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ABSTRACT 

Cancer survivors often experience exercise intolerance well after the completion of 

adjuvant chemotherapy.  Although cardiotoxicity is a known consequence of 

anthracycline-based chemotherapy, its relationship to exercise intolerance has not been 

elucidated. PURPOSE: the objective of this study was to compare cardiovascular 

responses, at rest and peak exercise, in anthracycline treated cancer survivors (ATS) and 

age-matched healthy controls (CON) to examine potential mechanisms of exercise 

intolerance. METHODS: Ten ATS, four males and six females, that were > 12 months 

post-anthracycline-treatment or are currently receiving treatment, were assessed. Ten age 

and gender matched CON participants were recruited as a comparison group. Each 

participant had a resting cardiac MRI (CMR) and then performed a maximal exercise test 

on a treadmill to obtain peak oxygen consumption (VO2 peak) and heart rate (HR).  

Immediately (<30 sec) following the exercise test, the participant was redirected into the 

scanner for repeat CMR measures. All cardiac volumes were indexed for body surface 

area. RESULTS: Although not statistically significant, but clinically meaningful, VO2 

peak was 23% lower in the ATS compared to the CON group (25.8 ± 7.9 ml/kg/min vs. 

33.5 ± 10.7 ml/kg/min) despite no significant differences between the two groups on any 

other cardiovascular or hemodynamic measure in response to exercise. CONCLUSION: 

Although not statistically significant, the ATS group had a higher heart rate and a lower 

stroke volume at lower levels of work. Data from this small study suggests that both 

“central” cardiovascular responses as well as “peripheral” factors related to the A-VO2 

difference contribute to the reduced exercise capacity observed in the ATS group. Further 

studies are warranted to elucidate the specific mechanisms responsible for these findings 
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and to investigate potential interventions to improve the exercise capacity in ATS 

patients.  
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INTRODUCTION 

Cancer is a major health problem and is now the second leading cause of death in 

America1. In all types of cancer, abnormal cells divide without cessation into various 

surrounding tissues2.  Malignant tumors may metastasize into nearby tissues if not caught 

early compared to benign tumors that will not invade surrounding tissues. However, both 

types of tumors usually require removal2. 

Specific types of chemotherapy, including anthracycline, can be used to treat 

specific cancers such as sarcoma, lymphoma, leukemia and breast cancer. Anthracycline-

based chemotherapy is very effective in improving mortality but has many negative side 

effects including; nausea/vomiting, alopecia, fatigue, and exercise intolerance.  

Moreover, anthracycline-based chemotherapy can be “cardiotoxic”, which results in 

myocyte injury and death3. Anthracyclines destroy both cancer and healthy cells through 

the cessation of RNA and DNA synthesis as well as increased oxidative stress3. Impaired 

myocyte contractility and relaxation can result in decreased systolic and diastolic 

function and result in the development of heart failure4. Furthermore, decreases in cardiac 

function may be the cause, or at least an important contributor, to the fatigue and exercise 

intolerance commonly reported in anthracycline treated cancer survivors5 (ATS).  

Several studies4,5  have demonstrated that exercise intolerance, objectively 

quantified by the amount of oxygen consumed at maximal effort (VO2 peak), is prevalent 

in 30-32%  of cancer survivors. These same studies have reported that VO2 peak is 

reduced by 20-40% compared to healthy “reference” populations4,5. While these studies 

speculate that chemotherapy-induced cardiac dysfunction may be responsible for the 

reduced VO2 peak observed in cancer patients, none have been designed adequately or 
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employed the appropriate diagnostic tests to quantify the specific mechanisms 

responsible for the reported exercise intolerance. Furthermore, none of these studies have 

specifically focused on anthracycline cancer survivors.   

Thus, the purpose of this study was to perform cardiopulmonary exercise testing 

(CPET) simultaneously with cardiac magnetic resonance (CMR) imaging to quantify 

cardiac volumes/function in ATS and healthy matched control (CON) subjects in order to 

determine the mechanism(s) of exercise intolerance.  
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REVIEW OF LITERATURE 

Epidemiology of Cancer  

 Cancer is the second leading cause of death in America and is costing the United 

States billions of health care dollars1. Cancer is a collection of related diseases that breaks 

down the body’s normal orderly process of cell development through the creation of cells 

that continually reproduces2. Cancerous tumors, known as malignant tumors, can invade 

nearby tissues and can travel to different parts of the body, compared to benign tumors 

that do not invade surrounding tissues2. Regardless of tumor, it usually requires removal 

if possible2.  

 In 2016, a projected 1,685,210 new cancer cases will be diagnosed and 595,690 

cancer deaths will occur. This equates to more than 4,600 new cancer cases daily1. In the 

United States, 23% of all deaths are due to cancer1. In North Carolina alone, there are 

54,450 estimated new cases of cancer per year1. Cancer incidence trends have remained 

stable in women over the decades but are declining by 3.1% yearly in men1. This is due 

in part to the decline in prostate cancer in men1. Since 1991, the cancer death rate has 

decreased 23% resulting in 1.7 million lives without cancer1. However, cancer has now 

become the leading cause of death in 21 states, possibly due to the decline in death from 

heart disease1. Twenty nine percent and 21% of all new cases in women and men are 

breast cancer and prostate cancer, respectively1. The lifetime chance of being diagnosed 

with invasive cancer is lower in women (38%) than men (42%) for reasons presently 

unknown1. The trend in 5 year survival rates continue to increase for all races1.  

 There are many types of cancers, but leukemia, lymphoma, sarcoma, and breast 

cancer will be the focus of this review as these types are most commonly treated with 
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anthracycline based chemotherapy. Cancer of the blood is known as leukemia9. The 

majority of blood cells form in the bone marrow and in patients with leukemia, the bone 

marrow creates abnormal leukocytes9. The cells, known as leukemia cells, don’t die when 

expected, thus cause “crowding” which reduces the level of normal leukocyte cells, 

platelets, and erythrocytes9. In order for the healthy cells to function properly they have 

to work harder than normal9. There are many types of leukemia, both chronic and acute. 

Acute myeloid leukemia and acute lymphoblastic leukemia form very quickly, whereas 

chronic myeloid leukemia, chronic lymphocytic leukemia, and hairy cell leukemia, are 

long term conditions and form slowly10. There will be an estimated 60,140 new cases of 

leukemia in 2016, increasing the total percentage of new cancer cases by 3.6%9. Nearly 

1.5% of men and women will be diagnosed with leukemia during their lifetime and 

59.7% of individuals diagnosed with this cancer have survived longer than 5 years9. 

While new cases of leukemia have increased by 0.3% yearly, death rates continue to fall 

by 1.0% per year, in part due to advances in medicine and treatment9. Leukemia ranks 

tenth on the list of most common types of cancer and an estimated 24,400 deaths will 

occur in 2016 from this disease9. Leukemia is the most common childhood cancer and is 

now occurring more frequently in older adults compared to previous years9. Leukemia is 

slightly less common in women than men and the highest percent of new cases occur in 

individuals aged 65-749. Death rates are highest in the elderly and leukemia is currently 

the seventh leading causes of death from cancer in the United States9.  

 Lymphoma is cancer of the lymph nodes and lymphatic vessels within the body11. 

Lymph nodes are important to the body as they trap and remove harmful substances in 
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the lymph fluid such as bacteria and are part of the immune system11. There are two main 

types of lymphoma, non-Hodgkin (NHL) and Hodgkin (HL). 

There are multiples types of NHL, fast growing or slow growing, and can be 

formed in multiple areas of the lymphatic system11. The most common place to find this 

disease is in the neck, although it’s common in the liver and spleen as well12. The 

majority (~80%) of lymphomas are NHL and an estimated 72,580 new cases will occur in 

201613. The increase in NHL diagnosis resulted in 4.3% more cancer cases and 70.7% of 

individuals with this cancer survive longer than five years11. However, survival also 

depends heavily on the stage of diagnosis. When NHL hasn’t spread from its origin, also 

known as localized, the survival rate is much higher than with a distant stage diagnosis 

where the cancer has spread to a different part of the body11. Non-Hodgkin lymphoma 

ranks seventh on the common types of cancer list and is more common in men than 

women, specifically Caucasians11. The individuals most frequently diagnosed with NHL 

are aged 65-74 and it is the eighth leading cause of cancer death in the United States11.  

Hodgkin lymphoma was named after Thomas Hodgkin, the doctor who first 

discovered it13. This type of lymphoma contains Reed Sternberg cells that contain B 

lymphocytes, a type of lymphocyte that normally help create antibodies to fight 

infections, whereas NHL does not contain these cells and is a differentiating factor of 

these two types of lymphoma13. In 2016, there will be 8,500 estimated new cases of HL, 

contributing only 0.5% to the percent of all new cancer cases14. There is an 86.2% 

survival rate after 5 years of HL diagnosis14. Just like other cancers, HL survival rates 

depend on the stage at diagnosis, the highest with a localized stage and lowest with a 

distant stage14. Both death rate and new case rate for HL have fallen over the years and 
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currently this cancer is not very common, ranking 25th in prevalence14. Never the less, HL 

is most common among women and young adults and the five year survival rate continue 

to improve14.  

Sarcoma is a rare and diverse type of cancer. There are many types of sarcomas 

including osteosarcomas, soft tissue sarcomas, liposarcomas, rhabdomyosarcomas, and 

Ewing sarcomas15. Each one forms in a different tissue; osteosarcoma in the bone, soft 

tissue sarcomas in soft tissue (cartilage, fat, muscle, blood vessels and fibrous tissue), 

liposarcomas in fat, rhabdomyosarcomas in muscle, and Ewing sarcomas in the bone and 

soft tissue15. Osteosarcomas and soft tissues sarcomas are the most common of them all, 

yet there is no exact number of Americans living with each type of sarcoma15. 

Approximately 12,000 cases of soft tissue sarcoma and 3,000 cases of osteosarcoma were 

diagnosed in 2014 in the United States15. It’s estimated that approximately 4,700 deaths 

from soft tissue sarcoma and 1,500 deaths from osteosarcomas occurred in 201415.  

