160. 

72. Horenstein MS, Heide RS Vander, L’Ecuyer TJ. Molecular basis of anthracycline-

induced cardiotoxicity and its prevention. Mol. Genet. Metab. 2000;71:436–444. 

73. Siddiqi S, Sussman MA. The heart: mostly postmitotic or mostly premitotic? Myocyte 

cell cycle, senescence, and quiescence. Can. J. Cardiol. 2014;30:1270–1278. 

74. Zhang S, Liu X, Bawa-Khalfe T, et al. Identification of the molecular basis of 

doxorubicin-induced cardiotoxicity. Nat. Med. 2012;18:1639–1642. 

75. Angelis A De, Piegari E, Cappetta D, et al. Anthracycline cardiomyopathy is 

mediated by depletion of the cardiac stem cell pool and is rescued by restoration of 

progenitor cell function. Circulation 2010;121:276–292. 

76. Huang C, Zhang X, Ramil JM, et al. Juvenile exposure to anthracyclines impairs 

cardiac progenitor cell function and vascularization resulting in greater susceptibility to 

stress-induced myocardial injury in adult mice. Circulation 2010;121:675–683. 

77. Hoff DD Von, Layard MW, Basa P, et al. Risk factors for doxorubicin-induced 

congestive heart failure. Ann. Intern. Med. 1979;91:710–717. 



 
120 
 
 

 

78. Arbuck SG, Strauss H, Rowinsky E, et al. A reassessment of cardiac toxicity 

associated with Taxol. J. Natl. Cancer Institute.Monographs 1993;(15):117–130. 

79. Giordano SH, Booser DJ, Murray JL, et al. A detailed evaluation of cardiac toxicity: 

a phase II study of doxorubicin and one- or three-hour-infusion paclitaxel in patients with 

metastatic breast cancer. Clin. Cancer Res. 2002;8:3360–3368. 

80. Vigano L, Locatelli A, Grasselli G, Gianni L. Drug interactions of paclitaxel and 

docetaxel and their relevance for the design of combination therapy. Invest. New Drugs 

2001;19:179–196. 

81. Martin M, Pienkowski T, Mackey J, et al. Adjuvant docetaxel for node-positive breast 

cancer. N. Engl. J. Med. 2005;352:2302–2313. 

82. Alter P, Herzum M, Soufi M, Schaefer JR, Maisch B. Cardiotoxicity of 5-fluorouracil. 

Cardiovasc. Hematol. Agents Med. Chem. 2006;4:1–5. 

83. Labianca R, Beretta G, Clerici M, Fraschini P, Luporini G. Cardiac toxicity of 5-

fluorouracil: a study on 1083 patients. Tumori 1982;68:505–510. 

84. Polk A, Vistisen K, Vaage-Nilsen M, Nielsen DL. A systematic review of the 

pathophysiology of 5-fluorouracil-induced cardiotoxicity. BMC Pharmacol. Toxicol. 

2014;15:47. 

85. de Forni M, Malet-Martino MC, Jaillais P, et al. Cardiotoxicity of high-dose 

continuous infusion fluorouracil: a prospective clinical study. J. Clin. Oncol. 

1992;10:1795–1801. 

86. Goldberg MA, Antin JH, Guinan EC, Rappeport JM. Cyclophosphamide 

cardiotoxicity: an analysis of dosing as a risk factor. Blood 1986;68:1114–1118. 

87. Icli F, Karaoguz H, Dincol D, et al. Severe vascular toxicity associated with cisplatin-



 
121 
 
 

 

based chemotherapy. Cancer 1993;72:587–593. 

88. Feldman DR. Treatment options for stage I nonseminoma. J. Clin. Oncol. 

2014;32:3797–3800. 

89. Ma H, Jones KR, Guo R, Xu P, Shen Y, Ren J. Cisplatin compromises myocardial 

contractile function and mitochondrial ultrastructure: role of endoplasmic reticulum 

stress. Clin. Exp. Pharmacol. Physiol. 2010;37:460–465. 

90. Pegram MD, Konecny GE, O’Callaghan C, Beryt M, Pietras R, Slamon DJ. Rational 

combinations of trastuzumab with chemotherapeutic drugs used in the treatment of 

breast cancer. J. Natl. Cancer Inst. 2004;96:739–749. 

91. Wachters FM, Graaf WT Van Der, Groen HJ. Cardiotoxicity in advanced non-small 

cell lung cancer patients treated with platinum and non-platinum based combinations as 

first-line treatment. Anticancer Res. 2004;24:2079–2083. 

92. Negro A, Brar BK, Lee KF. Essential roles of Her2/erbB2 in cardiac development 

and function. Recent Prog. Horm. Res. 2004;59:1–12. 

93. Zeglinski M, Ludke A, Jassal DS, Singal PK. Trastuzumab-induced cardiac 

dysfunction: A “dual-hit.” Exp. Clin. Cardiol. 2011;16:70–74. 

94. Guglin M, Cutro R, Mishkin JD. Trastuzumab-induced cardiomyopathy. J. Card. Fail. 

2008;14:437–444. 

95. Lenneman CG, Abdallah WM, Smith HM, et al. Sympathetic nervous system 

alterations with HER2+ antagonism: an early marker of cardiac dysfunction with breast 

cancer treatment? Ecancermedicalscience 2014;8:446. 

96. Sysa-Shah P, Tocchetti CG, Gupta M, et al. Bidirectional cross-regulation between 

ErbB2 and beta-adrenergic signalling pathways. Cardiovasc. Res. 2016;109:358–373. 



 
122 
 
 

 

97. Zorov DB, Filburn CR, Klotz LO, Zweier JL, Sollott SJ. Reactive oxygen species 

(ROS)-induced ROS release: a new phenomenon accompanying induction of the 

mitochondrial permeability transition in cardiac myocytes. J. Exp. Med. 2000;192:1001–

1014. 

98. Esteva FJ, Hortobagyi GN. Comparative assessment of lipid effects of endocrine 

therapy for breast cancer: implications for cardiovascular disease prevention in 

postmenopausal women. Breast 2006;15:301–312. 

99. Howell A. Selective oestrogen receptor modulators, aromatase inhibitors and the 

female breast. Curr. Opin. Obstet. Gynecol. 2005;17:429–434. 

100. Lewis S. Do endocrine treatments for breast cancer have a negative impact on 

lipid profiles and cardiovascular risk in postmenopausal women? Am. Heart J. 

2007;153:182–188. 

101. Filopei J, Frishman W. Radiation-induced heart disease. Cardiol. Rev. 

2012;20:184–188. 

