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Abstract

This review examines the relationship between physical activity and cancer along the cancer

continuum, and serves as a synthesis of systematic and meta-analytic reviews conducted to date.

There exists a large body of epidemiologic evidence that conclude those who participate in higher

levels of physical activity have a reduced likelihood of developing a variety of cancers compared

to those who engage in lower levels of physical activity. Despite this observational evidence, the

causal pathway underling the association between participation in physical activity and cancer risk

reduction remains unclear. Physical activity is also a useful adjunct to improve the deleterious

sequelae experienced during cancer treatment. These deleterious sequelae may include fatigue,

muscular weakness, deteriorated functional capacity, including many others. The benefits of

physical activity during cancer treatment are similar to those experienced after treatment. Despite

the growing volume of literature examining physical activity and cancer across the cancer

continuum, a number of research gaps exist. There is little evidence on the safety of physical

activity among all cancer survivors, as most trials have selectively recruited participants. It is also

unclear the specific dose of exercise needed that is optimal for primary cancer prevention or

symptom control during and after cancer treatment.

Introduction

Cancer is the leading cause of death in high-income countries and the second leading cause

of death in low- and middle-income countries. Approximately 1 in 4 deaths in the United

States are due to cancer (75). The International Agency for Research on Cancer (IARC)

estimates approximately 12.8 million new diagnoses worldwide, and 7.6 million deaths

worldwide resulting from cancer occurred in 2008. This growing differential ratio of cancer

diagnoses to cancer-related deaths has resulted in a population of “cancer survivors”—those

diagnosed with cancer—which exceeds 28 million worldwide (75). This growing population

of cancer survivors has emerged from improvements in screening and detection, as well as

improvements in a variety of treatment modalities, including, surgery, chemotherapy, and

radiation therapy (128).

Despite the success of procedures to identify and control cancer once detected, primary

prevention of cancer is an area of great interest on many levels including scientific,

economic, and political. Despite the genetic hallmarks of cancer, lifestyle and environmental

variables are pivotal influences in the development of cancer (39). Identifying lifestyle and

environmental risk factors associated with developing cancer, educating the public about

these risk factors, and providing interventions to modify the exposure to these risk factors
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may provide a viable route to decrease the burden of cancer. Numerous risk factors

associated with developing cancer have emerged including, sexual behavior, addictive

substances, and factors including overweight and obesity, low fruit and vegetable intake, and

physical inactivity.

Overweight, obesity, and physical inactivity contribute to the risk of developing a number of

cancers. Though overweight and obesity may appear to be separate from physical activity,

both constructs relate to energy balance (63). Maintaining an optimal level of energy

balance—caloric expenditure relative to caloric intake—is associated with primary

prevention of cancer, survival after diagnosis and recurrence of primary cancer (97, 134).

Therefore, it is necessary to acknowledge the synergistic relationship between overweight or

obesity and physical inactivity along the spectrum of cancer prevention and survivorship

(68, 121).

For example, being overweight, obese, or physically inactive contributed 26% of total risk

of developing colorectal cancer, and has been attributed to 159,000 colorectal cancer related

deaths worldwide in 2001. More generally, of the 7-million deaths that occurred from cancer

worldwide in 2001, an estimated 2.43-million (~35%) were attributable to modifiable risk

factors (39). In a large prospective cohort study of >900,000 American adults, increased

body mass indices were associated with increased death rates for all types of cancer

combined and at numerous cancer-specific sites, among both men and women (19). Men and

women in the highest quintile of body mass index (BMI ≥ 40), had a 52% and 62% higher

death rate from cancer, compared to men and women in the lowest quintile of body mass

index (BMI<24.9), respectively (19).

There also exists a depth and breadth of literature examining the independent effects of

physical activity along the cancer continuum. To this end, we acknowledge the synergistic

relationship among obesity, physical activity, and energy balance; however, we choose to

focus our review on the independent effects of physical activity, rather than the overarching

influence of energy balance.

Physical Activity

To critically analyze and interpret the results from any scientific study, it is important to

understand the methodological characteristics associated with a particular investigation,

including study design, methods of assessment and quantification of physical activity, and

appropriate conduct and interpretation of statistical analyses. In the ensuing paragraphs, we

define physical activity, how to measure and quantify physical activity, and we briefly

review two common study designs used in the assessment of physical activity and the risk of

cancer.

What is physical activity?

Physical activity is any movement using skeletal muscles (24). Physical activity can be

categorized into four major subgroups. These subgroups include occupational (activity done

at work), household (activity done at home), transport (activity done to commute), and

recreational or leisure-time (activity done for enjoyment and/or pleasure); (23). Physical
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activity can also be of varying intensities, including light, moderate, and vigorous intensity

(164). Examples of activities with light, moderate, and vigorous intensities include

housework, brisk walking, and running, respectively (2).

Measurement of Physical Activity

The most common method of ascertainment of physical activity is through the use of self-

report measures. The popular method of subjective physical activity estimation is with the

use of physical activity questionnaires (89). There are over two-dozen physical activity

questionnaires that demonstrate validity and reliability—the ability to quantify a variable of

interest and to quantify the variable repeatedly among a large sample of participants.

Physical activity questionnaires vary in the complexity of questions asked, time needed to

complete, and the type and dose of physical activity measured. For a compendium of over

100 physical activity questionnaires, we refer the reader to the National Cancer Institute

physical activity questionnaire website (113).

Introduction to the quantification of physical activity dose – The FITT principle

To assess physical activity, there are four parameters that may be estimated: frequency,

intensity, time, and type. Frequency is the number of days per week dedicated to engaging in

physical activity (d·wk−1). Intensity is how strenuous or how physically demanding a single

bout of physical activity is. Most epidemiologic studies measure intensity with METs,

metabolic equivalents of energy expenditure, where 1-MET is sitting quietly, and 18-METs

is running a <5 min·mile−1 pace (2). Time is the length of a single bout of physical activity,

measured in minutes or hours (min·d−1 or hr·d−1). Type is the modality of physical activity,

and frequently includes aerobic, strength and flexibility activities. However, from an

epidemiologic perspective, modality includes broad categories such as occupational, leisure-

time, or personal-care physical activities. It is these four components, frequency, intensity,

time, and type that form the foundation of physical activity or exercise prescription, referred

to as the FITT principle (frequency, intensity, time, type); (164).