Sarcoma incidence rates have continued to decline over the past decade and the 5 year 

survival rate is approximately 65%15. This disease is more common in individuals over 

the age of 20 and certain inherited disorders may increase the risk of sarcoma15.  

Breast cancer (BC) is cancer that originates in the breast but can also spread to the 

lymph nodes16. This cancer is the most common cancer in women, apart from skin 

cancers16. Breast cancer accounts for 1 in 3 cancer deaths and is the second leading cause 

of cancer death in women, following lung cancer16. Twenty six percent of all incident 

cancers in women are breast cancer17. Breast cancer has a higher mortality rate in adults 

aged 50 and older compared to their younger counterparts16. Approximately 88% of all 

cancer deaths and 79% of new cases in 2013 occurred in women 50+ years16. Breast 
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cancer caused 39,620 deaths in the United States in 2013 alone16. Today, 1 in 8 women 

will be diagnosed with BC over the course of their lifetime, compared to the 1970’s, 

when BC was diagnosed in 1 in 11 women16. This increase in BC is due to longer life 

expectancy and increased use of mammography16. The probability of developing BC over 

the next 10 years increases with age and peaks at 3.84% at age 7016. The lifetime risk of 

being diagnosed with BC for a woman is 12.3%16. Overall, BC rates are similar among 

African American women and white women living in the United States16. Rates vary 

based on many factors, such as age, ethnicity, state, country, and the different stage of the 

disease. 

Staging of Cancer 

 Each cancer has a different staging system or no staging system at all. The stage 

of the cancer at diagnosis determines the treatment options and prognosis, thus it’s 

important to understand the stage of the cancer.  

 Leukemia is one of the few cancers that doesn’t have a “standard” staging 

system9. Most cancer stages are based on tumor size and spread of the tumor, however, 

leukemia forms in the blood cells of bone marrow, and may not form a tumor18. 

Therefore, the stages are based on blood cell counts and the accumulation of the leukemia 

cells in other organs of the body18. Since there are multiple types of leukemia, “staging” 

may not be possible. For chronic leukemia, the Rai or Binet staging system is used19. The 

Rai system is divided into five stages, zero being the least severe and five the most 

severe19. The Rai system is then separated into low, intermediate, or high risk in order to 

determine treatment options19. The Binet system is much different in that it forms 

classifications based on anemia, thrombocytopenia, and number of lymphoid tissues 
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affected19. The three stages of the Binet system are, from mild to most severe, A, B, and 

C19.  Acute leukemia is staged based on the French American British classification which 

is dependent on number of healthy blood cells, size and number of leukemia cells, genetic 

abnormalities, and changes in the chromosome of leukemia cells18. There are eight 

French American British classification stages from zero to seven, with seven having the 

worst prognosis and zero the best prognosis18.  

 Both NHL and HL have the same staging system and is based on the number and 

areas of where the lymphoma has spread12. Stage one means the lymphoma has spread to 

one group of lymph nodes or in just one organ of the body outside of the lymphatic 

system12. In stage two, lymphoma is in one or more lymph node groups and in a nearby 

organ all on the same side of the diaphragm. Stage two could also be in two or more 

lymph node groups also on the same side of the diaphragm12. Stage three is characterized 

by lymphoma in a nearby organ and in the lymph nodes on both sides of the diaphragm 

or just in the lymph nodes on both sides12. The worst stage, stage four, means the 

lymphoma is in one or more organs (liver, bone marrow, cerebral spinal fluid, or lung) or 

has spread to organs or nodes far from the originally infected organ12. Non Hodgkin 

lymphoma and HL are also classified as having early/limited disease or advanced stage 

disease and treatment is dependent on both of those staging systems12.  

 The two main types of sarcoma, soft tissue and osteosarcoma, are staged 

differently. The two main ways of staging soft tissue sarcoma are the tumor, nodes, and 

metastasis (TNM) system and number systems20. The lower the stage, the better the 

prognosis20. The grade is also very important in the staging process as it indicates how 

the cancer will behave20. The higher the grade the more likely it will grow faster and vice 
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versa20. Conversely, the TNM system is based on where the cancer has spread and has 

four main number stages depending on the grade, size of the tumor, and extent of the 

spread20. Osteosarcoma is staged slightly different and is based on grade, extent of the 

primary tumor, and metastasis21. An osteosarcoma is either high or low grade and can be 

either intracompartmental, meaning it has not traveled from the bone, or 

extracompartmental and has spread beyond the bone21. Osteosarcoma staging (I-III) is 

based on the degree of metastisis21 and is used to guide treatment options21.  

 Breast cancer is divided into five different stages depending on the size of the 

cancer, if it is invasive or non-invasive, and if it has spread to other parts of the body22. 

Treatment for BC, as well as prognosis, will vary greatly depending on the stage. Breast 

cancer that is non-invasive is classified as Stage 022, the cells have formed, but have 

remained inside of the breast duct23. In stage I, BC is invasive, and has spread into the 

surrounding breast tissue22. In stage II, the cancerous mass in the breast is larger than 

2mm and is seen in one to three axillary lymph nodes or in lymph nodes near the breast 

bone or the tumor is 2 cm or smaller and has invaded the axillary lymph nodes, or lastly, 

the tumor is 2-5cm in width and no lymph nodes are involved22. In stage III, the tumor is 

2-5cm in diameter and the group of cancer cells found in the axillary lymph nodes are 

0.2–2mm or the tumor is 2-5cm wide and has spread to one to three lymph nodes near the 

breast bone or under the arm, or the tumor has not spread to the lymph nodes but is larger 

than 5 cm22. In Stage IV, the tumor is larger than stage III and has spread to multiple 

lymph nodes22.  In stage IV, BC has spread to more than just the lymph nodes, possibly 

including the lungs, bone, brain, liver, etc, and carries the worst prognosis22.   
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Treatment of Cancer 

There are a variety of treatment options depending on the stage of the cancer and 

the desire of the patient. The three main treatments options include surgery, radiation, and 

chemotherapy. All have their own side effects, risks, and benefits.  

 Surgery is an option for all the cancers previously discussed excluding leukemia. 

If the tumor is operable, it is likely to be removed and can be paired with another 

treatment such as chemotherapy and/or radiation24. The earlier the cancer is detected, the 

easier it is to remove the tumor24. The surgeon will remove the entire tumor if possible or 

remove part of the tumor if complete removal will damage an organ or the body24. The 

tissue is then sent to a laboratory to be examined to gain further insight into that 

individual’s cancer24. Tumors that cause additional pain and pressure will be removed in 

an attempt to relieve those symptoms24. Eligibility for surgery depends on the type of 

cancer, the stage, and the individual’s general health24. For cancer at an advanced stage, 

surgery may not be a viable option24.  

 Radiation therapy kills cancer cells, shrinks tumors, and can be administered in 

two different ways; external beam radiation which is delivered outside the body through a 

machine or internal radiation, which delivers medicine from a radioactive material placed 

in close proximity of the cancer cells25. Nearly half of all cancer patients will receive 

some form of radiation therapy25. Radiation therapy kills both cancerous and healthy cells 

by damaging their DNA, stopping the division process and leading to cell death25. Since 

cancerous cells grow at a faster rate than healthy cells, radiation should have a greater 

effect on cancer cells versus healthy cells25. Radiation can also help relieve signs and 

symptoms of that cancer by shrinking the tumor size25. The type and dose of radiation 
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depends on many factors, including the type and size of the cancer, location, health 

history and other treatments25.  

Chemotherapy is another viable treatment option for cancer treatment. 

Chemotherapy can destroy and weaken the cancer cells and is considered “systemic” 

therapy, as it targets the entire body and may be utilized for both early and advanced 

stages of cancer26. Additionally, chemotherapy can be used to shrink the cancer cells 

prior to surgery26. The goals of chemotherapy are threefold, to cure, to control, or to 

increase the quality of life of the individual with cancer27. Curing cancer is a phrase not 

used often, as there is no guarantee the cancer will not return27. Instead of curing cancer, 

a more realistic goal is to “control” cancer. Chemotherapy may shrink the tumor or stop 

the metastasis and improve morbidity and mortality or may be used for palliation care 

with the goal of easing cancer symptoms27. Chemotherapy may also be used for advanced 

stages when the cancer cannot be controlled but rather to reduce symptoms and improve 

the quality of life of the individual27. 

Chemotherapy may be used in the form of one drug, but multiple drugs are often 

used to kill the cancer in various ways27. The multi-drug approach may ensure that the 

cancer doesn’t become resistant to any single drug27. However, there are many factors 

that determine which drugs to use including the type of cancer, patient age and health, the 

stage of cancer, previous treatment, and any other serious health issues27. Chemotherapy 

drugs are classified by their chemical structure, relationship to other drugs, and their 

mechanism of action26.  

Chemotherapy may be used with surgery or radiation to better manage cancer. 

Neoadjuvant chemotherapy is used to shrink a tumor prior to other treatment27. Whereas 
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adjuvant chemotherapy is utilized after surgery or radiation to kill the remaining 

cancerous cells27. Chemotherapy can be delivered in a wide range of doses and regimens 

and is manipulated depending on weight, nutritional status, age, other medications, other 

treatments, blood cell count, and liver or kidney disease27. Generally, the dose is largely 

based on body weight and a standard dose is 10mg/kg27. This standard dose is often 

altered as each individual responds differently to the same dose27. Chemotherapy may be 

given in cycles where the patient is given a dose one day followed by days or weeks 

without any treatment27. This regimen allows for the cancerous cells to absorb the 

medicine and for the normal cells to recover27. However, this approach depends on the 

type of drug used, as some work better given multiple days in a row, whereas other work 

in only one day27.  

Symptoms and Side Effects of Chemotherapy 

 Chemotherapy drugs are used to kill the cancerous cells, however, these drugs do 

not differentiate between cancerous and healthy cells, so consequently all cells in the 

body may be damaged. Chemotherapy treatment kills or damages cells while they are in 

their dividing stage, which is important considering cancerous cells divide faster than 

normal cells28. It also appears normal cells may recover if they are damaged from 

chemotherapy but cancerous cells do not carry that ability28. The most common healthy 

cells killed by chemotherapy include hair follicles, cells within the reproductive system, 

digestive tract, mouth and bone marrow29. Some chemotherapy agents can damage the 

heart, kidneys, lungs, nervous system and bladder29. Individuals undergoing 

chemotherapy are also more likely to develop infections as the immune system is 

suppressed28. However, these side effects vary from person to person and some have long 
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term effects lasting the lifetime while others only experience short term effects29. Long 

term consequences of chemotherapy include fertility problems, nerve damage and heart 

damage29. Other side effects include fatigue, hair loss, easy bruising, changes in hunger, 

weight and mood, nausea, vomiting, and difficulty with concentration and focus29. 