102. Adams MJ, Lipshultz SE, Schwartz C, Fajardo LF, Coen V, Constine LS. 

Radiation-associated cardiovascular disease: manifestations and management. Semin. 

Radiat. Oncol. 2003;13:346–356. 

103. Yarnold J, Brotons MC. Pathogenetic mechanisms in radiation fibrosis. Radiother. 

Oncol. 2010;97:149–161. 

104. Saiki H, Petersen IA, Scott CG, et al. Risk of Heart Failure With Preserved Ejection 

Fraction in Older Women After Contemporary Radiotherapy for Breast Cancer. 

Circulation 2017;135:1388–1396. 

105. Darby SC, Ewertz M, Hall P. Ischemic heart disease after breast cancer 



 
123 
 
 

 

radiotherapy. N. Engl. J. Med. 2013;368:2527. 

106. Sardar P, Kundu A, Chatterjee S, et al. Long-term cardiovascular mortality after 

radiotherapy for breast cancer: A systematic review and meta-analysis. Clin. Cardiol. 

2017;40:73–81. 

107. Schubert LK, Gondi V, Sengbusch E, et al. Dosimetric comparison of left-sided 

whole breast irradiation with 3DCRT, forward-planned IMRT, inverse-planned IMRT, 

helical tomotherapy, and topotherapy. Radiother. Oncol. 2011;100:241–246. 

108. Taylor CW, Wang Z, Macaulay E, Jagsi R, Duane F, Darby SC. Exposure of the 

Heart in Breast Cancer Radiation Therapy: A Systematic Review of Heart Doses 

Published During 2003 to 2013. Int. J. Radiat. Oncol. Biol. Phys. 2015;93:845–853. 

109. Gagliardi G, Constine LS, Moiseenko V, et al. Radiation dose-volume effects in the 

heart. Int. J. Radiat. Oncol. Biol. Phys. 2010;76:S77-85. 

110. Tan C, Tasaka H, Yu KP, Murphy ML, Karnofsky DA. Daunomycin, an antitumor 

antibiotic, in the treatment of neoplastic disease. Clinical evaluation with special 

reference to childhood leukemia. Cancer 1967;20:333–353. 

111. Gottdiener JS, Mathisen DJ, Borer JS, et al. Doxorubicin cardiotoxicity: 

assessment of late left ventricular dysfunction by radionuclide cineangiography. Ann. 

Intern. Med. 1981;94:430–435. 

112. Wang TJ, Evans JC, Benjamin EJ, Levy D, LeRoy EC, Vasan RS. Natural history 

of asymptomatic left ventricular systolic dysfunction in the community. Circulation 

2003;108:977–982. 

113. Nagy AC, Cserep Z, Tolnay E, Nagykalnai T, Forster T. Early diagnosis of 

chemotherapy-induced cardiomyopathy: a prospective tissue Doppler imaging study. 



 
124 
 
 

 

Pathol. Oncol. Res. 2008;14:69–77. 

114. Schwartz RG, McKenzie WB, Alexander J, et al. Congestive heart failure and left 

ventricular dysfunction complicating doxorubicin therapy. Seven-year experience using 

serial radionuclide angiocardiography. Am. J. Med. 1987;82:1109–1118. 

115. van Royen N, Jaffe CC, Krumholz HM, et al. Comparison and reproducibility of 

visual echocardiographic and quantitative radionuclide left ventricular ejection fractions. 

Am. J. Cardiol. 1996;77:843–850. 

116. Bellenger NG, Burgess MI, Ray SG, et al. Comparison of left ventricular ejection 

fraction and volumes in heart failure by echocardiography, radionuclide ventriculography 

and cardiovascular magnetic resonance; are they interchangeable? Eur. Heart J. 

2000;21:1387–1396. 

117. of Cardiology Foundation Appropriate Use Criteria Task Force AC, of 

Echocardiography AS, Association AH, et al. 

ACCF/ASE/AHA/ASNC/HFSA/HRS/SCAI/SCCM/SCCT/SCMR 2011 Appropriate Use 

Criteria for Echocardiography. A Report of the American College of Cardiology 

Foundation Appropriate Use Criteria Task Force, American Society of 

Echocardiography, American Heart Associat. J. Am. Coll. Cardiol. 2011;57:1126–1166. 

118. Palmeri ST, Bonow RO, Myers CE, et al. Prospective evaluation of doxorubicin 

cardiotoxicity by rest and exercise radionuclide angiography. Am. J. Cardiol. 

1986;58:607–613. 

119. Daher IN, Kim C, Saleh RR, Plana JC, Yusuf SW, Banchs J. Prevalence of 

abnormal echocardiographic findings in cancer patients: a retrospective evaluation of 

echocardiography for identifying cardiac abnormalities in cancer patients. 



 
125 
 
 

 

Echocardiography 2011;28:1061–1067. 

120. Lang RM, Bierig M, Devereux RB, et al. Recommendations for chamber 

quantification: a report from the American Society of Echocardiography’s Guidelines 

and Standards Committee and the Chamber Quantification Writing Group, developed in 

conjunction with the European Association of Echocardiograph. J. Am. Soc. 

Echocardiogr. 2005;18:1440–1463. 

121. Lancellotti P, Nkomo VT, Badano LP, et al. Expert consensus for multi-modality 

imaging evaluation of cardiovascular complications of radiotherapy in adults: a report 

from the European Association of Cardiovascular Imaging and the American Society of 

Echocardiography. J. Am. Soc. Echocardiogr. 2013;26:1013–1032. 

122. Jacobs LD, Salgo IS, Goonewardena S, et al. Rapid online quantification of left 

ventricular volume from real-time three-dimensional echocardiographic data. Eur. Heart 

J. 2006;27:460–468. 

123. Thavendiranathan P, Grant AD, Negishi T, Plana JC, Popovic ZB, Marwick TH. 

Reproducibility of echocardiographic techniques for sequential assessment of left 

ventricular ejection fraction and volumes: application to patients undergoing cancer 

chemotherapy. J. Am. Coll. Cardiol. 2013;61:77–84. 

124. Cardinale D, Sandri MT. Role of biomarkers in chemotherapy-induced 

cardiotoxicity. Prog. Cardiovasc. Dis. 2010;53:121–129. 

125. Plana JC, Galderisi M, Barac A, et al. Expert consensus for multimodality imaging 

evaluation of adult patients during and after cancer therapy: a report from the American 

Society of Echocardiography and the European Association of Cardiovascular Imaging. 

Eur. Heart J. Cardiovasc. Imaging 2014;15:1063–1093. 