Physical Activity Study Design & Challenges

The two most common study designs used to examine the association between physical

activity and risk of cancer are the cohort and case-control study. Each of these observational

study designs is subject to methodological strengths and weaknesses. We refer the reader to

two excellent reviews comparing cohort and case-control studies and the interpretation of

statistical analyses and conclusions from each study design (28, 100).

Despite this exciting time, the etiology of cancer has provided numerous challenges to

conduct high-quality research. For example, the growth and development of cancer may take

decades to occur. This long latent period makes the study of physical activity and cancer

research difficult. The spectrum from cancer prevention to palliative end-of-life care

encapsulates many decades of life. The population of cancer survivors has grown to include

approximately 13-million in the United States, and 28-million worldwide (75, 76).

Approximately 4% of the U.S. population is cancer survivors (76). This makes the
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identification and assembly of a population of cancer survivors difficult for research

endeavors.

The multifactorial origins of cancer, long latent period, and relatively small population

influence the research design used in physical activity or exercise and cancer (what we refer

to as., “exercise oncology”) research. For continued success in exercise oncology research,

three corner stones must exist (Figure 1). The paradigm of exercise oncology research is

similar to the paradigm originally proposed by Henry Blackburn much more generally for

multiple areas of biomedical research (9), and posits that human clinical trials, observational

trials, and basic bench science trials should not be considered discrete components of

research, but more as parts of a continuum. The paradigm of exercise oncology suggests

observational trials may generate hypotheses to be tested, manipulated, and explored in

animal models, and then translated into human clinical trials. We remind the reader this

example, is exactly that, an example. One might begin with an animal model or human

clinical trial, and traverse the paradigm. Another critical component to the success of

physical activity and cancer research is the integration of policy reform, economic analysis,

outreach, and dissemination. One or more of these components may occur after conduct of a

methodologically rigorous human clinical trial.

Physical Activity Research along the Cancer Continuum

According to Sporn et al. (155), in contemporary medicine more focus is devoted to curing

cancer in advanced stages rather than to the primary prevention of cancer. Despite the

importance of physical activity in the primary prevention of cancer, physical activity is also

a modality with the capacity to provide health-benefits after diagnosis of cancer.

Participation in physical activity has emerged as a potent rehabilitative modality for cancer

survivors in the past 20 years (31). Physical activity has numerous documented health-

benefits among cancer survivors, including improved disease-free survival, muscular

strength, aerobic capacity, and quality of life.

An organizational model exists to delineate the role of physical activity across the

continuum of cancer control, including the major subsets prior to and after diagnosis of

cancer (Figure 2); (32). Within the two major subsets of diagnosis, there exist six distinct

periods including eight total outcomes that are applicable to physical activity and cancer

(32). We will use this conceptual model to guide us through the role of physical activity and

the cancer survivorship continuum.

A Brief Primer for Oncology Care Clinicians or Exercise Physiologists

A brief primer for oncology care clinicians

Over the previous two decades, major improvements have been made in our ability to detect,

diagnose, treat, and in some cases, cure cancer. Given this evolution, patients may die with,

rather than from some forms of cancer. Despite this, the ultimate goal of all oncology care

clinicians and cancer centers around the world is to eradicate cancer as a cause for human

suffering—a goal we have not yet reached. Nonetheless, our investment in working towards

this goal has uncovered encouraging research relating to behavioral components of health
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that may influence the continuum of cancer. Evidence of physical activity has emerged in a

variety of forms—animal models, observational, and randomized controlled trials—to

influence an array of cancer outcomes. However, providing patient care includes numerous

competing demands. Therefore, it is unrealistic to expect cancer care clinicians to stay

abreast of all the rapidly developing literature relating to cancer pathology, treatment

modalities, and physical activity and rehabilitation. Therefore, the goal of this review is to

provide an overview of the benefits associated with physical activity across the cancer

continuum. We aim to delineate the efficacy of physical activity and identify the need for

exercise physiologists trained with the knowledge, skills, and abilities necessary to provide

safe and efficacious exercise prescriptions to cancer survivors. This will allow the oncology

care clinicians to focus their time on patient care and treatment, and facilitate referral to

available exercise physiologists if such care is necessary.

A brief primer for exercise physiologists

The interest in pursuing careers in exercise physiology has grown dramatically in the

previous 30-years (49). The interest in clinical exercise physiology was instrumental in the

late 1970’s and 1980’s when supervised physical activity or exercise after a myocardial

infarction was realized to have provided numerous health benefits including improved

physical function, and reduced likelihood for experiencing a second myocardial infarction.

Moreover, an evidence base of great depth and breadth has emerged that suggests physical

activity provides numerous heart healthy benefits. Analogous to the spectrum of

cardiovascular physiology and cardiac rehabilitation, cancer physiology has emerged along a

similar paradigm. Despite a considerably smaller foundation of evidence, the current depth

and breadth of evidence is promising—supporting the role of physical activity along the

cancer continuum. Though similarities between cardiac rehabilitation and cancer

rehabilitation exist, there are also many differences. Academic training in exercise

physiology foci include emphasis on cardiopulmonary parameters of rehabilitation and

exercise training (i.e. V02, HRmax, etc.); (3, 164). However, cancer rehabilitation requires

knowledge beyond that of cardiovascular physiology. Cancer and cancer treatment affects

musculoskeletal, nervous, immune, endocrine, and cognitive systems, in addition to the

cardiopulmonary systems described above (138). It is our hope that this review will serve as

the bridge from basic exercise physiology to clinical exercise physiology by providing a

foundation of knowledge to build upon, for those interested in learning more about the role

of physical activity along the cancer continuum.

Physical Activity and Primary Cancer Prevention

This section provides a summary of the epidemiologic evidence of physical activity and

primary cancer prevention. Due to the extensive depth and breadth of the epidemiologic

evidence concerning primary cancer prevention, this section cannot provide an exhaustive

review of all relevant literature. This section will serve as a brief synthesis of the most recent

published systematic or meta-analytic reviews (36, 51, 52, 62, 118, 119, 163, 173, 182).
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Why study physical activity and cancer prevention?

It is estimated that 35% or 2.43 million of the 7-million cancer deaths worldwide each year

are attributable to the joint effect of preventable lifestyle-related risk factors (176).