Individuals undergoing chemotherapy often have to change their diet as they may lose 

taste for certain food groups30.  This can negatively impact intake of micro and 

macronutrients and can lead to an increased weight, body mass index (BMI) and waist 

circumference30. Generally the use of multiple chemotherapy drugs result in additional 

side effects29.  

 Decreased cognitive function can be a consequence of chemotherapy. Difficulty 

with concentration, multi-tasking, and memory is known as “chemo-brain”31. This side 

effect may last for up to one or two years after treatment but will usually subside31. 

Although the exact mechanism is unclear, it is thought that increased levels of stress, 

anxiety, and depression may have an impact on the decreased cognitive function31. Age is 

also an important factor, as those that undergo chemotherapy at a younger age have fewer 

cognitive problems following treatment compared to their older counterparts31. 

Anthracycline Based Chemotherapy 

Anthracyclines are a type of chemotherapy that are commonly used to treat 

certain cancers. These anticancer compounds were introduced in the 1960’s32 and are 

extremely useful in the treatment for breast cancer, sarcoma, lymphoma, and childhood 

cancer33. In childhood cancers, anthracycline chemotherapy is often incorporated in over 

50% of the treatments and contribute to the high survival rate of 75% or higher33. 

Daunorobicin was the first anthracycline established and was shown very effective in 



12 

 

treating leukemias and lymphomas3. Later another type of anthracycline, Doxorubicin, 

was discovered and found to be a more effective antitumor drug3. Doxorubicin is one of 

the most commonly used chemotherapies and is usually prescribed along with 

Idarubicin32. This combination is most effective for solid tumor treatment such as breast 

cancer and sarcoma, as well as some leukemias and lymphomas32. Epirubicin is 

commonly used to treat breast cancer and soft tissue sarcomas32. Currently, 

anthracyclines are used to treat many solid organ tumors and hematologic malignancies3. 

The mechanism of how anthracyclines destroy cancerous cells is unclear and they 

produce a host of side effects such as nausea, vomiting, alopecia, necrosis, congestive 

heart failure and cardiomyopathy32. 

Doxorubicin is now the most effective anthracycline but is complicated by a high 

frequency of heart failure cases3. Volkova and Russel completed a meta-analysis in 2011, 

examining anthracycline treatment, and reviewed a retrospective analysis of over 4,000 

patients and reported that 2.2% of those patients developed congestive heart failure. They 

also reported that progressive cardiac dysfunction, associated with anthracycline 

treatment, may appear within one year (early onset chronic cardiotoxicity) or many years 

of the completion of treatment (late onset chronic toxicity). In patients treated during 

childhood for a malignancy with Doxorubicin, 65% showed evidence of left ventricle 

contractile abnormalities3. The risk of developing congestive heart failure increased 5.2 

fold if the patient was receiving at least 250 mg/m2 of anthracyclines compared to less 

than 250 mg/m2.  

 Cardiotoxicity is defined as damage to the heart resulting in weaker and more 

inefficient myocytes. There are multiple types of cardiac toxicity. Anthracyclines have 
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been associated with myocyte death through necrosis or apoptosis and appears to be 

irreversible3. In contrast, Trastuzumab-induced cardiotoxicity in breast cancer patients is 

the result of cardiomyocyte dysfunction and may be reversible. Anthracycline treatment 

results in myocardial cell death, therefore characterized as Type I3. 

 Certain types of anthracyclines induce more cardiotoxicity than others. 

Doxorubicin treatment resulted in a significantly increased risk of cardiotoxicity 

compared to Epirubicin33. However, there were very few cardiac related deaths in either 

group and tumor response rate and survival did not differ33. Liposomal Doxorubicin 

showed a significantly decreased risk of cardiotoxicity even compared to conventional 

Doxorubicin33. Also, an anthracycline plus a cardio-protective agent such as Dexrazoxane 

showed a significantly lower risk of developing cardiotoxicity compared to anthracycline 

treatment without a cardioprotective agent33. Dexrazoxane is an iron chelating agent that 

decreases the risk of cardiotoxicity through the prevention of free radical formation33. 

However, there is concern that this drug may reduce the effectiveness of doxorubicin so it 

is not widely utilized3. Currently, the United States only approves Dexrazoxane up to 

300mg/m2 for women with metastatic breast cancer or if the woman is under tumor 

maintenance control with Doxorubicin34.  

The risk of heart failure depends on the schedule and cumulative dose of 

anthracycline chemotherapy33. Other factors effecting the risk of cardiotoxicity with 

anthracyclines include pre-existing cardiovascular diseases such as hypertension, 

diabetes, peripheral vascular disease and emphysema, young and old patients, female 

gender, ethnicity, and longer duration of survival in the cancer patients3,33. 
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 Anthracyclines are the most potent when combined with other chemotherapy 

agents33. In a review paper by Smith et al., patients with breast cancer, ovarian cancer, 

lymphoma, and osteosarcoma, treated with Doxorubicin, Epirubicin or Daunomycin, in 

conjunction with other chemotherapy agents, experienced cardiotoxicity early, late, and 

during treatment, and even after the completion of treatment.  The likelihood of 

developing clinical and subclinical cardiotoxicity was significantly higher than compared 

to a non-anthracycline based chemotherapy treatment33. Four separate studies also 

showed that cardiac related deaths are significantly higher in the anthracycline treated 

individuals compared to a non-anthracycline treated patients33. Furthermore, Epirubicin 

or Doxorubicin delivered as a bolus compared to continuous infusion, significantly 

increased the risk of cardiotoxicity33.  

The review by Smith et al., on 55 published randomized controlled trials, 

indicates that anthracycline based treatment “increased the risk of clinical cardiotoxicity 

by 5.43 fold, cardiotoxicity by 2.27 fold, and the risk of death by 4.94 fold”, compared to 

a non-anthracycline based chemotherapy. When comparing administration of the 

anthracycline as a bolus versus a continuous infusion, the former resulted in a 4.13 fold 

increase of clinical toxicity33. Furthermore, there was a 61% lower risk of cardiotoxicity 

with Epirubicin in comparison to Doxorubicin33. Administration of the cardioprotective 

agent of Dexrazoxane along with an anthracycline decreased the risk of cardiotoxicity by 

79% compared to treatment with anthracyclines alone33. However, very little is known 

about pharmacogenic risk factors that may also affect the side effects of anthracyclines33. 

Moreover, the cardiac effects can occur following treatment and therefore do not allow 

for dose adjustments during treatment33.  
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 For individuals that develop anthracycline- induced heart failure, there is no 

specific treatment3. However, individuals with anthracycline- induced heart failure 

should be treated using standard therapies for heart failure management including ACE 

inhibitors, loop diuretics and beta-blockers3. Additionally, exercise therapy may be an 

option to increase quality of life and decrease exercise intolerance both during and after 

treatment cessation35.  Randomized clinical trials following treatment cessation in women 

with breast cancer have shown that a structured exercise program of 3-5 days per week at 

50%-70% of VO2 peak for 12-15 weeks, is safe, well tolerated, and may lead to a 10-15% 

improvement in various measures of cardiorespiratory fitness35. Furthermore, exercise 

training according to the ACSM guidelines, is safe, well tolerated and may negate the 

side effects of chemotherapy on measures of cardiorespiratory fitness35.  

Cardiotoxicity: Causes and Consequences 

Anthracyclines halt DNA and ribonucleic acid (RNA) adenosine triphosphate 

(ATP) synthesis and increases in oxidative stress and causes an imbalance of calcium and 

iron levels in the myocardial tissue resulting in impaired cardiac contraction4. This 

“cardiotoxicity” results in a variety of consequences including left ventricular (LV) 

remodeling, impaired LV contraction, decreased systolic and diastolic function, and 

decreased LV wall thickness4. These cardiac impairments may also lead to decreased 

exercise intolerance in cancer patients that have received anthracycline treatment4.  

Normally, the number of cardiac myocytes decrease by 35% during a lifetime and 

can result in a loss in ventricular mass of .9g/year33. Despite this loss in myocytes, the left 

ventricular wall thickness can be maintained by an increase in myocyte numbers33. Since 

myocytes have a limited ability for mitosis, loss of myocytes will lead to irreversible 
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damage of the ventricle33. Anthracycline treatment generates oxygen-derived free radicals 

that use iron and the mitochondrial respiratory chain as co-factors33. Free radicals damage 

DNA, lipids, and proteins, leading to increased oxidative stress and myocyte apoptosis33. 

Anthracyclines can also lead to increased oxidative stress and impaired cell 

signaling that can negatively affect the vascular system4. In a study on rabbits, 

anthracyclines induced the atherosclerotic “cascade”, including an increase in pro-

inflammatory cytokines, increased molecule adhesion, nitric oxide coupling and impaired 

vasodilation36.  

Following chemotherapy treatment, aortic stiffness is increased and leads to an 

increased afterload on the heart4. The inability of the artery to dilate in response to 

pressure can lead to increased blood pressure and risk of clot development4. Aortic 

stiffness may limit left ventricular mechanics at a submaximal exercise level but at higher 

exercise intensities other peripheral mechanisms may be the more limiting factor4.  

Clinical studies have shown that following one dose of anthracycline, there is a 

rapid depletion of nitrogen oxide bioavailability, which can cause endothelial 

dysfunction37 and accelerate the atherosclerotic process as well as the development of 

hypertension4. 