 
126 
 
 

 

126. Sawaya H, Sebag IA, Plana JC, et al. Assessment of echocardiography and 

biomarkers for the extended prediction of cardiotoxicity in patients treated with 

anthracyclines, taxanes, and trastuzumab. Circ. imaging 2012;5:596–603. 

127. Erven K, Jurcut R, Weltens C, et al. Acute radiation effects on cardiac function 

detected by strain rate imaging in breast cancer patients. Int. J. Radiat. Oncol. Biol. 

Phys. 2011;79:1444–1451. 

128. Oreto L, Todaro MC, Umland MM, et al. Use of echocardiography to evaluate the 

cardiac effects of therapies used in cancer treatment: what do we know? J. Am. Soc. 

Echocardiogr. 2012;25:1141–1152. 

129. Greenwood JP, Maredia N, Younger JF, et al. Cardiovascular magnetic resonance 

and single-photon emission computed tomography for diagnosis of coronary heart 

disease (CE-MARC): a prospective trial. Lancet (London, England) 2012;379:453–460. 

130. Klein C, Nekolla SG, Bengel FM, et al. Assessment of myocardial viability with 

contrast-enhanced magnetic resonance imaging: comparison with positron emission 

tomography. Circulation 2002;105:162–167. 

131. Armstrong GT, Plana JC, Zhang N, et al. Screening adult survivors of childhood 

cancer for cardiomyopathy: comparison of echocardiography and cardiac magnetic 

resonance imaging. J. Clin. Oncol. 2012;30:2876–2884. 

132. Thavendiranathan P, Wintersperger BJ, Flamm SD, Marwick TH. Cardiac MRI in 

the assessment of cardiac injury and toxicity from cancer chemotherapy: a systematic 

review. Circ. imaging 2013;6:1080–1091. 

133. Pennell DJ, Sechtem UP, Higgins CB, et al. Clinical indications for cardiovascular 

magnetic resonance (CMR): Consensus Panel report. J. Cardiovasc. Magn. Reson. 



 
127 
 
 

 

2004;6:727–765. 

134. Bloom MW, Hamo CE, Cardinale D, et al. Cancer Therapy-Related Cardiac 

Dysfunction and Heart Failure: Part 1: Definitions, Pathophysiology, Risk Factors, and 

Imaging. Circ. Fail. 2016;9:e002661. 

135. O’Brien PJ. Cardiac troponin is the most effective translational safety biomarker for 

myocardial injury in cardiotoxicity. Toxicology 2008;245:206–218. 

136. Alpert JS, Thygesen K, Antman E, Bassand JP. Myocardial infarction redefined--a 

consensus document of The Joint European Society of Cardiology/American College of 

Cardiology Committee for the redefinition of myocardial infarction. J. Am. Coll. Cardiol. 

2000;36:959–969. 

137. Gimenez MR, Twerenbold R, Reichlin T, et al. Direct comparison of high-

sensitivity-cardiac troponin I vs. T for the early diagnosis of acute myocardial infarction. 

Eur. Heart J. 2014;35:2303–2311. 

138. Horwich TB, Patel J, MacLellan WR, Fonarow GC. Cardiac troponin I is associated 

with impaired hemodynamics, progressive left ventricular dysfunction, and increased 

mortality rates in advanced heart failure. Circulation 2003;108:833–838. 

139. Cardinale D, Sandri MT, Colombo A, et al. Prognostic value of troponin I in cardiac 

risk stratification of cancer patients undergoing high-dose chemotherapy. Circulation 

2004;109:2749–2754. 

140. Kilickap S, Barista I, Akgul E, et al. cTnT can be a useful marker for early detection 

of anthracycline cardiotoxicity. Ann. Oncol.  Off. J. Eur. Soc. Med. Oncol. 2005;16:798–

804. 

141. Skytta T, Tuohinen S, Boman E, Virtanen V, Raatikainen P, Kellokumpu-Lehtinen 



 
128 
 
 

 

PL. Troponin T-release associates with cardiac radiation doses during adjuvant left-

sided breast cancer radiotherapy. Radiat. Oncol. 2015;10:141–142. 

142. Koerbin G, Tate J, Potter JM, Cavanaugh J, Glasgow N, Hickman PE. 

Characterisation of a highly sensitive troponin I assay and its application to a cardio-

healthy population. Clin. Chem. Lab. Med. 2012;50:871–878. 

143. Tang WH, Francis GS, Morrow DA, et al. National Academy of Clinical 

Biochemistry Laboratory Medicine Practice Guidelines: clinical utilization of cardiac 

biomarker testing in heart failure. Clin. Biochem. 2008;41:210–221. 

144. Mueller T, Gegenhuber A, Poelz W, Haltmayer M. Head-to-head comparison of the 

diagnostic utility of BNP and NT-proBNP in symptomatic and asymptomatic structural 

heart disease. Clin. Chim. Acta. 2004;341:41–48. 

145. Yancy CW, Jessup M, Bozkurt B, et al. 2013 ACCF/AHA guideline for the 

management of heart failure: a report of the American College of Cardiology 

Foundation/American Heart Association Task Force on Practice Guidelines. J. Am. Coll. 

Cardiol. 2013;62:e147-239. 

146. Gustafsson F, Steensgaard-Hansen F, Badskjaer J, Poulsen AH, Corell P, 

Hildebrandt P. Diagnostic and prognostic performance of N-terminal ProBNP in primary 

care patients with suspected heart failure. J. Card. Fail. 2005;11:S15-20. 

147. Gustafsson F, Steensgaard-Hansen F, Badskjær J, Poulsen AH, Corell P, 

Hildebrandt P. Diagnostic and Prognostic Performance of N-Terminal ProBNP in 

Primary Care Patients With Suspected Heart Failure. J. Card. Fail. 2018;11:S15–S20. 

148. D’Errico MP, Grimaldi L, Petruzzelli MF, et al. N-terminal pro-B-type natriuretic 

peptide plasma levels as a potential biomarker for cardiac damage after radiotherapy in 



 
129 
 
 

 

patients with left-sided breast cancer. Int. J. Radiat. Oncol. Biol. Phys. 2012;82:e239-46. 

149. Sharma UC, Pokharel S, van Brakel TJ, et al. Galectin-3 marks activated 

macrophages in failure-prone hypertrophied hearts and contributes to cardiac 

dysfunction. Circulation 2004;110:3121–3128. 

150. Pasceri V, Willerson JT YE. Direct Proinflammatory Effect of C-Reactive Protein on 

Human Endothelial Cells. Circulation 2000;102:11–13. 