Population-attributable-fraction is an estimate of the proportion of reduction in cancer that

would occur if exposure to a certain risk factor (i.e., physical activity or lack thereof) were

reduced to the optimal exposure distribution (i.e., everyone in the world engaging in 2.5

h·wk−1 of moderate-intensity physical activity); (39). Worldwide, the population-

attributable-fraction of physical inactivity and all cancer is 2% (Figure 3); (176). A

population-attributable-fraction of 2% equates to approximately 135,000 cancer deaths each

year, and can be projected to directly affect 560,000 of the 28-million cancer survivors

worldwide (125). It is of interest to modify unfavorable risk factors that increase ones risk

for developing cancer. Primary prevention through behavioral and environmental

modification is a cost-effective means of preventing the large burden cancer has on societies

worldwide (176).

Breast Cancer

Background: Worldwide, approximately 1.4 million women are diagnosed with breast

cancer each year (23% of all female cases of cancer); (75). Use of mammography and the

promotion of clinical breast examination strategies have improved the 5-year survival rate

across all stages of breast cancer to exceed 90% in Europe (60, 82) and the United States

(76). Therefore, despite the 500,000 who die from breast cancer each year (14% of all

female cancer deaths), the population of breast cancer survivors continues to grow at a rapid

pace (75). Breast cancer incidence varies geographically; likely related to the numerous risk

factors, such as the reproductive and hormonal milieu, alcohol consumption, obesity, and

physical inactivity; factors contingent on culture, lifestyle, and environmental determinants

(45).

Overall Association: There have been over 73 observational studies that examine the

association between breast cancer and physical activity (51, 52). These studies (k) have been

either cohort (k=33), and case-control (k=40) epidemiologic studies. The proportion of

studies observing a statistically significant association in risk reduction in breast cancer was

similar between study designs, 39% and 40% of cohort and case-control studies,

respectively. However, the magnitude of the reduction in breast cancer risk was different

between study designs. Cohort studies estimated a 20% absolute risk reduction, whereas

case-control studies estimated a 30% absolute risk reduction.

Physical Activity Type and Dose: Among studies examining a dose-response relationship

between breast cancer risk and physical activity, 80% of studies (33 out of 41), observed

evidence of a dose-response relationship (52). The type of physical activity that provided the

largest reductions in breast cancer risk were recreational, household, and occupational

physical activity, with associated risk reductions of 21%, 21%, and 18%, respectively (51,

52). Interestingly, activities such as walking or cycling, used for transport, provided a more

modest, 13% risk reduction in breast cancer (51, 52). When considering the intensity of

physical activity needed to provide a reduction in breast cancer risk, both moderate and

vigorous intensity physical activity provide significant reductions in risk, in the order of
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15%, and 18%, respectively (52). Volume of physical activity (min·wk−1) is the product of

frequency (d·wk−1) and time of physical activity (min·d−1). The magnitude of breast cancer

risk-reduction does not increase proportionally with larger volumes of physical activity.

Volume of physical activity with levels including 2.0–3.0 h·wk−1, 3.25–4.25 h·wk−1, 4.5–5.5

h·wk−1, and ≥6.5 h·wk−1, provided risk reductions of 7%, 14%, 6%, and 28%, respectively.

It is unclear why 4.5–5.5 h·wk−1, provides only one-fifth of the risk reduction when

compared to ≥6.5 h·wk−1 of physical activity (52). It is plausible that an insufficient number

of studies have examined a dose of physical activity falling in the range of 4.5–5.5 h·wk−1.

Most studies have favored examining extremes of physical activity dose in attempt to

answer the questions: does there exist a minimal dose of physical activity needed to reduce

risk of breast cancer (i.e., a floor effect), and what is the maximum dose of physical activity

that provides the largest reductions in risk of breast cancer (i.e., a ceiling effect)?

Subgroups: Numerous subgroups have been examined when comparing the association

between breast cancer risk and physical activity. These subgroups have included

menopausal status, race, BMI, family history of breast cancer, parity, and breast cancer

tumor-characteristics (52). When comparing menopausal status of women the reductions in

breast cancer risk associated with physical activity are similar. Premenopausal and

postmenopausal women have an estimated risk reduction of 27%, and 31%, when

comparing the highest versus lowest levels of physical activity (52). Race has also been

explored in subgroup analysis comparing the risk of breast cancer and associations with

physical activity. Asian and Black women have the largest reductions in breast cancer risk

from physical activity, 41% for both groups (52). Indian, and Hispanic women have slightly

lower reductions in risk of breast cancer from physical activity, 38% and 28%, respectively

(52). The smallest reductions in breast cancer risk are in Caucasian women, 20% (52). To

date, it is unclear as to why Asian and African American women have a two-fold higher

reduction in risk of breast cancer compared to Caucasian women when comparing the

highest versus lowest levels of physical activity, respectively.

Body mass index (BMI) has also been examined in subgroup analysis examining the

association between breast cancer risk and physical activity. There appears to be a linear

dose-response relationship between BMI and breast cancer risk-reduction from physical

activity, with larger risk reductions occurring among women with lower BMI’s. The risk

reduction of breast cancer among from being physically active among four BMI groups,

<22, 22.1–24.9, 25.0–29.9, and ≥30, were 27%, 24%, 18%, and 0.4%, respectively (51, 52).

It is plausible the dose response relationship between BMI and risk reduction of breast

cancer exists because of a mechanistic underpinning associated with physical activity and

the associated reductions in breast cancer risk (see biologic mechanisms for discussion).

When comparing women with a family history of breast cancer the risk reduction associated

with physical activity is in the order of 1%, whereas the risk reduction among women

without a family history of breast cancer is 21% (51, 52). Among women who have had a

child, the reduction in breast cancer risk associated with physical activity is 38%, whereas

among women who have not had a child, the breast cancer risk associated with physical

activity is 18% (51, 52). There have been subgroup analyses that examine hormone receptor

status. The largest risk reductions in developing breast cancer through the use of physical
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activity were among women with estrogen and progesterone negative breast cancer, with a

risk reduction of 27% (52). All other combinations of hormone receptor status provide more

modest reductions in breast cancer risk; these combinations include estrogen receptor

positive, estrogen receptor negative, progesterone receptor positive, progesterone receptor

negative, and estrogen receptor positive/progesterone receptor positive breast cancer, which

have associated risk reductions of 20%, 21%, 21%, 14%, and 14%, respectively (52).

Summary: There exists a large depth and breadth of epidemiologic evidence supporting the

association between physical activity and breast cancer risk. The average risk reduction

when comparing the highest versus lowest levels of physical activity is 25% (Figure 4). The

International Agency for Research on Cancer (IARC) has categorized the association

between physical activity and risk of breast cancer convincing (72). Numerous subgroups

have been examined, including the types and doses of physical activity optimal for breast

cancer risk-reduction as well as demographic characteristics that influence the association

between physical activity and breast cancer risk.