Effects of Chemotherapy on Exercise Tolerance 

 The decreased ability to perform exercise is known as exercise intolerance and is 

associated with fatigue and muscular pain. There are multiple ways to quantify exercise 

intolerance through surveys, interviews, and maximal or submaximal exercise tests. A 

submaximal field test that is often used to quantify exercise intolerance is the six minute 

walk test. The six minute walk test is an important test measurement, because it is 
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applicable to everyday life and is generally effort independent38. A cardiopulmonary 

exercise test (CPET) that measures maximal oxygen consumption (VO2 peak), can 

quantify the body’s ability to utilize and transport oxygen to active muscles. The Fick 

equation (VO2=CO x a-VO2∆) can be used to describe the factors that limit exercise 

tolerance5. During exertion there is a need for VO2 to increase to deliver oxygen to active 

muscle tissue. An increase in cardiac output during exercise requires an increase of the 

heart rate and stroke volume5. To increase stroke volume there must be an increase in end 

diastolic volume and/or end systolic volume5. In addition to their “central” cardiac 

responses, a normal response to exercise includes “widening” of the arteriovenous 

oxygen content difference5. At rest, the arteriovenous oxygen content (a-VO2) difference 

is 4 mL/O2/100mL of blood but during exercise this can increase to 18-19mL/O2/100mL 

of blood39. During exercise the arterial oxygen (O2) content of the blood remains the 

same, in normal lungs and at sea level, but the venous O2 content drops progressively due 

to use of oxygen in the mitochondria39.   

Oxygen transport within the blood may also contribute to exercise intolerance. In 

breast cancer patients treated with chemotherapy (doxorubicin and cyclophosphamide), 

40% reported moderate to severe anemia40. The impact may depend on the type of 

chemotherapy given, the dosing schedule, and the duration of the treatments4. While a 

decrease in hemoglobin is associated with fatigue and exercise intolerance41, many 

women with breast cancer already have low hemoglobin concentrations prior to 

treatment, which might help explain some of the exercise intolerance observed in this 

population4. It is important to note that while hemoglobin mass in the healthy population 

is a predictor of exercise tolerance, changes in hemoglobin mass does not necessarily 
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correlate with VO2 peak7. Dolan et al conducted an exercise intervention on women with 

breast cancer and suggested both aerobic or resistance exercise training could maintain 

VO2 peak during chemotherapy, but that hemoglobin levels still declined indicating that 

hemoglobin may not be related to exercise intolerance in cancer patients7. 

Chemotherapy may cause muscle atrophy and weakness4. This loss of muscle 

tissue alters skeletal muscle perfusion and potentially decreases VO2 peak42. However, 

the chemotherapy induced decreases in muscle size and strength cannot completely 

explain the extent of exercise intolerance observed in cancer patients42. There may also 

be mitochondrial DNA damage in the muscle fiber and decreased oxidative metabolism43. 

Impairments to skeletal muscle tissue structure and function does appear to contribute to 

the exercise intolerance seen in most cancer patients4. 

Exercise intolerance may be an important cause of fatigue. Fatigue is the number 

one complaint of cancer survivors and can significantly reduce that individual’s quality of 

life. Fatigue persists long after the treatment ends for many patients44. Fatigue can affect 

physical, psychological and social aspects44. There are two different types of fatigue, 

peripheral and central44. Peripheral fatigue is physical exhaustion from muscle fatigue 

and a lack of physical energy44. This exhaustion may be related to a reduction in the VO2 

peak seen with some cancer survivors44.  Central fatigue can be thought of as lack of 

motivation driven by central processes44. The lack of motivation may contribute to 

decreases in exercise capacity observed in cancer survivors compared to healthy, matched 

controls44.  

The majority of studies examining cardiac dysfunction and anthracycline 

treatment have been in patients with breast cancer and childhood cancers. Breast cancer is 
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the most common cancer in women and is commonly treated with anthracycline based 

chemotherapy. Several published articles have assessed the acute effects of chemotherapy 

on exercise tolerance measures including VO2 peak. A study conducted by Jones et al. 

found that postmenopausal women before, during, and after treatment for breast cancer, 

demonstrated on average a 27% decreased VO2 peak compared to their healthy 

counterparts. This study also demonstrated that an increased systemic vascular resistance 

resulted in a decreased stroke volume and cardiac output5. This study suggested that the 

decreased VO2 peak observed in breast cancer survivors is likely due to the combination 

of impaired peripheral mechanisms as well as central cardiac impairments. This study, 

however, did not have the ability to separate these two components of the Fick equation 

in order to determine the exact magnitude of each5. Jones et al. also showed that VO2 

peak is impaired in the breast cancer population, despite a normal cardiac function. This 

suggested that injury to the pulmonary, hematologic, vascular, or skeletal muscle function 

contributed to this decrease5. 

A meta-analysis conducted by Peel et al. of 19 studies from 2001-2013 in 1,856 

women with breast cancer, aged 47-59 years, examined differences in VO2 peak between 

cancer patients, pre and post adjuvant chemotherapy, compared to healthy control 

subjects.  Six studies were randomized controlled trials, six were observational studies 

and nine were exercise interventions. These investigators determined there was a 25% 

lower VO2 peak in cancer patients compared to healthy sedentary women. Furthermore, 

following completion of adjuvant therapy, cancer patients had a 25% lower VO2 peak 

compared to healthy sedentary women8.  
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Another study examined 52 women, a week before and a week after acute 

anthracycline administration to determine the impact of treatment on cardiac function 

using Doppler echocardiography6.  This study determined that anthracycline based 

chemotherapy resulted in acute left ventricle systolic and diastolic dysfunction during 

exercise, despite the observation that ejection fraction remained the same6. It appears that 

anthracycline based chemotherapy adversely affects the normal “Frank-Starling 

mechanism” during exercise6. During exercise, there is a greater volume of blood 

entering the ventricles (preload), causing the ventricle to stretch and increase the end 

diastolic volume. This stretch of the ventricles results in increased contractile force that 

decreases the end systolic volume thus increasing the volume of blood ejected from the 

heart6. The study by Stoodley et al. suggests that anthracycline chemotherapy causes both 

an acute impairment on relaxation and contraction of the ventricles during exercise. 

Furthermore, a decreased ATP production may contribute to the systolic and diastolic 

dysfunction of the ventricles4.  

Similar results were reported in a cross sectional study of 138 survivors of 

childhood acute lymphoblastic leukemia45. Echo Doppler measurements were performed 

during cycle ergometry on survivors, a mean of 23 years post anthracycline treatment, 

and matched controls.  Left ventricle diastolic and systolic dysfunction were present in 

15% and 12% of the survivors, respectively45. Additionally, survivors treated with 

anthracyclines demonstrated a greater degree of systolic dysfunction compared to patients 

receiving other chemotherapy drugs45. Overall, the cancer survivors demonstrated a 47% 

lower VO2 peak compared to healthy controls and a higher cumulative dose of 

anthracyclines was associated with a lower VO2 peak45.  
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While a variety of factors may contribute to the exercise intolerance observed in 

cancer survivors, few studies have attempted to quantify exercise intolerance in 

anthracycline treated cancer survivors. Furthermore, no studies to date have assessed 

cardiac function in conjunction with cardiopulmonary exercise testing during acute 

exercise in anthracycline treated cancer survivors. These measurements allow for the 

evaluation of multiple components of the Fick equation. Therefore, the purpose of this 

study is to compare cardiopulmonary and hemodynamic responses, at rest and peak 

exercise, in anthracycline treated cancer survivors (ATS) and age-matched healthy 

controls (CON) to explore the mechanism(s) of exercise intolerance in this clinical 

population.   
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METHODS 

The purpose of this study was to compare the cardiovascular and hemodynamic 

responses to acute exercise in anthracycline treated cancer survivors (ATS) versus 

healthy control subjects (CON). Participants were identified through prior participation in 

the DETECT I and DETECT IV studies at the Comprehensive Cancer Center of Wake 

Forest University. To qualify for both the DETECT I and IV study the cancer patients 

had to have been treated with anthracyclines either alone or in combination with 

paclitaxel or Herceptin. The goal of DETECT I was to optimize cardiac magnetic 

resonance imaging (CMR) of chemotherapy cardiotoxicity by recruiting cancer patients 

at one, three, and eight months post chemotherapy initiation. Other goals of DETECT I 

was software development and the creation of definitions to use for CMR endpoints that 

predict deterioration of left ventricle ejection fraction (LVEF) in patients receiving 

chemotherapy. The goal of DETECT IV was to determine if early CMR imaging of left 

ventricle (LV) volumes, LVEF, strain, myocardial T1 and aortic pulse wave velocity 

could detect of cardiovascular injury after up to 24 months after anthracycline treatment. . 

Research staff identified DETECT patients who were at least 12 months out from having 

started an anthracycline-based treatment for their cancer. The majority had completed 

treatment, although a few were still receiving some type of chemotherapy. Due to limited 

times for the cardiopulmonary exercise test (CPET) and cardiac magnetic resonance 

imaging (CMR) the list was limited to the patients who lived in close proximity (<1 hour 

from the medical center). Research staff completed a review of their recent clinic visits to 

assess their general health and to screen for contraindications. The CON subjects were 
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normal volunteers that were recruited from the Wake Forest Medical Center and 

University to match the general characteristics of the ATS recruited in the study. 

The inclusion criteria for ATS included consenting individuals of all ages with 

either breast cancer, lymphoma, sarcoma, or leukemia who began their anthracycline 

based chemotherapy cancer treatment 1-2 years prior to this study. The inclusion criteria 

for CON included healthy individuals that were matched as close as possible for age, 

weight and gender of the ATS.  The CON had no cardiac (i.e. myocardial infarction, 

unstable angina, etc.) or cancer (other than skin) history.  

The exclusion criteria for ATS and CON included those with contraindications for 

CMR such as ferromagnetic cerebral aneurysm clips or other intracranial metal, 

pacemakers, defibrillators, functioning neurostimulator devices or other implanted 

electronic devices. As well, those with contraindications for CPET testing, including 

unstable angina or inability to exercise on a treadmill or stationary cycle, were excluded. 

This study also excluded subjects who are pregnant, claustrophobic, or unable to provide 

informed consent. 