151. R R. Atherosclerosis is an inflammatory disease. Am Hear. J 1999;138:S419–20. 

152. Kozdağ G, Ertaş G, Kiliç T, et al. Elevated level of high-sensitivity C-reactive 

protein is important in determining prognosis in chronic heart failure. Med. Sci. Monit. 

2010;16:CR156-161. 

153. Onitilo AA, Engel JM, Stankowski R V, Liang H, Berg RL, Doi SAR. High-sensitivity 

C-reactive protein (hs-CRP) as a biomarker for trastuzumab-induced cardiotoxicity in 

HER2-positive early-stage breast cancer: a pilot study. Breast Cancer Res. Treat. 

2012;134:291–298. 

154. Fletcher GF, Ades PA, Kligfield P, et al. Exercise standards for testing and training: 

A scientific statement from the American heart association. Circulation 2013;128:873–

934. 

155. Kligfield P, Lauer MS. Exercise electrocardiogram testing: beyond the ST segment. 

Circulation 2006;114:2070–2082. 

156. Mark DB, Hlatky MA, Jr FEH, Lee KL, Califf RM, Pryor DB. Exercise treadmill 

score for predicting prognosis in coronary artery disease. Ann. Intern. Med. 

1987;106:793–800. 

157. Meluzin J, Cerny J, Frelich M, et al. Prognostic value of the amount of 



 
130 
 
 

 

dysfunctional but viable myocardium in revascularized patients with coronary artery 

disease and left ventricular dysfunction. Investigators of this Multicenter Study. J. Am. 

Coll. Cardiol. 1998;32:912–920. 

158. Correa CR, Litt HI, Hwang WT, Ferrari VA, Solin LJ, Harris EE. Coronary artery 

findings after left-sided compared with right-sided radiation treatment for early-stage 

breast cancer. J. Clin. Oncol. 2007;25:3031–3037. 

159. Douglas PS. Appropriate use criteria: past, present, future. J. Am. Soc. 

Echocardiogr. 2012;25:1176–1178. 

160. Kearney MC, Gallop-Evans E, Cockcroft JR, et al. Cardiac dysfunction in cancer 

survivors unmasked during exercise. Eur. J. Clin. Invest. 2017;47:213–220. 

161. Khouri MG, Hornsby WE, Risum N, et al. Utility of 3-dimensional 

echocardiography, global longitudinal strain, and exercise stress echocardiography to 

detect cardiac dysfunction in breast cancer patients treated with doxorubicin-containing 

adjuvant therapy. Breast Cancer Res. Treat. 2014;143:531–539. 

162. Gulati M, Pandey DK, Arnsdorf MF, et al. Exercise capacity and the risk of death in 

women: the St James Women Take Heart Project. Circulation 2003;108:1554–1559. 

163. Kodama S, Saito K, Tanaka S, et al. Cardiorespiratory fitness as a quantitative 

predictor of all-cause mortality and cardiovascular events in healthy men and women: a 

meta-analysis. Jama 2009;301:2024–2035. 

164. Peel JB, Sui X, Adams SA, Hebert JR, Hardin JW, Blair SN. A prospective study of 

cardiorespiratory fitness and breast cancer mortality. Med. Sci. Sports Exerc. 

2009;41:742–748. 

165. Monninkhof EM, Elias SG, Vlems FA, et al. Physical activity and breast cancer: a 



 
131 
 
 

 

systematic review. Epidemiology 2007;18:137–157. 

166. Burnett D, Kluding P, Porter C, Fabian C, Klemp J. Cardiorespiratory fitness in 

breast cancer survivors. Springerplus 2013;2:68–1801–2–68. Epub 2013 Feb 25. 

167. Balady GJ, Arena R, Sietsema K, et al. Clinician’s guide to cardiopulmonary 

exercise testing in adults: A scientific statement from the American heart association. 

Circulation 2010;122:191–225. 

168. Berger AM, Mooney K, Alvarez-Perez A, et al. Cancer-Related Fatigue, Version 

2.2015. J. Natl. Compr. Canc. Netw. 2015;13:1012–1039. 

169. Lakoski SG, Jones LW, Krone RJ, Stein PK, Scott JM. Autonomic dysfunction in 

early breast cancer: Incidence, clinical importance, and underlying mechanisms. Am. 

Heart J. 2015;170:231–241. 

170. Peel AB, Thomas SM, Dittus K, Jones LW, Lakoski SG. Cardiorespiratory fitness in 

breast cancer patients: a call for normative values. J. Am. Heart Assoc. 

2014;3:e000432. 

171. Jones LW, Courneya KS, Mackey JR, et al. Cardiopulmonary function and age-

related decline across the breast cancer survivorship continuum. J. Clin. Oncol. 

2012;30:2530–2537. 

172. Saltin B, Calbet JA. Point: in health and in a normoxic environment, VO2 max is 

limited primarily by cardiac output and locomotor muscle blood flow. J. Appl. Physiol. 

(Bethesda, Md. 1985) 2006;100:744–745. 

173. Reddy YN, Borlaug BA. Heart Failure With Preserved Ejection Fraction. Curr. 

Probl. Cardiol. 2016;41:145–188. 

174. Jones LW, Haykowsky M, Peddle CJ, et al. Cardiovascular risk profile of patients 



 
132 
 
 

 

with HER2/neu-positive breast cancer treated with anthracycline-taxane-containing 

adjuvant chemotherapy and/or trastuzumab. Cancer Epidemiol. Biomarkers Prev. 

2007;16:1026–1031. 

175. Koelwyn GJ, Lewis NC, Ellard SL, et al. Ventricular-Arterial Coupling in Breast 

Cancer Patients After Treatment With Anthracycline-Containing Adjuvant 

Chemotherapy. Oncologist 2016;21:141–149. 

176. Beckman JA, Thakore A, Kalinowski BH, Harris JR, Creager MA. Radiation 

therapy impairs endothelium-dependent vasodilation in humans. J. Am. Coll. Cardiol. 

2001;37:761–765. 

177. Gouspillou G, Scheede-Bergdahl C, Spendiff S, et al. Anthracycline-containing 

chemotherapy causes long-term impairment of mitochondrial respiration and increased 

reactive oxygen species release in skeletal muscle. Sci. Rep. 2015;5:8717. 

178. Crouch ML, Knowels G, Stuppard R, et al. Cyclophosphamide leads to persistent 

deficits in physical performance and in vivo mitochondria function in a mouse model of 

chemotherapy late effects. PLoS One 2017;12:e0181086. 