Colon and Rectal Cancer

Background: Worldwide, approximately 1.2 million people are diagnosed with colon

cancer each year (75). Use of colonoscopy and improved chemotherapy treatments has

improved the 5-year survival rate across stages I–III colon cancer to exceed 55% (60, 82).

Therefore, despite the 600,000 who die from colon cancer each year, the population of colon

cancer survivors continues to grow at a rapid pace (75). Numerous risk factors for colon

cancer have been identified, including older age (>50 yr.), African-American race, history of

colon polyps, family history of colon cancer, low-fiber and high-fat diet, sedentary lifestyle,

diabetes, obesity, and smoking (59).

Overall Association: There have been over 50 studies examining the association between

colon cancer and physical activity (62, 182). In a considerably smaller, but informative

literature, seven prospective cohort studies have examined the association between rectal

cancer and physical activity (62). There is strong and consistent evidence from multiple

meta-analyses that physical activity is associated with a significant reduction in risk of colon

cancer, in the order of 24%, Risk-Ratio (RR)=0.76, and 95% confidence interval ((95% CI)

of 0.72–0.81); (62, 182). Consistent with observational evidence among physical activity

and breast cancer risk, cohort studies estimate a 17% risk reduction in colon cancer when

comparing the highest versus lowest levels of physical activity, RR=0.83 (95% CI: 0.78–

0.88). Whereas case-control studies estimate a 31% reduction in colon cancer when

comparing the highest versus lowest levels of physical activity, RR=0.69 (95% CI: 0.65–

0.74); (182).

Contrastingly, a meta-analysis of seven cohort studies examining physical activity and rectal

cancer concluded there is a null association between physical activity and risk of rectal

cancer, RR=1.15 (95% CI: 0.83–1.64); (62).

Physical Activity Type and Dose: The type of physical activity performed has been

examined in subgroup analysis when comparing the association between colon cancer and
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physical activity. Occupational and leisure-time physical activity are both associated with

significant reductions in colon cancer risk of 22%, RR=0.78 (95% CI: 0.74–0.83), and 23%,

RR=0.77 (95% CI: 0.72–0.82), respectively (182). When controlling for study design (case-

control versus cohort), the results were attenuated among cohort designs, but the results did

not differ substantively compared to the unadjusted risk reduction estimates (182). Evidence

among a meta-analysis of 48 studies including 40,674 men and women with colon cancer

suggest a dose-response effect does exist, such that increasing doses of physical activity

provide larger reduction in risk of colon cancer, particularly when physical activity is of

moderate or vigorous intensity, yielding 13–41% reductions in colorectal cancer risk (167).

Subgroups: The association between colon cancer and physical activity has been examined

between men and women, resulting in similar statistically significant risk reductions 24%,

RR=0.76 (95% CI: 0.71–0.82) and 21%, RR=0.79 (95% CI: 0.71–0.88), respectively (182).

When stratified by gender and study design, case-control versus cohort, results do not differ

substantively (182). Some have speculated that the magnitude of colon cancer risk-reduction

associated with physical activity would be attenuated over time due to increased surveillance

through the promotion of colonoscopies at regular time intervals. However the results over

time did not change when comparing studies conducted prior to 1993 versus after 1993

(182). Other evidence suggest physical activity may be more potent in reducing risk of left

versus right-sided colon cancer, particularly among those with a healthier BMI (182).

The association between rectal cancer and physical activity has been examined between men

and women, resulting in similar, non-significant, risk reductions, RR=1.02 (95% CI: 0.83–

1.26), and RR=1.29 (95% CI: 0.82–2.01), respectively (62). The results from these analyses

did not differ when controlling known confounders such as BMI, family history, smoking

and alcohol consumption. Too few studies (k=7) existed to conduct a meaningful subgroup

analysis beyond those described above (62).

Summary: There exists a consistent depth and breadth of observational evidence that

suggests physical activity reduces risk of colon cancer (Figure 4). Evidence suggests that

larger volumes or more vigorous-intensity physical activity provide the largest reductions in

risk of colon cancer. Conversely, there appears to be evidence of a null association between

physical activity and risk of rectal cancer (Figure 4).

Pancreatic Cancer

Background: Worldwide, approximately 217,000 people are diagnosed with pancreatic

cancer each year (61). Despite improvements in 5-year survival among other gastrointestinal

cancers (colon, rectum), pancreatic cancer 5-year survival remains at 4% across all stages

(60, 82). Approximately 213,000 deaths occur from pancreatic cancer worldwide, each year

(61). Similar to colon cancer, numerous risk factors for pancreatic cancer have been

identified, including cigarette smoking, older age (>60 yr.), African-American race, male

gender, diabetes, and high fat diet (93, 152).

Overall Association: There have been 28 observational studies conducted examining the

association between pancreatic cancer and physical activity (119). Evidence suggests
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physical activity is associated with a statistically significant reduced risk of pancreatic

cancer of 28%, RR=0.72 (95% CI: 0.52–0.99) when comparing the highest versus lowest

levels of physical activity (119). Using sensitivity analyses, the removal of one outlier study

enlarged the risk reduction to 37%, RR=0.63 (95% CI: 0.45–0.88); (119).

Physical Activity Type and Dose: Recreational physical activity has been examined in 16

prospective cohort and case-control studies (119). The pooled risk reduction among these 16

studies was a non-significant risk reduction of 6%, RR=0.94 (95% CI: 0.88–1.01) when

comparing the highest versus lowest levels of recreational physical activity, respectively.

Among three retrospective studies, the pooled risk reduction was 26%, RR=0.74 (95% CI:

0.59–0.94). Occupational physical activity has been examined in five prospective studies,

with evidence of no modification in risk reduction, RR=1.00 (95% CI: 0.57–1.76)

comparing the highest versus lowest levels of occupational physical activity, respectively.

Using sensitivity analysis by eliminating one study, the risk reduction significantly increased

to 25%, RR=0.75 (95% CI: 0.59–0.96). Physical activity used for transportation has been

examined in five prospective studies, with a pooled non-significant risk reduction of 23%,

RR=0.77 (95% CI: 0.55–1.10), when comparing the highest versus lowest levels of transport

physical activity levels, respectively. Therefore, it remains unclear as to the specific type of

physical activity necessary to consistently reduce risk of prostate cancer.