Medical history and current medications were verified verbally by the participant 

prior to administration of the tests. This also included screening for any acute illness or 

injury that may affect the test validity.  Contraindications to exercise testing were noted 

and taken into consideration prior to the administration of the CPET. The CMR protocol 

was performed in a fashion similar to a “clinical” exercise stress CMR with one 

additional component. Cardio-pulmonary exercise testing was performed to assess peak 

exercise oxygen consumption (VO2 peak) and other expired gas measurements. For the 

CPET and CMR, participants were instructed not to eat or drink anything except water 
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four hours before the study visit. Prior to any testing, the participant signed informed 

consent and completed one questionnaire assessing physical activity habits and one 

assessing fatigue (see Appendix pages 63, 64). Before the tests, a research staff member 

explained the procedure and answered questions. Participants wore loose clothes without 

metal and comfortable walking shoes. The individual was then escorted into the scanner 

to allow researchers to collect resting CMR images. Upon completion, the participant 

then performed a CPET, according to the Bruce or Modified Bruce protocol. When the 

individual indicated they were at their maximal capacity the test was terminated and the 

subject was immediately escorted quickly back into the scanner to collect immediate post 

exercise CMR measures. After the post exercise CMR was completed, the individual was 

monitored to ensure that a full recovery was obtained (HR <100 during recovery images).   

Cardiac Magnetic Resonance Imaging 

Cardiac magnetic resonance images obtained before and after exercise were 

obtained in the same slice positions. A shoulder harness on the MRI table enabled correct 

and consistent positioning of the participant for pre- post exercise CMR images. All 

images are acquired using the Siemens 1.5 Tesla Avanto scanner located in the 

Cardiovascular Imaging Center (Reynolds Tower, Wake Forest Health Sciences, 

Winston-Salem, North Carolina).  

The CMR protocol began with several localizer images to identify the location of 

the heart and define the imaging planes. A stack of white blood steady-state free 

precession cine images were acquired in the short-axis plane to cover the entire left 

ventricle (LV) using a 5 to 10 second real-time, cardiac-gated, free breathing acquisition 

with the following parameters: 6-10 slices of 8 mm thickness and 2 mm gap spanning the 



25 

 

entire LV, a 128x72 matrix, a 340 x 255 mm field of view, 72 views per segment with 

view sharing, and echo spacing of 2.1 ms, resulting in a temporal resolution of 86 ms and 

voxel size of 2.6 x 2.6 x 8 mm.  From these images, LV end-diastolic (LVEDV) and end-

systolic (LVESV) volumes were determined for calculation of the LV ejection fraction 

and stroke volume. Identical sets of volumetric images were acquired pre-exercise and 

post-exercise (<30 sec from maximal exercise stress test).  

All images were processed offline by an image analyst blinded to study group 

(ATS vs CON) using Medis software (Leiden, Netherlands). For each slice of the cine 

stack obtained, pre- and post-exercise, the endocardial border of the myocardium was 

contoured to determine the area of the LV blood pool at both end-systole and end-

diastole. Using Simpson’s rule, the areas were then added together and multiplied by the 

slice volume plus slice gap to determine LVEDV and LVESV46. Ventricular volumes 

were then indexed to the subject’s body surface area and expressed as mL/m2 or 

L/min/m2. Brachial artery blood pressure (BP) and heart rate (HR) were recorded during 

volumetric image acquisition. Cardiac output was calculated from the stroke volume 

multiplied by the HR during CMR acquisition.  

After the completion of the CPET, the participant then dismounted the treadmill 

and quickly returned to the CMR examining table such that left ventricular volumes as 

well as phase contrast measures were acquired within 30 seconds of cessation of exercise. 

Post exercise HR, electrocardiography (ECG), and BP were obtained during the post 

exercise CMR measurements.  
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Cardiopulmonary Exercise Test 

After obtaining resting CMR images, the participant performed a CPET on the 

treadmill following the Bruce or Modified Bruce protocol, based on current fitness level. 

Speed and grade of the treadmill was increased gradually every three minutes until the 

participant reached volitional fatigue.  Throughout the CPET, ECG, rate of perceived 

exertion (RPE) and BP was monitored regularly, and expired air was collected 

continuously through a one-way breathing mask to determine VO2 peak and other 

cardiopulmonary measures.  

 During the CPET, a 12-lead ECG was continuously monitored and was printed at 

the end of each 3-minute stage. Any arrhythmias or ST-segment changes that occurred 

were documented. Blood pressure and RPE were taken during the last minute of each 

stage and recorded. Oxygen uptake and respiratory equivalence ratio (RER) were 

monitored continuously throughout exercise. The goal for each subject was to exceed an 

RER of 1.05 indicating maximal effort. Throughout the CPET, the staff maintained 

constant communication with the participant to determine when the participant was at 

their final 30 seconds of exercise.  At this point, the staff completed a peak exercise 12-

lead ECG, disconnected the electrodes, and transferred the participant to the CMR 

scanner. The test was discontinued if the participant had complaints of angina or ST-

segment depression >1.5 mV, or when the staff decided to terminate the test in 

accordance with established test termination criteria47. 

  Following the CPET a report including a time-down report (30 second averaged) 

of VO2 (ml/kg/min), VO2 (L/min), VCO2, METS, RER, VE, RR, FEO2, and FECO2. 

Heart rate was determined from the ECG tracings and entered on the exercise test 
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coversheet. American College of Sports Medicine Guidelines (9th Edition) for Exercise 

Test Administration was adhered to during all exercise testing protocol47. 

Physical Activity Assessment 

The Godin leisure time physical activity questionnaire, one of the most commonly 

used questionnaires in oncology research, was used to assess self-reported physical 

activity in this study48. This questionnaire measured strenuous, moderate, and mild 

exercise that was performed during a typical 7 day period48. Each category ranged from 

zero to seven and there are four questions48.  

Fatigue Assessment 

The functional assessment of cancer therapy: fatigue (FACT – F) questionnaire 

was used to assess fatigue in this study49. There are 13 items on that questionnaire that 

assess fatigue over the last seven days49. The scores range from zero to 52 with a lower 

score indicating higher fatigue levels and a higher score indicating lower fatigue levels49.  

Analytic Plan 

Descriptive statistics were performed to determine means, standard deviations and 

ranges for measured values. Additionally, data was checked for normality. Baseline 

characteristics were compared with unpaired t-tests.  Normally distributed data was 

analyzed using a two way repeated measures analysis of variance (ANOVA) to determine 

if there were differences within and between groups as well as interaction. Pearson’s 

correlations were performed to assess the relationship between changes in cardiac 

volumes and exercise capacity. A p-value of <.05 was considered statistically significant 

for all analyses.  
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RESULTS 

Participant Demographics 

As seen in Table I, there were no significant differences in age, weight, height or 

BMI between the anthracycline treated cancer survivors (ATS) and control (CON) 

subjects in this investigation. The ATS group was composed of nine Caucasian and one 

African American subject whereas the CON group was composed exclusively of 

Caucasian subjects. There was a similar number of males and females in each group.  

Self-reported strenuous activity (days/week) appeared higher in the CON compared to the 

ATS group, but the difference was not statistically different.  However, there was no 

significant differences between the groups for days/week of strenuous or mild physical 

activity and only a trend towards significance between the groups for days/week of 

moderate activity (p=.053).  Self-reported fatigue level, based on a portion of the 

functional assessment of cancer therapy: fatigue (FACT – F) questionnaire, was not 

significantly different between the groups. 

Cancer History and Treatment of Participants 

As shown in Table II, the majority of the ATS participants had a cancer history of 

lymphoma whereas two subjects had a history of breast cancer. Four of the ten ATS 

participants were diagnosed with cancer between 2007 and 2009 while the other six 

patients were diagnosed in 2013 to 2015. The majority of the ATS group received 

chemotherapy for less than six months.  Two ATS subjects and four CON subjects were 

taking medications (ACE Inhibitors and Angiotensin Receptor Blockers, Beta Blocker, 

Diuretic) that may impact cardiovascular responses to exercise. 
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Table I. Participant Descriptive Characteristics 

 
ATS CON 

 Mean + SD Mean + SD 

Age (years) 53 +19 52 + 18 

Weight (lbs) 176 + 48 162 + 34 

Height (in) 67 + 6 66 + 4 

BMI 27 + 5 26 + 4 

Race 

     Caucasian 9 10 

     African American 1 0 

Gender 

     Male 5 5 

     Female 5 5 

Physical Activity  

Goden PA Questionnaire 

Days/wk of strenuous activity 2.0 ± 2.2 3.7 ± 1.8 

Days/wk of moderate activity 3.1 ± 2.9 2.9 ± 1.8 

Days/wk of mild activity 3.3 ± 3.6 3.6 ± 3.0 

Fatigue 

FACT – F Score 45 ± 6 47 ± 3 

BMI: Body Mass Index 

PA: Physical Activity 

FACT – F: Functional Assessment of Cancer Therapy – Fatigue 
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Table II. Cancer History and Treatment of Participants 

Anthracycline Treated Cancer Survivors 

Participant 

(Cancer) 

Anthra 

regimen 

Cum 

Dose  

Yrs post 

diagnosis 

Chemo 

duration 

Supporting 

Drugs 

Cardio 

Medic

ations 

ATS 1 

(NHL) 

Doxorubicin 294 2.5 21 Rituximab, 

Cyclophospha

mide, 

Vincristine 

ACE 

ATS 2 

(NHL) 

Doxorubicin 295 9 5 Methotrexate --- 

ATS 3 

(HL) 

Doxorubicin 275 1.5 6 Decarbazine, 

Vinblastine 

--- 

ATS 4 

(HL) 

Doxorubicin 349 8.5 6 Cyclophospha

mide, 

Vinblastine, 

Bleomycin, 

Dacarbazine 

--- 

ATS 5 

(BC) 

Doxorubicin 236 7.5 7 Taxol, 

Herceptin, 

Cyclophospha

mide 

--- 

ATS 6 

(NHL) 

Doxorubicin 300 2.5 4 Rituximab, 

Cyclophospha

mide, 

Vincristine 

--- 

ATS 7 

(NHL) 

Doxorubicin 377 2.5 6 Carmustine, 

Cytarabine, 

Etoposide 

ACE, 

ARB 

ATS 8 

(HL) 

Doxorubicin 300 4 6 Vinblastine, 

Dacarbazine, 

Bleomycin 

--- 

ATS 9 

(BC) 

Doxorubicin 236 9 12 Taxol, 

Herceptin, 

Cyclophospha

mide 

--- 

ATS 10 

(NHL) 

Doxorubicin 306 2 5 Cyclophospha

mide, 

Rituxan, 

Vincristine 

--- 

Anthra: Anthracycline regimen 

Cum dose: Cumulative dose of anthracycline chemotherapy (mg/m2) 

Yrs post diagnosis: Years post diagnosis 

Chemo duration: Chemotherapy duration (months) 
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*Four healthy controls were receiving cardiovascular medications*  

 

    

Acute Exercise Responses During CPET 

As described in Table III, there were no significant differences between the ATS 

and CON participants for resting measures obtained before the cardiopulmonary exercise 

test (CPET) including; heart rate (HR), oxygen consumption (VO2), respiratory exchange 

ratio (RER), minute ventilation (VE) and estimated peak metabolic equivalents (METs).  