179. O’Donnell DE, Webb KA, Langer D, Elbehairy AF, Neder JA, Dudgeon DJ. 

Respiratory Factors Contributing to Exercise Intolerance in Breast Cancer Survivors: A 

Case-Control Study. J. Pain Symptom Manage. 2016;52:54–63. 

180. Villasenor A, Ballard-Barbash R, Baumgartner K, et al. Prevalence and prognostic 

effect of sarcopenia in breast cancer survivors: the HEAL Study. J. Cancer Surviv. 

2012;6:398–406. 

181. Toth MJ, Callahan DM, Miller MS, et al. Skeletal muscle fiber size and fiber type 

distribution in human cancer: Effects of weight loss and relationship to physical function. 



 
133 
 
 

 

Clin. Nutr. 2016;35:1359–1365. 

182. Kallianos A, Rapti A, Tsimpoukis S, et al. Cardiopulmonary exercise testing 

(CPET) as preoperative test before lung resection. In Vivo 2014;28:1013–1020. 

183. Jones LW, Eves ND, Haykowsky M, Joy AA, Douglas PS. Cardiorespiratory 

exercise testing in clinical oncology research: systematic review and practice 

recommendations. The Lancet.Oncology 2008;9:757–765. 

184. Myers J. Applications of cardiopulmonary exercise testing in the management of 

cardiovascular and pulmonary disease. Int. J. Sports Med. 2005;26 Suppl 1:S49-55. 

185. Society AC. American Cancer Society: Cancer Facts and Figures 2016. Atlanta, 

Ga: American Cancer Society, 2016. Also available onlineExit Disclaimer (PDF - 1.67 

MB). 2106. 

186. Weisman IM, Weisman IM, Marciniuk D, et al. ATS/ACCP statement on 

cardiopulmonary exercise testing. Am. J. Respir. Crit. Care Med. 2003;167:1451; author 

reply 1451. 

187. Arena R, Myers J, Aslam SS, Varughese EB, Peberdy MA. Peak VO2 and 

VE/VCO2 slope in patients with heart failure: a prognostic comparison. Am. Heart J. 

2004;147:354–360. 

188. Edge S, Byrd DR, Compton CC, Fritz AG, Greene F, Trotti A. AJCC Cancer 

Staging Manual. 7th ed. New York: Springer-Verlag New York; 2010. 

189. Arena R, Humphrey R, Peberdy MA, Madigan M. Predicting peak oxygen 

consumption during a conservative ramping protocol: implications for the heart failure 

population. J. Cardiopulm. Rehabil. 2003;23:183–189. 

190. Fox III SM, Naughton JP HW. Physical activity and the prevention of coronary 



 
134 
 
 

 

heart disease. Ann Clin Res 1971;3:404–432. 

191. Lauer M, Froelicher ES, Williams M, Kligfield P, on Clinical Cardiology 

Subcommittee on Exercise CR, Prevention. Exercise testing in asymptomatic adults: a 

statement for professionals from the American Heart Association Council on Clinical 

Cardiology, Subcommittee on Exercise, Cardiac Rehabilitation, and Prevention. 

Circulation 2005;112:771–776. 

192. Khan MN, Pothier CE, Lauer MS. Chronotropic incompetence as a predictor of 

death among patients with normal electrograms taking beta blockers (Metoprolol or 

Atenolol). Am. J. Cardiol. 2005;96:1328–1333. 

193. Wasserman K. Principles of exercise testing and interpretation : including 

pathophysiology and clinical applications. 5th ed. Philadelphia, PA: Philadelphia : 

Wolters Kluwer Health/Lippincott Williams &amp; Wilkins; 2012. 

194. Ehrman JK, Ehrman Jonathan K. AC of SM. ACSM’s Resource Manual for 

Guidelines for Exercise Testing and Prescription. 3rd ed. /. Philadelphia: Lippincott 

Williams & Wilkins; 2010. 

195. Chase PJ, Kenjale A, Cahalin LP, et al. Effects of respiratory exchange ratio on the 

prognostic value of peak oxygen consumption and ventilatory efficiency in patients with 

systolic heart failure. JACC Hear. Fail. 2013;1:427–432. 

196. Bensimhon DR, Leifer ES, Ellis SJ, et al. Reproducibility of Peak Oxygen Uptake 

and Other Cardiopulmonary Exercise Testing Parameters in Patients With Heart Failure 

(from the Heart Failure and A Controlled Trial Investigating Outcomes of exercise 

traiNing). Am. J. Cardiol. 2008;102:712–717. 

197. Keteyian SJ, Brawner CA, Ehrman JK, Ivanhoe R, Boehmer JP, Abraham WT. 



 
135 
 
 

 

Reproducibility of peak oxygen uptake and other cardiopulmonary exercise parameters: 

Implications for clinical trials and clinical practice. Chest 2010;138:950–955. 

198. Oliveira RB, Myers J, Araujo CG, et al. Does peak oxygen pulse complement peak 

oxygen uptake in risk stratifying patients with heart failure? Am. J. Cardiol. 

2009;104:554–558. 

199. Wasserman K, Beaver WL, Whipp BJ. Gas exchange theory and the lactic acidosis 

(anaerobic) threshold. Circulation 1990;81:II14-30. 

200. Guazzi M, Vita S De, Cardano P, Barlera S, Guazzi MD. Normalization for peak 

oxygen uptake increases the prognostic power of the ventilatory response to exercise in 

patients with chronic heart failure. Am. Heart J. 2003;146:542–548. 

201. Baba R, Nagashima M, Goto M, et al. Oxygen uptake efficiency slope: a new index 

of cardiorespiratory functional reserve derived from the relation between oxygen uptake 

and minute ventilation during incremental exercise. J. Am. Coll. Cardiol. 1996;28:1567–

1572. 

202. Sun XG, Hansen JE, Stringer WW. Oxygen uptake efficiency plateau: physiology 

and reference values. Eur. J. Appl. Physiol. 2012;112:919–928. 

203. Barron A, Francis DP, Mayet J, et al. Oxygen Uptake Efficiency Slope and 

Breathing Reserve, Not Anaerobic Threshold, Discriminate Between Patients With 

Cardiovascular Disease Over Chronic Obstructive Pulmonary Disease. JACC.Heart 

Fail. 2016;4:252–261. 

204. of Sports Medicine AC, Franklin BA, Whaley MH, Howley ET, Balady GJ. ACSM’s 

guidelines for exercise testing and prescription. 6th ed. Philadelphia: Lippincott Williams 

& Wilkins; 2000. 



 
136 
 
 

 

205. Miller MR, Hankinson J, Brusasco V, et al. Standardisation of spirometry. Eur. 

Respir. J. 2005;26:319–338. 