Intensity of physical activity has also been examined in prospective observational studies.

Low intensity physical activity has been explored by two prospective studies, yielding a

non-significant increase in pancreatic cancer risk of 1%, RR=1.01 (95% CI: 0.77–1.34);

(119). Moderate intensity physical activity has been explored by six prospective studies,

yielding a non-significant risk reduction of 21%, RR=0.79 (95% CI: 0.52–1.20); (119).

When restricting the analysis to only prospective studies that assessed physical activity

using a validated measure of physical activity, the risk reduction was augmented to a

significant reduction in risk of 65%, RR=0.45 (95% CI: 0.29–0.69), however this pooled

analysis was limited to two studies (119). Vigorous intensity physical activity has been

explored by nine prospective studies, yielding a non-significant risk reduction of 3%,

RR=0.97 (95% CI: 0.88–1.07); (119).

Subgroups: The above summarized meta-analyses, along with others, have examined

potential subgroups and known confounders, study region, sex, follow-up duration, BMI,

and diabetes, and have elucidated no evidence of subgroup differences (119, 181).

Summary: There exists a small body of evidence that suggests physical activity reduces the

risk of pancreatic cancer (Figure 4). The type of physical activity necessary to elicit the

largest reductions in pancreatic cancer risk remains to be elucidated. Based on two studies

using validated measures of physical activity, moderate intensity physical activity appears to

garner the largest reductions in prostate cancer risk. Other characteristics relating to the dose

of physical activity and other population subgroups remain unknown.
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Prostate Cancer

Background: Worldwide, approximately 903,500 men are diagnosed with prostate cancer

each year (75). Through the use of screening and population awareness strategies, the 5-year

survival rate for non-metastatic prostate cancer is >99%, with metastatic prostate cancer

survival rates near 30% (60, 82). Approximately 258,000 men die each year from prostate

cancer, worldwide (75), yet many will die with prostate cancer rather than from prostate

cancer. Risk factors for prostate cancer include age (> 50 yr.), African-American race,

family history, genetics, diets high in red meat and high-fat dairy, obesity, sedentary

lifestyle, smoking, and previous prostatitis (126).

Overall Association: There have been 43 observational studies conducted that examine the

risk of prostate cancer and physical activity that have included 2,198,786 participants and

88,294 cases (92). The 43 studies have consisted of 19 cohort studies (44%), and 24 case-

control studies (66%); (92). Evidence suggests physical activity is associated with a

statistically significant 10% risk reduction of prostate cancer, RR=0.90 (95% CI: 0.84–0.95);

(92). Consistent with breast and colon cancer, case-control studies estimate a larger risk

reduction, 14%, RR=0.86 (95% CI: 0.75–0.97) in prostate cancer. When comparing the

highest versus lowest levels of physical activity compared to the estimate of risk reduction

from cohort studies, there is a more modest, yet statistically significant 6% reduction in risk,

RR=0.94 (95% CI: 0.91–0.98); (52, 92, 182).

Physical Activity Type and Dose: Occupational physical activity was associated with a

significant risk reduction in prostate cancer of 19%, RR=0.81 (95% CI: 0.73–0.91); (92).

Subgroup analysis stratified by study design (cohort versus case-control) risk reductions did

not differ substantively, though the cohort RR was attenuated; RR=0.91 (95% CI: 0.87–

0.95) compared to case-control RR=0.73 (95% CI: 0.62–0.89); (92). Recreational physical

activity was associated with a reduction in risk of 5%, RR=0.95 (95% CI: 0.89–1.00); (90,

92). Subgroup analysis stratified by study design (cohort by case-control) risk reductions in

prostate cancer were only significant among cohort studies, RR=0.95 (95% CI: 0.90–1.00),

but not significant among case-control studies, RR=0.98 (95% CI: 0.85–1.14); (92).

Subgroups: The association between physical activity and prostate cancer risk has been

examined among varying geographic and ethnic groups including Europeans, North

Americans, and African Americans.. Comparing the highest to lowest levels of total physical

activity and prostate cancer risk, Europeans, North Americans, and African Americans

observe significant reductions in prostate cancer risk, RR=0.91 (95% CI: 0.87–0.95),

RR=0.85 (95% CI: 0.78–0.94), RR=0.74 (95% CI: 0.57–0.95), respectively (92). These

patterns of physical activity and risk reduction of prostate cancer are generally similar when

comparing subgroups of occupational physical activity, and risk reductions attenuate when

comparing cohort versus case-control study designs (90, 92).

The association between physical activity and prostate cancer risk has been examined

among varying life-periods of age, stage of prostate cancer, presence or absence of prostate-

specific antigen testing, and BMI. Within the age groups of <20, 20–45, 45–65, and ≥ 65,

the largest statistically significant reductions in prostate cancer risk were observed among
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those 20–45, and 45–65, with RR=0.93 (95% CI: 0.89–0.97) and RR=0.91 (95% CI: 0.86–

0.97), respectively (92). The other age groups, <20, and ≥65 did not observe significant

reductions in prostate cancer risk. Stage of prostate cancer, localized versus advanced, does

not appear to moderate the association between physical activity and prostate cancer risk

with RR=0.96 (95% CI: 0.86–1.05), and RR=0.94 (95% CI: 0.80–1.10), respectively. The

use of prostate-specific antigen testing also does not appear to moderate the association

between physical activity and prostate cancer risk with RR=1.05 (95% CI: 0.92–1.20), and

RR=0.83 (95% CI: 0.63–1.11), respectively (92). Lastly, BMI does not appear to be a

moderator of the association between physical activity and prostate cancer risk comparing

BMI<25 to BMI ≥25 yields RR=0.98 (95% CI: 0.81–1.20), and 0.95 (0.82–1.11),

respectively (90, 92).

Summary: Among cohort and case-control study designs, evidence suggests physical

activity provides a reduction in the risk of prostate cancer (Figure 4). It appears occupational

physical activity provides reductions in prostate cancer risk; however it is unclear if

recreational physical activity garners the same reductions in physical activity. The largest

reductions in prostate cancer risk appear in physically active African American and Asian

men. Among various subgroup analyses, age is the only potential effect modifier of the

association between physical activity and prostate cancer risk, where younger men seem

better protected by physical activity than older men.