Analysis of variance (ANOVA) indicated there was a significant increase in all listed 

variables from rest to peak exercise, but there was no significant interaction between 

groups for any of these measures.  Although not significant, there was a trend (p=0.07) 

for VO2 peak values to be lower (7.7mL/kg/min = 23%) in the ATS versus CON 

participants.   

Table III. Exercise Responses During Cardiopulmonary Exercise Testing 

 
Rest Peak Exercise 

 
CON ATS CON ATS 

 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

HR (bpm) 64 ± 12 67 ± 9 162 ± 22 171 ± 32 

VO2 (ml/kg/min) 3.7 ± 0.5 3.6 ± 1.3 33.5 ± 10.7 25.8 ± 7.9 

RER .78 ± .09 .83 ± .08 1.12 ± .08 1.08 ± .10 

VE (L/min) 11.4 ± 4.7 11.5 ± 4.4 83.9 ± 36.9 68.2 ± 25.4 

Estimated Peak 

METs ---- ---- 8.7 ± 3.0 7.4 ± 2.2 

HR: Heart Rate 

VO2: Oxygen Consumption 

RER: Respiratory Exchange Ratio (VCO2/VO2) 

VE: Minute Ventilation 

METs: Metabolic equivalent 
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Cardiac Volumes and Function 

As shown in Table IV, the cardiac volume/function measures obtained during pre-

exercise cardiac magnetic resonance imaging (CMR) were not significantly different 

(determined by ANOVA) between the ATS and CON groups.  

Cardiac output (Q) increased significantly from pre to post exercise in the groups, 

but there was no significant interaction between ATS and CON groups. Heart rates 

obtained during CMR, pre and post-exercise, were similar between ATS and CON groups 

and showed no interaction between groups. As expected, stroke volume (SV) and ejection 

fraction (EF%) both showed a significant increase from pre-post exercise, but there was 

no significant interaction between ATS and CON groups.  There was a non-significant 

trend (p=0.07) for EF% to increase to a greater magnitude from pre to post exercise in the 

CON versus ATS groups.  Left ventricle end-systolic volume (LVESV) decreased from 

pre-post exercise and without a significant interaction between the two groups.  Left 

ventricle end-diastolic volume (LVEDV) did not increase significantly from pre to post 

exercise and did not demonstrate a significant interaction between the groups.  

Individual Responses in Cardiac Volume/Function to Acute Exercise 

Figure I demonstrates the individual responses of Q for both ATS (black lines) 

and CON (gray lines) to acute exercise.  Circles and dashed lines represent group means.  

There are no significant differences in the increase in Q during exercise between ATS 

(126%) and CON (121%) groups. 
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Figure I. Cardiac Output Response to Acute Exercise 
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Table IV. Cardiac Volume/Function Measures from CMR 

 
Pre - Exercise Post - Exercise 

 
CON ATS CON ATS 

 
Mean + SD Mean ± SD Mean ± SD Mean ± SD 

Q (L/min/m2) 2.6 + 0.5 2.4 ± 0.4 5.7 ± 1.5 5.5 ± 1.6 

CMR HR 

(b/min) 63 + 11 66 ± 9 120 ± 27 129 ± 25 

SV (ml/m2) 43.0 + 9.7 38.5 ± 6.2 50.0 ± 11.4 43.4 ± 12.0 

LVEDV 

(ml/m2) 75.1 + 13.5 73.2 ± 14.2 74.5 ± 15.1 72.4 ± 17.6 

LVESV (ml/m2) 32.1 + 8.1 34.6 ± 9.12 24.6 ± 8.35 29.0 ± 11.7 

EF% 57 +  7 53 ± 5 68 ± 9 61 ± 10 

Q: Cardiac Output Indexed 

CMR HR: Heart rate obtained during Cardiac Magnetic Resonance Imaging 

SV: Left Ventricular Stroke Volume 

LVEDV: Left Ventricle End Diastolic Volume 

LVESV: Left Ventricle End Systolic Volume 

EF%: Left Ventricular Ejection Fraction 
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As seen in Figure II, the individual heart rate responses of both the ATS (black 

line) and CON (gray lines) subjects.  Circles and dashed lines represent group means. As 

seen, heart rate increases from pre to post- exercise and then decreases within the 30 

seconds required to obtain CMR images. Heart rate decreases, in a similarly magnitude 

(~ 25%), in the 30 seconds required to obtain CMR measure in both the ATS and CON 

group. Heart rate increased significantly from pre to peak exercise but there was no 

significant interaction between the groups. 

Figure III demonstrates the individual responses of SV for both ATS (black lines) 

and CON (gray lines) to acute exercise.  Circles and dashed lines represent group means. 

There are no significant differences and interaction between ATS and CON groups, as 

SV increases on average by 13 and 16 % in the ATS group and CON group, respectively. 

However it appears that several ATS and CON subjects had unexpected reductions in SV 

during exercise.  

Figure IV demonstrates the individual responses of LVESV for both ATS (black 

lines) and CON (gray lines) to acute exercise.  There are no significant differences or 

interaction between ATS and CON groups, as LVESV decreases as expected due to 

increased left ventricular contractility, on average by 23% and 16% in the ATS group and 

CON group, respectively. However, it appears that several ATS patients did not decrease 

LVESV during exercise as expected.   
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Figure II. Heart Rate Responses To Acute Exercise 

  
Figure III. Stroke Volume Response to Acute Exercise 
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Figure IV. LVESV Response to Acute Exercise  

 
 

 

Figure V demonstrates the individual responses of LVEDV for both ATS (black 

lines) and CON (gray lines) to acute exercise.  Circles and dashed lines represent group 

means. There are no significant differences or interaction between ATS and CON groups.  

An increase in LVEDV during upright exercise is expected due to an increase in 

preload/venous return, but both pre and post exercise LVEDV measures were made in a 

supine position which eliminates the normal increase in preload  
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Figure V. LVEDV Response to Acute Exercise 

 
 

 

Figure VI demonstrates the individual responses of EF% for both ATS (black 

lines) and CON (gray lines) to acute exercise.  Circles and dashed lines represent group 

means.  There are no significant differences or interactions between ATS and CON 

groups, but there was a non-significant trend (p=0.07) for a greater increase in EF% in 

the ATS versus the CON group (19% vs 15%, respectively). It appears that several ATS 

patients did not increase (or decrease) EF% during exercise as expected.    

As shown in the Figure VII, there is a significant relationship between VO2 peak 

and change in cardiac output from rest to peak exercise (∆ Q) in both the CON (r=0.72) 

and ATS groups (r= 0.77), the ability to increase cardiac output during exercise is an 

important determinant of exercise capacity in both CON and ATS patients with an 

explained variance (R2) of 52 and 59%, respectively.  Black dots represent CON and grey 

dots represent ATS patients. 
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Figure VI. Ejection Fraction Response to Acute Exercise 

  
 

        Figure VII. VO2 Peak – ∆ Q Relationship 
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        As shown in Figure VIII, there is no significant relationship between VO2 peak and 

the change in stroke volume (∆ SV) during exercise in the CON (r=.37) and ATS (r=.43) 

group. The ability to increase stroke volume during exercise in the CON and ATS 

participants, although not statistically significant, is still a determinant of exercise 

capacity with an explained variance (R2) of 14 and 18%, respectively. 

        As shown in Figure IX, there is a significant relationship between VO2 peak and 

change in heart rate from rest to peak exercise (∆ HR) in both the CON (r=0.87) and ATS 

groups (r= 0.81). Indicating the ability to increase HR is an important determinant of 

exercise capacity with an explained variance (R2) of 76 and 66%, respectively.  Black 

dots represent CON and grey dots represent ATS patients. 

 

          Figure VIII. VO2 Peak and ∆ SV Relationship  
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Figure IX. VO2 Peak and ∆ HR Relationship 
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DISCUSSION 

Anthracycline treated cancer survivors (ATS) often experience debilitating and 

long lasting side effects, including fatigue and exercise intolerance29,4,44.  While 

anthracycline-based chemotherapy can cause myocardial damage and cardiac 

dysfunction3,4,6,45 the relationship between cardiovascular pathophysiology and exercise 

intolerance in this patient population has not been established.  No studies to date have 

attempted to explore potential central and peripheral mechanisms of exercise intolerance 

in ATS patients.  Thus, the purpose of this study was to compare cardiopulmonary and 

hemodynamic responses, at rest and peak exercise, in ATS and age-matched healthy 

controls (CON) to explore the mechanism(s) of exercise intolerance in this clinical 

population.  Ten ATS patients and 10 CON “pairs” underwent a cardiopulmonary 

exercise testing (CPET) and cardiac magnetic resonance imaging (CMR) to evaluate 

mechanisms of exercise intolerance.   