206. Vestbo J, Hurd SS, Agustí AG, et al. Global strategy for the diagnosis, 

management, and prevention of chronic obstructive pulmonary disease GOLD 

executive summary. Am. J. Respir. Crit. Care Med. 2013;187:347–365. 

207. Guazzi M, Adams V, Conraads V, et al. EACPR/AHA Joint Scientific Statement. 

Clinical recommendations for cardiopulmonary exercise testing data assessment in 

specific patient populations. Eur. Heart J. 2012;33:2917–2927. 

208. Gardin JM, Adams DB, Douglas PS, et al. Recommendations for a standardized 

report for adult transthoracic echocardiography: a report from the American Society of 

Echocardiography’s Nomenclature and Standards Committee and Task Force for a 

Standardized Echocardiography Report. J. Am. Soc. Echocardiogr. 2002;15:275–290. 

209. Nagueh SF, Smiseth OA, Appleton CP, et al. Recommendations for the Evaluation 

of Left Ventricular Diastolic Function by Echocardiography: An Update from the 

American Society of Echocardiography and the European Association of Cardiovascular 

Imaging. J. Am. Soc. Echocardiogr. 2016;29:277–314. 

210. Huntsman LL, Stewart DK, Barnes SR, Franklin SB, Colocousis JS, Hessel EA. 

Noninvasive Doppler determination of cardiac output in man. Clinical validation. 

Circulation 1983;67:593 LP-602. 

211. Haites NE, McLennan FM, Mowat DH, Rawles JM. Assessment of cardiac output 

by the Doppler ultrasound technique alone. Br. Heart J. 1985;53:123–129. 

212. Ommen, S R , Nishimura RA, Redfield MM, Tajik AJ. Clinical Utility of Doppler 

Echocardiography and Tissue Doppler Imaging in the Estimation of Left Ventricular 



 
137 
 
 

 

Filling Pressures. 2000:1788–1795. 

213. Trankle C, Canada JM, Buckley L, et al. Impaired myocardial relaxation with 

exercise determines peak aerobic exercise capacity in heart failure with preserved 

ejection fraction. ESC Hear. Fail. 2017;4:351–355. 

214. Gibby C, Wiktor DM, Burgess M, Kusunose K, Marwick TH. Quantitation of the 

diastolic stress test: Filling pressure vs. diastolic reserve. Eur. Heart J. Cardiovasc. 

Imaging 2013;14:223–227. 

215. Giannitsis E, Kurz K, Hallermayer K, Jarausch J, Jaffe AS, Katus HA. Analytical 

validation of a high-sensitivity cardiac troponin T assay. Clin. Chem. 2010;56:254–261. 

216. Nellessen U, Zingel M, Hecker H, Bahnsen J, Borschke D. Effects of Radiation 

Therapy on Myocardial Cell Integrity and Pump Function: Which Role for Cardiac 

Biomarkers? Chemotherapy 2010;56:147–152. 

217. Suthahar N, Meijers WC, Silljé HHW, Ho JE, Liu FT, de Boer RA. Galectin-3 

activation and inhibition in heart failure and cardiovascular disease: An update. 

Theranostics 2018;8:593–609. 

218. Zile MR, Jhund PS, Baicu CF, et al. Plasma Biomarkers Reflecting Profibrotic 

Processes in Heart Failure with a Preserved Ejection Fraction: Data from the 

Prospective Comparison of ARNI with ARB on Management of Heart Failure with 

Preserved Ejection Fraction Study. Circ. Hear. Fail. 2016;9. 

219. Rifai N, Tracy RP, Ridker PM. Clinical efficacy of an automated high-sensitivity C-

reactive protein assay. Clin. Chem. 1999;45:2136–2141. 

220. Pearson TA, Mensah GA, Alexander RW, et al. Markers of inflammation and 

cardiovascular disease: Application to clinical and public health practice: A statement for 



 
138 
 
 

 

healthcare professionals from the centers for disease control and prevention and the 

American Heart Association. Circulation 2003;107:499–511. 

221. Bellenger NG, Grothues F, Smith GC PD. Quantification of right and left ventricular 

function by cardiovascular magnetic resonance. Herz 2000;25:392–399. 

222. Stirrat J, White JA. The Prognostic Role of Late Gadolinium Enhancement 

Magnetic Resonance Imaging in Patients With Cardiomyopathy. Can. J. Cardiol. 

2018;29:329–336. 

223. TS C, JE D, RE M. Christensen’s physics of diagnostic radiology 4 Ed. 4th ed. 

Lippincott Williams & Wilkins; 1990. 

224. Jerosch-Herold M, Kwong RY. Cardiac T1 Imaging. Top. Magn. Reson. Imaging 

2014;23:3–11. 

225. Hundley WG, Bluemke DA, Finn JP, et al. ACCF/ACR/AHA/NASCI/SCMR 2010 

Expert Consensus Document on Cardiovascular Magnetic Resonance. A Report of the 

American College of Cardiology Foundation Task Force on Expert Consensus 

Documents. J. Am. Coll. Cardiol. 2010;55:2614–2662. 

226. Ugander M, Oki AJ, Hsu LY, et al. Extracellular volume imaging by magnetic 

resonance imaging provides insights into overt and sub-clinical myocardial pathology. 

Eur. Heart J. 2012;33:1268–1278. 

227. Anonymous. Executive summary of the clinical guidelines on the identification, 

evaluation, and treatment of overweight and obesity in adults. Arch. Intern. Med. 

1998;158:1855–1867. 

228. Chumlea WC, Guo SS, Kuczmarski RJ, et al. Body composition estimates from 

NHANES III bioelectrical impedance data. Int. J. Obes. 2002;26:1596–1609. 



 
139 
 
 

 

229. Yanez B, Pearman T, Lis CG, Beaumont JL, Cella D. The FACT-G7: a rapid 

version of the functional assessment of cancer therapy-general (FACT-G) for monitoring 

symptoms and concerns in oncology practice and research. Ann. Oncol. 2013;24:1073–

1078. 

230. Craig CL, Marshall AL, Sjostrom M, et al. International physical activity 

questionnaire: 12-country reliability and validity. Med. Sci. Sports Exerc. 2003;35:1381–

1395. 