Endometrial Cancer

Background: Worldwide, approximately 275,000 women are diagnosed with endometrial

cancer each year (75). The 5-year survival rate of non-metastatic endometrial cancer is

approximately 68%, with metastatic endometrial cancer 5-year survival rates around 16%

(60, 82). Approximately 75,000 women will die each year from endometrial cancer (75).

Risk factors for endometrial cancer include hormone imbalance, menstruation patterns,

nulliparity, older age, hormone therapy for breast cancer, and family history (17, 99).

Overall Association: There have been 20 observational studies examining the risk of

endometrial cancer and physical activity (36, 173). Of the 20 studies completed to date,

seven have been cohort designs, and the remaining 13 have been case-control designs. The

pooled risk reduction of endometrial cancer comparing highest versus lowest levels of

physical activity among cohort studies has yielded a risk reduction of 23%, RR=0.77 (95%

CI: 0.70–0.85). Among case-control studies, the pooled risk reduction is 29%, RR=0.71

(95% CI: 0.63–0.80), however this risk reduction included significant heterogeneity as

studies varied between 2-fold increases to 2-fold decreases in risk, moreover these case-

control studies were noted to be of poor methodological quality (36, 173).

Physical Activity Type and Dose: Leisure-time and occupational types of physical activity

have been associated with reductions in endometrial cancer risk. Comparing the highest

versus lowest levels of leisure-time physical activity, there was a statistically significant

27% risk reduction in endometrial cancer, RR=0.73 (95% CI: 0.62–0.86); (173). Similarly,

comparing the highest versus lowest levels of occupational physical activity, there was a
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statistically significant 20% risk reduction in endometrial cancer, RR=0.80 (95% CI: 0.66–

0.96); (173).

Subgroups: Four of seven cohort studies included in this meta-analysis examined BMI as a

modifier of the association between physical activity and endometrial cancer risk, and did

not find any evidence of effect modification (173). Similarly, six case-control studies

examined BMI as a modifier of the association between physical activity and endometrial

cancer risk, and two (33%), found evidence of effect modification (173). Few studies have

examined the potential for menopausal status as an effect modifier (36, 173). Yet among

those that have, it has been noted that there does not appear to be evidence of effect

modification by menopausal status on endometrial cancer risk and physical activity (173).

Summary: A small, growing body of evidence suggests physical activity is associated with

a risk reduction in endometrial cancer (Figure 4). Leisure-time and occupational physical

activity provide a significant risk-reduction in endometrial cancer. There is insufficient

evidence to identify other physical activity characteristics associated with endometrial

cancer risk reduction. BMI has not been clearly and consistently demonstrated as an effect

modifier of the physical activity and endometrial risk relationship among cohort and case-

control studies.

Ovarian Cancer

Background: Worldwide, approximately 204,000 women are diagnosed with ovarian

cancer each year (75). The overall 5-year survival of ovarian cancer is 47% (>90% for early

stage diagnoses, <20% for metastatic disease); (60, 82). Approximately 125,000 women die

each year from ovarian cancer, worldwide (75). Risk factors for ovarian cancer include

genetic mutations, family history of ovarian cancer, previous breast, colon, rectum or uterine

cancer diagnosis, nulliparity, and hormone replacement therapy for menopause (13, 103).

Overall Association: There have been 12 studies examining recreational physical activity

and ovarian cancer risk (36, 118). Among the 12 studies, six cohort and six case-control

studies have examined the association between recreational physical activity and ovarian

cancer risk. The pooled risk reduction among the 12 studies comparing the highest versus

lowest levels of recreational physical activity yielded a significant 19% risk reduction,

RR=0.81 (95% CI: 0.72–0.92); (118). When stratifying by study design, the risk reductions

were similar between cohort, and case-control study designs of 19%, RR=0.81 (95% CI:

0.57–1.17) and 21%, RR=0.79 (95% CI: 0.70–0.85), respectively (118).

Physical Activity Type and Dose: There has been no quantitative review examining

various doses of physical activity on the magnitude of risk reduction for ovarian cancer (36,

118).

Subgroups: All studies included in this meta-analysis adjusted for age and parity, and most

adjusted for BMI and oral contraceptive use. In subgroup analysis, when excluding four

studies that did not adjust for oral contraceptive use, the risk reduction was attenuated to

17%, RR=0.83 (95% CI: 0.80–0.86); such that the risk reduction of developing ovarian
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cancer associated with physical activity may be confounded by prior oral contraceptive use.

(118). In separate subgroup analysis, when excluding four studies that did not adjust for

BMI, the risk reduction was attenuated to 19%, RR=0.81 (95% CI: 0.76–0.86); such that the

risk reduction of developing ovarian cancer associated with physical activity may be

confounded by BMI (118).

Summary: A small body of evidence suggests physical activity associates with a risk

reduction in endometrial cancer (Figure 4). Despite this reduction in risk, there is

insufficient evidence to identify the optimal dose of exercise and population subgroups that

may or may not respond to physical activity to reduce their risk of ovarian cancer.

Lung Cancer

Background: Worldwide, approximately, 1.2 million people are diagnosed with lung cancer

each year (75). The overall 5-year survival rate for lung cancer is 15% (75). Approximately

950,000 people die each year from lung cancer (75). Risk factors for lung cancer include

smoking and secondhand smoke, exposure to carcinogenic chemicals (i.e., radon, asbestos,

arsenic), prior radiation to the chest, and a prior family history of lung cancer (46).

Overall Association: There have been over 16 studies examining physical activity and lung

cancer risk (46). Among these 16 studies, 12 cohort and four case-control studies have

examined the association between physical activity and lung cancer. When stratifying by

study design, the pooled risk reduction among the 12 cohort studies is 23%, and among 4

case-control studies, a pooled risk reduction of 38% (46).

Physical Activity Type and Dose: Among a meta-analysis of 11 studies comparing highest

versus lowest levels of leisure-time physical activity, including odds ratios from studies in

which the association between physical activity and cancer prevention was adjusted for

smoking (163) intensity of leisure time moderated the relationship between physical activity

and lung cancer risk. Moderate-intensity physical activity was associated with a statistically

significant risk reduction in lung cancer, OR=0.87 (95% CI: 0.79–0.95), and vigorous-

intensity physical activity was associated with a statistically significant risk reduction in

lung cancer, OR=0.70 (95% CI: 0.62–0.79). The test for trend across these categories was

significant ptrend<0.01, furthering supporting the dose-response relationship between

intensity of physical activity and risk of lung cancer. Restricting the analysis to the subset of

studies that implemented a previously validated physical activity questionnaire did not

change the conclusions outlined above.