This small pilot study had several important overall findings.  First, the ATS 

patients in this investigation demonstrated, on average, a reduced exercise capacity (23% 

lower VO2 peak) compared to the CON subjects.  While this difference between the 

groups was not statistically significant (p=0.07), it is still clinically meaningful (>10%) 

and would have likely reached statistical significance with a larger sample size.  Second, 

none of the cardiac volume measurements obtained from CMR, at rest and immediately 

post exercise; cardiac output (Q), stroke volume (SV), left ventricular end-diastolic and 

end-systolic volume (LVEDV and LVESV) were not significantly different between ATS 

and CON subjects. Although not statistically significant because of the small sample size, 

there were differences in cardiac volumes between the groups which may suggest that 
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ATS patients have impaired cardiac function. There was a non-significant “trend” 

(p=0.07) for ejection fraction (EF%)  to be lower in the ATS versus CON groups, but all 

of the ATS patients had an ejection fraction, at rest and during exercise, that was well 

within the normal EF% level of 50-60%. Finally, since the cardiac hemodynamic 

measures are not significantly different between the two groups, non-cardiac (i.e. 

peripheral) factors related to the arterio-venous oxygen content (A-VO2) difference 

appear to be mainly responsible for the reduced exercise capacity observed in these ATS 

patients.  

Participant Characteristics and Medical/Treatment History 

By design, the participants in the ATS and CON groups were very closely 

matched with regard to age, height, weight, BMI, and race (see Table I). Also, we 

recruited similar numbers of male (n=4) and female (n=6) ATS and matched CON for 

this study. This is in contrast to most studies that have focused exclusively in women, 

particularly those with breast cancer4,5,6,8.  Furthermore, most studies of cancer survivors 

have not recruited matched control subjects, but instead compared their findings to 

previously published normative data5. Half of our subjects were within the age range (39-

59 yrs) commonly reported for “adult” cancer populations but the other half of our 

participant were > 60 years of age5,6,8,45,50.   

While the inclusion criteria of the present study would have allowed for the 

involvement of sarcoma and leukemia cancer survivors, we did not enroll any patients 

with a history of these cancers. Instead, eight of the subjects used in this investigation 

underwent anthracycline treatment for lymphoma and two had previous breast cancer. 

The majority of other studies involving anthracycline-based treatment have focused on 
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women with breast cancer4,5,6,8,50 and leukemia patients45.  Four participants of the 

present investigation were diagnosed with cancer between 2007 and 2009 (8-10 years 

post treatment) whereas six were diagnosed between 2013 and 2015 (1-3 years post 

treatment). This differs from other investigations that have studied cancer patients before, 

during, and after (six months to three years) treatment5 or up to five years after adjuvant 

therapy50. At the time of the present study, none of the ATS participants in the present 

investigation were actively receiving anthracycline chemotherapy. As shown in Table II, 

the majority of the ATS participants in this investigation received anthracycline 

chemotherapy for six months or less, whereas three patients were treated for six months 

to a year, and only one individual received anthracycline treatment for more than year.  

Interestingly, the ATS individual treated for over a year with anthracycline did appear to 

have a slightly lower cardiac output, heart rate response, and lower stroke volume 

response and ejection fraction at rest, compared to his healthy control.   Two patients in 

the ATS group and four in the CON group were taking medications (specifically ACE 

Inhibitors and Angiotensin Receptor Blockers, or beta blockers) that may alter 

cardiovascular responses to exercise. The ten CON subjects recruited for this 

investigation were in very good health, with no previous cardiovascular or cancer history, 

and were generally very physically active.  The Godin Physical Activity Questionnaire 

indicated that that CON subjects used in this investigation performed approximately 1.5 

days per week more of strenuous activity than the ATS subjects. Days per week of 

moderate and light physical activity appear to be similar between ATS and CON subjects. 

Surprisingly, self-reported fatigue levels between the groups were very similar but may 

have been effected by the instrument used (FACT-F). All individuals interpret fatigue 
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differently. For example, one of the ATS participant’s questionnaires indicated she had 

high levels of fatigue, however, she performed very well on the CPET and had the 

highest VO2 peak of all the ATS participants. Additionally, the FACT-F questionnaire is 

used to asses fatigue from cancer therapy and therefore may not have been an appropriate 

instrument  to assess fatigue levels in a healthy participants  

Cardiopulmonary Responses to Acute Exercise 

 Cardiopulmonary responses to acute exercise are generally evaluated during an 

incremental exercise test conducted on either a bicycle ergometer or motor-driven 

treadmill while EKG/HR, blood pressure, and expired pulmonary gases are 

obtained5,8,35,45. Heart rates obtained at resting, peak exercise, and immediately after 

exercise were not significantly different between the ATS and CON groups (see Table 

IV).   Both groups achieved expected maximal HR levels (approximately 220-age) and 

declined to a similar level in the 20-30 seconds after peak exercise before CMR measures 

were obtained.  Although not significant, the peak HR of the ATS was 9 beats/min higher 

than the CON subjects despite a 1.3 unit lower achieved METs level. The exaggerated 

heart rate response of ATS group could be due to general physical deconditioning and/or 

compensation for a reduced stroke volume. As mentioned earlier, individuals in the CON 

group performed nearly one and a half days per week more of strenuous activity than the 

ATS group. There was one matched pair of ATS and CON who both demonstrated a low 

pre-exercise HR, peak-exercise HR, and CMR heart rate. This is likely due to the fact that 

they were the two oldest individuals and both were receiving medication that alter 

cardiovascular responses to exercise.  
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Furthermore, since the CON subjects were able to exercise to a higher level on the 

treadmill (+ 1.3 METs) and their greater aerobic capacity, minute ventilation (VE) at 

peak exercise was 22% greater than the ATS group.  This difference in VE at peak 

exercise between the two groups was not significantly different, likely because of the 

small sample size in this study.  The respiratory exchange ratio (RER) at peak exercise 

was not significantly different between the two groups and exceeded 1.05 in both, 

indicating the subjects in the ATS and CON groups provided a similar maximal effort 

during the CPET. 

The primary variable of interest obtained from the CPET is the total body oxygen 

consumption (VO2 peak).  This measure is considered to be the “gold standard” measure 

of physical fitness and exercise tolerance47,51. Although not significantly different 

(p=0.07) between the two groups, the results of the present investigation indicate that the 

VO2 peak was 23% lower in the ATS group compared to the CON group.   This finding 

is consistent with previous studies of cancer survivors. In a narrative review, Bonsignore 

et al., observed a 30% lower VO2 peak in female breast survivors undergoing 

chemotherapy compared to their healthy counterparts. Jones et al., observed a 27% lower 

peak VO2 in women with breast cancer, compared to age matched normative data for 

sedentary healthy women.   Christiansen et al., observed a 47% lower VO2 peak in cancer 

survivors, but the subjects in this investigation were adults treated with anthracycline and 

other forms of chemotherapy for acute lymphoblastic leukemia as a child.  Thus, our 

findings are consistent with previous studies and clearly indicate that patients treated with 

anthracycline-based chemotherapy have impaired exercise tolerance that appears to 

persist many years after the completion of treatment.  
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Hemodynamic Responses at Rest and During Acute Exercise 

 The present investigation used highly accurate CMR to measure cardiac volumes 

before and at maximal effort46.   The CMR has several important advantages over 

echocardiography. CMR produces high resolution 3D images of the heart chambers and 

vessels without interference from bone or air that would accompany echocardiography46. 

CMR images are also less dependent on the operators and do not need to use geometric 

assumptions compared to echocardiography46. Additionally, the high precision and 

reproducibility of CMR results in an 85% reduction in sample sizes needed to detect 

differences between the groups52. However, CMR does not come without its limitations 

including; patient cooperation and patience, increased time and cost, and limited 

availability for individuals with metal implants46. 

At rest, there were no significant differences in cardiac volume and function 

measures between ATS and CON patients including: cardiac output (Q), stroke volume 

(SV), end-systolic and end-diastolic volume (LVEDV and LVESV), and ejection fraction 

(EF%) (see Table IV).  The resting values for these cardiac volume/function measures 

were generally within normal ranges53 for both groups and indicates that previous 

exposure (> 1 year post treatment) to anthracycline-based chemotherapy has minimal 

detrimental effects on general cardiac function at rest. Our finding is in contrast to other 

studies with larger sample sizes3. The findings of the present investigation is generally 

consistent with previous literature indicating that women with breast cancer and/or 

receiving anthracycline treatment have a normal resting EF%4,5,6.  Reductions in LVESV 

and LVEDV (but not Q) at rest have been previously observed in women with breast 
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cancer that have completed anthracycline chemotherapy54 but these studies did not 

employ CMR for measuring cardiac volumes. 

Overall, the findings of this investigation indicate both the ATS and CON patients 

had similar left ventricular hemodynamic responses to maximal exertion as there were no 

significant differences between the two groups for any of the CMR measures obtained.  

Dynamic exercise to maximal effort, such as treadmill walking or running, should result 

in a greater venous return to the heart and a subsequent increase in LV preload and end-

diastolic volume53.  However, in a study conducted by Lafoutain et al. of trained healthy 

individuals using an identical study design as the present investigation (i.e pre-exercise 

CMR, followed by a CPET, and an immediate post-exercise CMR) also observed that 

post-exercise LVEDV did not  significantly increase from rest to peak exercise. This was 

due to the measurement of LVEDV in the supine position both pre and post exercise.  

According to Starlings Law of the heart53, an increase in LVEDV should result in a 

greater stroke volume and subsequent decrease in LVESV in the normal heart.  In 

conditions where myocardial contractility is impaired, LVESV, and subsequently SV, 

may not decrease as expected. Moreover, the increase in catecholamine levels that occur 

during exercise will stimulate cardiac myocytes to contract more forcefully and therefore 

increase SV by further decreasing LVESV. Ejection fraction (EF%), calculated by 

dividing the SV by the LVEDV, normally increases during exercise, but modestly (<20 

%)  because both SV and LVEDV increase in proportion.  Consequently, EF% during 

exercise is normally 60-70%. It should be mentioned that measurement of cardiac 

function during exercise, especially maximal exertion, is difficult and has usually been 
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quantified by echocardiography or impedance measurements and not the more accurate 

CMR51.   

In the present investigation, cardiac output (Q) increased from rest to peak 

exercise (see Figure I) in both groups by 3.1 l/min (126 % and 121% in CON and ATS, 

respectively).  We are not aware of any study that has quantified acute exercise cardiac 

volume measures with CMR in ATS patients. Cardiac output is the product of heart rate 

and stroke volume and as previously mentioned, the heart rate response of the ATS 

patients and the CON subjects in the present investigation were not significantly different 

and responded normally (see Figure II).  As described earlier, SV should increase during 

acute dynamic exercise because of an increase in LVEDV and a decrease in LVESV. 