231. Ponikowski P, Adriaan A. Voor, Stefan D. Anker, Héctor Bueno, John G. F. 

Cleland, Andrew J. S. Coats , Volkmar Falk, Jose Ramon Gonzalez-Juanatey, Veli-

Pekka Harjola, Ewa A. Janko, Burkert Pies, Jillian P. Riley, Giuseppe M. C. Rosano, 

Luis M. Ruilop, Frank Ruschitzka, P van der M. 2016 ESC Guidelines for the diagnosis 

and treatment of acute and chronic heart failure The Task Force for the diagnosis and 

treatment of acute and chronic heart failure of the European Society of Cardiology 

(ESC) Developed with the special contribution of. Eur. Heart J. 2016;18:891–975. 

232. Kawel-Boehm N, Maceira A, Valsangiacomo-Buechel ER, et al. Normal values for 

cardiovascular magnetic resonance in adults and children. J. Cardiovasc. Magn. Reson. 

2015;17:29. 

233. Jones LW, Haykowsky M, Pituskin EN, et al. Cardiovascular Reserve and Risk 

Profile of Postmenopausal Women After Chemoendocrine Therapy for Hormone 

Receptor Positive Operable Breast Cancer. Oncologist 2007;12:1156–1164. 

234. Adams MJ, Lipsitz SR, Colan SD, et al. Cardiovascular status in long-term 

survivors of Hodgkin’s disease treated with chest radiotherapy. J. Clin. Oncol.  Off. J. 

Am. Soc. Clin. Oncol. JID - 8309333 827;22:3139–3148. 



 
140 
 
 

 

235. Jr DRB, Howley ET. Limiting factors for maximum oxygen uptake and determinants 

of endurance performance. Med. Sci. Sports Exerc. 2000;32:70–84. 

236. Weber KT, Kinasewitz GT, Janicki JS, Ph D, Fishman AP. Oxygen Utilization and 

Ventilation During Exercise in Patients with Chronic Cardiac Failure. Circulation 

1982;65:1213–1224. 

237. Haykowsky MJ, Brubaker PH, John JM, Stewart KP, Morgan TM, Kitzman DW. 

Determinants of exercise intolerance in elderly heart failure patients with preserved 

ejection fraction. J. Am. Coll. Cardiol. 2011;58:265–274. 

238. Haykowsky MJ, Beaudry R, Brothers RM, Nelson MD, Sarma S, Gerche A La. 

Pathophysiology of exercise intolerance in breast cancer survivors with preserved left 

ventricular ejection fraction. Clin. Sci. (Lond). 2016;130:2239–2244. 

239. Haykowsky MJ, Tomczak CR, Scott JM, Paterson DI, Kitzman DW. Determinants 

of exercise intolerance in patients with heart failure and reduced or preserved ejection 

fraction. J. Appl. Physiol. 2015;119:739–744. 

240. De A, Mascarenhas L, Kamath S, et al. Pilot Feasibility Study of Comprehensive 

Pulmonary Evaluation Following Lung Radiation Therapy. 2016;37:1–15. 

241. Saiki H, Moulay G, Guenzel AJ, et al. Experimental cardiac radiation exposure 

induces ventricular diastolic dysfunction with preserved ejection fraction. Am. J. Physiol. 

- Hear. Circ. Physiol. 2017;313:H392–H407. 

242. Maeder MT, Mariani JA, Kaye DM. Hemodynamic determinants of myocardial B-

type natriuretic peptide release: Relative contributions of systolic and diastolic wall 

stress. Hypertension 2010;56:682–689. 

243. Maisel A, Mueller C, Adams K, et al. State of the art: Using natriuretic peptide 



 
141 
 
 

 

levels in clinical practice. Eur. J. Heart Fail. 2008;10:824–839. 

244. Chow SL, Maisel AS, Anand I, et al. Role of Biomarkers for the Prevention, 

Assessment, and Management of Heart Failure: A Scientific Statement From the 

American Heart Association. Circulation 2017;135:e1054–e1091. 

245. Hunt P, TG Y, Nicholls M, Richards A, Espiner E. The amino-terminal portion of 

pro-brain natriuretic peptide (Pro-BNP) circulates in human plasma. Biochem. Biophys. 

Res. Commun. 1995;214:1175–1183. 

246. Maeder MT, Thompson BR, Kaye DM. Inverse Association Between Myocardial B-

Type Natriuretic Peptide Release and Functional Capacity in Healthy Humans. Heart. 

Lung Circ. 2017. 

247. Williams SG, Ng LL, O’Brien RJ, et al. Complementary roles of simple variables, 

NYHA and N-BNP, in indicating aerobic capacity and severity of heart failure. Int. J. 

Cardiol. 2005;102:279–286. 

248. Maria Sarullo F, Gristina T, Brusca I, et al. Effect of physical training on exercise 

capacity, gas exchange and N-terminal pro-brain natriuretic peptide levels in patients 

with chronic heart failure. Eur. J. Cardiovasc. Prev. Rehabil. 2006;13:812–817. 

249. Ha JW, Choi D, Park S, et al. Left ventricular diastolic functional reserve during 

exercise in patients with impaired myocardial relaxation at rest. Heart 2009;95:399–404. 

250. Oki T, Tabata T, Yamada H, et al. Clinical application of pulsed Doppler tissue 

imaging for assessing abnormal left ventricular relaxation. Am. J. Cardiol. 1997;79:921–

928. 

251. Sohn DW, Chai IH, Lee DJ, et al. Assessment of mitral annulus velocity by Doppler 

tissue imaging in the evaluation of left ventricular diastolic function. J. Am. Coll. Cardiol. 



 
142 
 
 

 

1997;30:474–480. 

252. Cheng CP, Igarashi Y, Little WC. Mechanism of augmented rate of left ventricular 

filling during exercise. Circ. Res. 1992;70:9–19. 

253. Liu C, Ting C, Lawrence W, Maughan W, Chang M, Kass D. Diminished 

Contractile Response to Increased Heart Rate in Intact Human Left Ventricular 

Hypertrophy. Circulation 1993;88:1893–1906. 

254. Mezzaroma E, Mikkelsen RB, Toldo S, et al. Role of Interleukin-1 in Radiation-

Induced Cardiomyopathy. Mol. Med. 2015;21:210–218. 

255. Wang K, Eblan MJ, Deal AM, et al. Cardiac toxicity after radiotherapy for stage III 

non-small-cell lung cancer: Pooled analysis of dose-escalation trials delivering 70 to 90 

Gy. J. Clin. Oncol. 2017;35:1387–1394. 

256. Jensen B V, Skovsgaard T, Nielsen SL. Functional monitoring of anthracycline 

cardiotoxicity: a prospective, blinded, long-term observational study of outcome in 120 

patients. Ann. Oncol.  Off. J. Eur. Soc. Med. Oncol. 2002;13:699–709. 