Subgroups: There have been seven studies that have examined the smoking-adjusted

relationship between physical activity and risk of lung cancer among men, and four among

women (163). The magnitude of risk reduction appears to be larger among women for

moderate intensity of physical activity, OR=0.77 (95% CI: 0.66–0.89), compared to men,

OR=0.93 (95% CI: 0.85–1.00). A similar relationship exists among vigorous intensity

physical activity as well, among women, OR=0.62 (95% CI: 0.48–0.79), and among men,

OR=0.75 (95% CI: 0.66–0.86).
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Summary: A small body of evidence suggests physical activity associates with a risk

reduction in lung cancer (Figure 4). There appears to be a dose-response relationship

between intensity of physical activity and magnitude of risk reduction among both men and

women. However, there is little evidence to suggest that risk reduction in lung cancer

accomplished through physical activity is limited to current or former smokers. Moreover,

there are limited known clinical characteristics that modify the relationship between physical

activity and reductions in lung cancer risk.

Physical Activity and Primary Cancer Prevention Section Summary

As reviewed above, there is an abundant volume of epidemiologic observational literature

examining the relationship between physical activity and risk reduction for a variety of

cancer sites. A large proportion of this literature supports the association between physical

activity and risk reduction for breast and colon cancers. A smaller proportion of this

literature supports the association between physical activity and pancreatic, prostate,

endometrial, ovarian, and lung cancer. There is little data on the association between

physical activity and risk reduction in other cancer sites, particularly hematologic cancers,

such as multiple myeloma, leukemia, and lymphoma. Beyond the overall association

between physical activity and site-specific cancer risk (i.e., the main effect), there is limited

evidence to support a specific dose of physical activity among a specific population

subgroup, tailored for site-specific cancer risk reductions.

Physical Activity and Primary Cancer Prevention: Biologic Mechanisms

The previous section of this review examined the state of observational evidence on cancer

prevention and physical activity. Though the depth and breadth of epidemiologic literature

on physical activity and cancer prevention is rich, the molecular mechanisms that are

associated with the observed reductions in cancer risk are less abundant, and thus less well

understood. It has been suggested that an understanding of the molecular underpinnings

would be useful to understand the associations between physical activity and cancer

prevention, and provide more specific recommendations to engage in an adequate dose of

physical activity (105).

There exist numerous mechanistic models hypothesized that include pathways relating to

sex hormones, metabolic hormones, inflammation and adiposity, immune function,

oxidative stress, DNA repair, and xenobiotic enzyme systems, to name a few (130). Given

the numerous hypothesized mechanistic pathways posited, the literature to support any one

of these pathways is limited. Cancer requires a long latent period to develop, and as seen in

the primary prevention section of this review, it is desirable to follow a large number of

persons asking them about their physical activity at pre-specified time-points, and waiting

until a subset develop cancer (viz., a cohort study). To remedy the logistic issues associated

with following a group of people until they develop the outcome of interest (i.e., cancer), an

alternative is to identify and measure surrogate biomarkers for the molecular pathways that

are assumed to underlie the purported causal relationship of physical activity and cancer risk

(133). Despite the wide deployment of biomarkers as surrogates for the development of

cancer, any one biomarker may provide a small fraction of the complete causal pathway

linking physical activity with cancer risk reduction.
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In a review by Thompson et al. (165) numerous candidate pathways have been identified to

associate with varying doses of physical activity in animal models of mammary

carcinogenesis (Figure 5). Through this example, we highlight the complexity of these

biologic systems, and the synergistic relationship between each biologic pathway and

physical activity. This complexity warrants further examination of the complete causal

pathway, in attempt to delineate the complex mechanistic underpinning of physical activity

and cancer risk reduction, such as that used in animal models of carcinogenesis.

In this section we review the most commonly hypothesized, and well-supported pathways

associated with physical activity and cancer prevention sex hormones, metabolic hormones,

inflammation and adiposity, and immune function (Figure 6) (20, 52, 105, 130).

Sex Hormones

Elevated levels of estradiol and estrone have been associated with an increased risk of

postmenopausal breast cancer (51, 84, 105). This association has been reproduced in both

animal models of mammary carcinogenesis and in human trials (130). In a preclinical study,

120 rats were injected with 1-methly-1-nitrosourea, and randomized to physical activity or

sedentary control (188). Rats in the physical activity group had access to a non-motorized

activity wheel, and running behavior was rewarded with food. Rats in the sedentary control

received the same volume of food as their physically active paired counterpart. Rats in the

physical activity group had reduced mammary cancer incidence (p=0.015), and multiplicity

(p=0.01). Physically active rats had more favorable levels of insulin, insulin growth factor-1,

c-reactive protein, leptin, and estradiol, compared to sedentary rats (165, 188).

Among a reanalysis of nine prospective studies including 2,428 postmenopausal women not

taking exogenous sex hormones, 663 women developed breast cancer, and 1,765 did not

(84). Women in the highest quintile of estradiol concentration compared to the lowest

quintile were at elevated risk for developing breast cancer, RR=2.00 (95% CI: 1.47–2.71);

(84). The pattern of increased estradiol concentration and increased risk of breast cancer

occurred in dose-response fashion, ptrend<0.001; (84). A similar pattern emerged for free

estradiol as well, with the highest versus lowest quintile of free estradiol associated with an

increased risk of breast cancer, RR=2.58 (95% CI: 1.76–3.86), demonstrating a dose-

response pattern of increased breast cancer risk with increasing quintiles of free estradiol,

ptrend<0.001; (84). Similarly, dose-response patterns were observed for estrone, and

testosterone, RR=2.19 (95% CI: 1.48–3.22), ptrend<0.001; RR=2.22 (95% CI: 1.59–3.10),

ptrend<0.001, respectively (84). Conversely, sex hormone-binding globulin was negatively

associated with breast cancer risk, RR=0.66 (95% CI: 0.43–1.00), ptrend=0.041; (84). This

negative association provides further evidence for the association between sex hormones and

breast cancer risk, as sex hormone-binding globulin reduces circulating levels of estradiol

and testosterone.