Normally, resting SV values are between 50 and 100mL and increase to 120-140mL with 

exercise53.  In the present investigation (see Figure III), SV increased to a similar level in 

the CON (7 ml/bsa = 17.5%) and ATS (4.9 ml/bsa = 12.7%) groups during exercise.  Our 

reported values are very different from previous studies because our values are indexed 

for body surface area but the overall response to exercise is similar.    

End-diastolic volume (LVEDV) should increase by 25-30% during dynamic acute 

exercise because of the increased venous return (i.e. increased preload) and ventricular 

relaxation53.  In the present study, there was no significant change in LVEDV from rest to 

exercise in either group. A study by Lafountain et al., also found no changes in LVEDV 

pre to post exercise in trained healthy individuals. Both studies used the same protocol 

which included CMR measures at rest and post exercise in the supine position. Because 

preload is maximal in the supine position, upright exercise would not be expected to 

further increase LVEDV52. Also, Stoodly et al have demonstrated that women receiving 
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anthracyclines had impaired resting LV relaxation and reduced LVEDV, but these 

measures were not obtained during or after exercise.  These LVEDV measurements could 

have been effected by posture and/or our imaging procedures.  The acute exercise bout 

performed by the subjects was in an upright position, but the CMR images obtained both 

before and immediately following exercise were in the supine position. It may be that 

errors in re-positioning the subject in the scanner for the post-exercise measures may 

have resulted in measurement error.  Also, there may not have be enough “slices” 

obtained by CMR after exercise to accurately quantify LVEDV. This study imaged LV 

slices at 86ms but it’s now recommended to image at a faster rate of 50ms. Thus, it’s 

possible that CMR measures obtained may have missed minor fluctuations in LV 

volumes measures during exercise when the heart rate and LVEDV are greater.     

  Although not statistically significant, both the ATS and CON groups decreased 

LVESV as expected during exercise (23% vs. 16%).  The decrease in LVESV is expected 

as contractility increases due to the increased levels of catecholamines. Results of the 

present investigation suggest that prior treatment with anthracycline-based chemotherapy 

may not have long-term consequences on left ventricular systolic function. Although no 

studies to date have examined acute responses to exercise using CMR and CPET in this 

population, several have suggested that in select cancer populations there are lasting 

consequences to LV function from anthracycline treatment4,6,45. We did observe an 

unexpected increase in LVESV in two ATS subjects. Both of these patients (see subject 4 

and 10 in Table II) were older (> 55 yrs), average sized females, who had received 

anthracycline treatment for an extended 6-7 month period. These females may be more 
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representative of those in the previous studies4,5,8,50 that have suggested that there may be 

long-lasting consequences to left ventricular function in ATS patients.   

In the present study, there was no significant difference in EF% at peak exercise 

between the groups, however there was a slightly greater increase in CON versus ATS 

patients (11% vs. 8%, respectively). But it should be noted that several ATS patients 

demonstrated substantial decreases in EF% during exercise that would decrease the group 

mean. Several of the older females in the present study that had received anthracyclines 

for 5 or more months tended to show slightly more impairment in their LV function with 

exercise, including a decrease in EF% and SV and increased LVESV, compared to other 

ATS participants.  We are not aware of any study that has specifically examined the 

change in EF% during acute exercise in ATS patients, which is unfortunate as EF%, 

usually measured at rest, has been identified as a critical measure in the management of 

chemotherapy patients.  

Mechanism(s) of Exercise Intolerance in Anthracycline Treated Cancer Survivors 

As seen in Figures VII-IX, there are significant positive correlations between 

exercise capacity, expressed as VO2 peak, and measures of cardiac function including Q, 

SV and HR in both groups.  In the present investigation, the increase in cardiac output 

during acute exercise (see Figures I and VII) explains 84 and 87% of the “variance” in 

VO2 peak, in the CON and ATS groups, respectively.  Consequently, the remaining “un-

explained variance” of ~ 15% in VO2 peak is related to factors within the A-VO2 

difference component of the Fick Equation. The change of two determinants of Q during 

exercise, HR and SV, both significantly correlated to VO2 peak, but the former measure 

(HR = Figure 8) appears to play a larger role than the latter (SV = Figure IX). 
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The Fick Equation5 indicates that total body oxygen consumption (VO2 expressed 

in ml/kg/min) is the product of the cardiac output times the arterio-venous oxygen 

difference (A-VO2) and is written as VO2 = Q x A-VO2 difference.  As described earlier, 

Q is the product of HR and SV while SV is the difference between the left ventricular 

end-diastolic and left ventricular end-systolic volumes. During acute exercise to maximal 

exertion, VO2 normally increases 10 fold due to a 4-5 fold increase in Q and a 1.5-2.0 

fold increase in A-VO2 difference53,55.  Since there were only minimal differences in Q 

or any of its components (HR, SV, LVEDV and LVESV) between ATS and CON in 

response to exercise, the majority of the 23% difference in VO2 peak between groups is 

likely due to a difference in the A-VO2 difference. 

During exercise, the A-VO2 difference will normally increase as active skeletal 

muscles extract more oxygen from the blood39. Factors that affect the A-VO2 differences 

include: O2 carrying capacity of the blood, peripheral diffusion gradients across the 

capillary, mitochondrial enzyme levels and capillary density39.  Although not measured in 

this investigation, it has been reported that anthracyclines may cause anemia40 and alter 

the ability to transport the oxygen and potentially reduce the A-VO2 difference56. 

Anthracycline-based chemotherapy may also cause mitochondrial damage and may 

impair oxidative metabolism4. There is also evidence that some individuals undergoing 

chemotherapy have a reduction in muscle capillary density5. Capillary density correlates 

highly with mitochondrial density and oxidative capacity in both slow and fast twitch 

muscle fibers57.  Moreover, anthracyclines have been shown to cause oxidative stress and 

death of mitochondria4, which may contribute to the decreased exercise capacity 

observed in our ATS patients and from other investigations.   Although specific 
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mechanisms were not identified, Jones et al concluded that the reduced exercise capacity 

in chemotherapy treated breast cancer survivors is due to impairment in the A-VO2 

differences, as cardiac function was not impaired during exercise.  

Strengths and Limitations of the Present Investigation 

 There are multiple strengths of this pilot study. To our knowledge this is the first 

study in cancer survivors to use a combination of CPET and CMR measures in order to 

quantify exercise capacity and cardiac function. Combining these measures provides a 

unique opportunity to explore physiological differences between the ATS and CON 

subjects.  In the present investigation, cardiac volumes were quantified using CMR which 

has many advantages over other methods, including ultrasound and impedance 

measures46.  Moreover, the ATS patients identified for this study were subsequently well 

matched by recruiting CON of the same age, gender, and weight/BMI.  In contrast, many 

studies of cancer survivors did not use control groups and had to rely on using normative 

data generated from other investigations for comparisons.  Although patients in the 

present study had two different types of cancer (lymphoma and breast cancer), the type of 

chemotherapy (anthracycline) they received was similar.  Also anthracycline treatment 

was completed at least one year prior to conducting this investigation which allowed for 

an assessment of long-term versus acute consequences of anthracycline chemotherapy.   

Finally, all CPET and CMR measures were collected consistently in a single research 

laboratory by the same experienced operators who followed well-established procedures.  

 Despite multiple strengths, this study does have several important limitations. 

Obviously the sample size of this investigation is small and likely limited the ability to 

achieve statistical significance in some measures, particularly VO2 peak. Additionally, 
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the participants in this study had different cancer types and different treatment regimens 

that make it difficult to draw firm conclusions. Also, with a small sample size outliers can 

skew the means and impact the findings and conclusions.  Ideally the CMR measures 

would be obtained at peak exercise, simultaneous with VO2 peak, but this is not possible 

due to issues with the magnetic field of the CMR scanner.  Consequently the 20-30 

seconds it takes to move the subject into the scanner and obtain the cardiac volume 

measurement affected the heart rate and cardiac volumes. Whatever effect this time delay 

had on the measurements obtained, it was at least consistent for both groups. Finally, this 

study did not examine the important relationship between objectively measured exercise 

capacity and fatigue, an important symptom in most patients treated with chemotherapies. 

Although not statistically significant, the CON group did performed an additional 1.7 

days/week of strenuous activity compared to the ATS group. Also, the Godin 

questionnaire only obtained current (i.e. past 7 days) physical activity habits and thus we 

do not know the physical activity habits of the participants prior to their cancer diagnosis 

or during their treatment. . This study observed non-significant weak correlations 

between VO2 peak and day/week of strenuous, moderate, and mild activity, and fatigue 

scores based on the FACT-F (r=.23, r=-.23, r=-.23, r=-.56, respectively) in the ATS group 

suggesting these measures are not related. Moreover, there were non-significant weak 

correlations between VO2 peak and days/week of moderate and mild exercise and fatigue 

based on the FACT-F and a somewhat strong positive relationship between VO2 peak and 

days/week of strenuous activity (r=.11, r=-.19, r=.07, r=.83) in the CON group. Future 

studies should attempt to explore the important relationship between physical function 

and self-reported fatigue in ATS patients 
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Future Directions and Conclusions from the Present Investigation 

The present investigation will continue in order to increase the sample size to 15+ 

matched “pairs” of ATS and CON subjects. A larger sample size will provide greater 

power for future statistical analyses and reduce the impact of outliers on group means.  

The data from the present investigation suggests that the reduced exercise capacity 

observed in the ATS group is mainly the result of impairment in the A-VO2 difference, 

since cardiac volume/function measures were only minimally different compared to CON 

subjects.  Further investigations will be necessary to determine if the impairment in 

central and/or peripheral physiologic mechanism(s) is a result of anthracycline-based 

chemotherapy treatment and/or other factors such as physical deconditioning. This could 

be useful in designing potential interventions for the management of ATS patients. It 

would also be of interest to determine if an exercise training intervention could improve 

central and/or peripheral mechanisms and improve VO2 peak of ATS patients to normal 

levels.   
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