257. Ewer MS, Ali MK, Mackay B, et al. A comparison of cardiac biopsy grades and 

ejection fraction estimations in patients receiving Adriamycin. J. Clin. Oncol. 

1984;2:112–117. 

258. Khouri MG, Douglas PS, Mackey JR, et al. Cancer therapy-induced cardiac toxicity 

in early breast cancer: addressing the unresolved issues. Circulation 2012;126:2749–

2763. 

259. Jones LW, Eves ND, Haykowsky M, Freedland SJ, Mackey JR. Exercise 

intolerance in cancer and the role of exercise therapy to reverse dysfunction. The 

Lancet.Oncology 2009;10:598–605. 



 
143 
 
 

 

260. Shah SJ, Katz DH, Deo RC. Phenotypic spectrum of heart failure with preserved 

ejection fraction. Heart Fail. Clin. 2014;10:407–418. 

261. Singh R. The Importance of Exercise as a Therapeutic Agent. Malayasian J. Med. 

Sci. 2002;9:7–16. 

262. Kitzman DW, Brubaker P, Morgan T, et al. Effect of Caloric Restriction or Aerobic 

Exercise Training on Peak Oxygen Consumption and Quality of Life in Obese Older 

Patients With Heart Failure With Preserved Ejection Fraction: A Randomized Clinical 

Trial. JAMA 2016;315:36–46. 

263. Scott JM, Nilsen TS, Gupta D, Jones LW. Exercise Therapy and Cardiovascular 

Toxicity in Cancer. Circulation 2018;137:1176–1191. 

264. von Lueder TG, Kotecha D, Atar D, Hopper I. Neurohormonal Blockade in Heart 

Failure. Card. Fail. Rev. 2017;3:19–24. 

265. Hamo CE, Bloom MW, Cardinale D, et al. Cancer therapy-related cardiac 

dysfunction and heart failure: Part 2: Prevention, treatment, guidelines, and future 

directions. Circ. Hear. Fail. 2016;9:1–11. 

266. Seicean S, Seicean A, Alan N, Plana JC, Budd GT, Marwick TH. Cardioprotective 

effect of beta-adrenoceptor blockade in patients with breast cancer undergoing 

chemotherapy: follow-up study of heart failure. Circ. Heart Fail. 2013;6:420–426. 

267. Abd El-Aziz MA, Othman AI, Amer M, El-Missiry MA. Potential protective role of 

angiotensin-converting enzyme inhibitors captopril and enalapril against adriamycin-

induced acute cardiac and hepatic toxicity in rats. J. Appl. Toxicol. 2001;21:469–473. 

268. Wittayanukorn S, Qian J, Westrick SC, Billor N, Johnson B, Hansen RA. 

Prevention of Trastuzumab and Anthracycline-induced Cardiotoxicity Using 



 
144 
 
 

 

Angiotensin-converting Enzyme Inhibitors or beta-blockers in Older Adults With Breast 

Cancer. Am. J. Clin. Oncol. 2017. 

269. Moulder JE, Cohen EP, Fish BL. Mitigation of experimental radiation nephropathy 

by renin-equivalent doses of angiotensin converting enzyme inhibitors. Int. J. Radiat. 

Biol. 2014;90:762–768. 

270. Poole DC, Richardson RS, Haykowsky MJ, Hirai DM, Musch TI. Exercise 

Limitations in Heart Failure with Reduced and Preserved Ejection Fraction. J. Appl. 

Physiol. 2017:jap.00747.2017. 

 


	Impaired Cardiorespiratory Fitness Following Thoracic Radiotherapy
	Downloaded from

	COPYRIGHT PAGE
	Impaired Cardiorespiratory Fitness Following Thoracic Radiotherapy
	Justin McNair Canada, MS, RCEP
	Dissertation Advisor: Antonio Abbate, MD, PhD
	Virginia Commonwealth University
	First and foremost, the completion of this mission would have been impossible without the enduring support and love of my wife Amy. The constant motivation of my beautiful children Raegan and Reese and our entire family has made the achievement of thi...
	Table of Contents
	Abstract
	Justin McNair Canada, PhD, RCEP
	Virginia Commonwealth University, 2018.
	Dissertation Adviser: Antonio Abbate, MD, PhD
	Chapter 1
	Introduction
	Chemotherapy
	Anthracyclines
	Taxanes
	5-Fluorouracil
	Cyclophosphamide
	Carboplatin
	Targeted Therapy
	Endocrine Therapy
	Estrogen Receptor Modulators
	Aromatase Inhibitors
	Radiation therapy (radiotherapy)
	Cardiotoxicity due to Chemotherapy
	Anthracyclines
	Taxanes
	Fluoropyrimidines
	Cyclophosphamide
	Carboplatin
	Targeted Therapies – Trastuzumab
	Endocrine Therapy
	Radiotherapy
	Radionuclide Imaging
	Echocardiography
	Cardiac Magnetic Resonance Imaging
	Cardiac-specific Biomarkers
	Markers of Myocardial Injury – Cardiac-specific Troponins
	Markers of Left Ventricular Wall Stress - Natriuretic Peptides
	Emerging Novel Biomarkers
	Stress testing
	Conclusions
	Chapter 2: Impaired Cardiorespiratory Fitness Following Thoracic Radiotherapy
	ABSTRACT
	INTRODUCTION
	METHODS
	Inclusion criteria:
	Exclusion criteria:
	Cardiopulmonary Exercise Testing
	Doppler Echocardiography
	Cardiac-specific Blood-based Biomarker Assessment
	Cardiac Magnetic Resonance Imaging
	Two questionnaires were used to assess cancer-specific HRQOL
	RESULTS
	Cardiovascular Risk and Comorbidity Status
	Anthropometrics Assessment
	Cardiopulmonary Exercise Testing (CPET)
	Doppler Echocardiography
	Cardiac-specific Blood-based Biomarker Assessment
	Health-Related Quality of Life and Physical Activity Questionnaires
	Cardiac Magnetic Resonance Imaging
	Limitation to Exercise
	Predictors of Peak Oxygen Uptake
	Table 14: Multivariate Analysis by Cardiac Limitation to Exercise.
	Table 15: Multivariate Analysis by Pulmonary Limitation to Exercise.
	Mean cardiac radiation dose is inversely associated with CRF.
	Limitations
	CONCLUSIONS
	Impaired CRF is common in patients with CA who have previously undergone thoracic radiation wherein the heart received significant RT dose. The impairment in CRF shows a dose-dependent relationship with the radiation dose to the heart, and that impai...
	Bibliography
	Bibliography