Evidence has emerged from randomized controlled trials examining biomarkers associated

with increased cancer risk (53, 106, 107). A prospective randomized trial among 173

sedentary, overweight, postmenopausal women aged 50–75 years old, examined the effects

of an aerobic exercise intervention on serum androgens and estrogens after 12-months of

exercise (106, 107). Women performed moderate-intensity aerobic exercise, 5 d·wk−1, 45-
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min·d−1. After the 12-month intervention there existed no differences, on average, between

groups in serum androgens and estrogens. However, among women who lost >2% of their

baseline body fat, testosterone and free testosterone significantly decreased in the exercise

group by 10.1% (p=0.02) and 12.2% (p=0.03), respectively (106). In addition, among

women who lost >2% of their baseline body fat, serum estrone, estradiol, and free estradiol

were reduced by 11.9%, 13.7%, and 16.7%, respectively (all p<0.05); (107).

The Alberta physical activity and breast cancer prevention (ALPHA) trial was a prospective

randomized controlled intervention among 320 postmenopausal women aged 50–74 years

old (53). The ALPHA trial was a one-year exercise intervention consisting of moderate-

intensity aerobic exercise performed 5 d·wk−1, 45-min·d−1. After 12-months, the aerobic

exercise group demonstrated significant improvements in estradiol, sex hormone-binding

globulin, and free estradiol with treatment effect ratios (TER) of TER=0.93 (95% CI: 0.88–

0.98), TER=1.04 (95% CI: 1.02–1.07), TER=0.91 (95% CI: 0.87–0.96); (53). However,

when controlling for change in weight over one-year, the TER of sex hormone-binding

globulin was attenuated to non-significance between intervention groups, estradiol and free

estradiol TER’s remained significantly different between intervention groups (Figure 7);

(53). There were no between group differences in estrone and testosterone at 12-months.

The results from the above-described trials (53, 106, 107) begin to shed light on specific sex

hormones that may be mediated not by physical activity, but reductions in adiposity. In a

quasi-experimental design, 7 women at elevated risk for developing breast cancer engaged

in a moderate intensity aerobic exercise program. After five menstrual cycles, significant

reductions in estrogen and progesterone were observed, with changes of −18.9% and

−23.7%, respectively (88). A randomized controlled is underway to confirm the favorable

changes in estrogen and progesterone through the use of moderate intensity aerobic exercise

among women at elevated risk for developing breast cancer (26).

Metabolic Hormones

Insulin pathways have been linked to numerous cancers including breast (80), colon (59),

endometrial (81), ovarian (94), multiple myeloma (108), Hodgkin’s-lymphoma (85), and

acute lymphocytic and myeloblastic leukemia (85).

Basic science experiments have demonstrated insulin and insulin growth factor-1 elicit cell

growth and inhibit apoptosis (97). Several cancer types have been identified to carry insulin

receptors including colon (98), and hematopoietic cancer cells (85), that when stimulated by

insulin, grow in size (122). This has been supported by animal models with chemically

induced mammary carcinogenesis experiencing accelerated mammary growth when exposed

to insulin (187). In a preclinical trial, 36 rats were given a single injection of the

carcinogenic agent azoxymethane (20mg/kg) (30). After one week, rats were randomized

into saline or insulin injection groups. After 100 days the rats injected with insulin had a

greater multiplicity of aberrant crypt foci (p=0.007); (30). The authors of this study

concluded exogenous insulin can promote colon carcinogenesis in rats, and lifestyle

modification such as diet and exercise might protect humans against developing colon

cancer (30).
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Supporting these hypotheses, observational research has noted those in the highest quartile

of insulin had an increased risk of colorectal cancer, hazard ratio (HR)=1.84 (95% CI: 1.03–

3.30); (91, 142). A similar relationship was demonstrated among C-peptide, a marker of

insulin secretion, comparing those in the highest versus lowest quartiles was associated with

an increased risk of colorectal cancer, RR=1.63 (95% CI: 1.01–2.66), controlling for BMI

and level of physical activity (175). Conversely, the relationship between insulin and breast

cancer risk is less clear (114).

Exercise and weight loss is an effective intervention to improve insulin sensitivity, and

potentially reduce risk of insulin-mediated cancers (177, 178). Interestingly, a single bout of

exercise has been observed to increase insulin sensitivity for up to 60 hours (18). Chronic

bouts of moderate-intensity exercise associate with reductions in insulin growth factor-1 and

increased insulin growth factor binding protein (36, 50). In a study of 1,467 men and women

aged 40–69 years old, insulin sensitivity and fasting insulin were moderated in dose-

response fashion with more frequent bouts of vigorous physical activity producing more

favorable insulin responses (Figures 8 and 9) (102).

Inflammation & Adiposity

Inflammation is linked to a variety of chronic diseases including arthritis, diabetes, heart

disease, and cancer (20). Chronic states of inflammation are hypothesized to increase risk of

cancer development by degrading healthy cell growth, thereby promoting the progression of

damaged cellular growth, and increased risk of tumor development.

Preclinical trials have linked inflammation and adiposity to cancers in animal models. For

example, over 23 studies have examined chemically induced colon carcinogenesis in rat or

mouse models and concluded that inflammation is closely linked to polyp formation and

progression. In particular the cyclooxygenase isoenzymes (COX-1 and COX-2) have been

identified in animal models to play an important role in intestinal tumor formation (120).

Biomarkers associated with inflammatory states such as interleukin-6 (IL-6), C-reactive

protein (CRP), and tumor necrosis factor-α (TNF-α) have been associated with increased

risk of cancer in humans (70). Among a cohort of 2,438 older adults aged 70–79 years, IL-6

was associated with a 13% increased risk of developing cancer, HR=1.13 (95% CI: 0.94–

1.37); (70). CRP was associated with a 25% increased risk of developing cancer, HR=1.25

(95% CI: 1.09–1.43), and TNF-α was associated with a 28% increased risk of developing

cancer, HR=1.28 (95% CI: 0.96–1.70). These biomarkers of inflammation are associated

with cancer-related death, with IL-6, CRP, and TNF-α, HR’s of 1.63 (95% CI: 1.19–2.23),

1.64 (95% CI: 1.20–2.24), and 1.82 (95% CI: 1.14–2.92), respectively (70). The hypothesis

of low-grade inflammation is further supported by the chemo-preventive consumption of

non-steroidal anti-inflammatory medications and reduced risk of colon cancer among both

men and women with RR=0.60 (95% CI: 0.40–0.89), and 0.58 (95% CI: 0.37–0.90),

respectively (166).

Exercise intervention studies have reported mixed results on the reduction of biomarkers

associated with physical activity including CRP, and IL-6. For example, among 120

premenopausal obese women ages 20–46 years old who were randomized to diet, physical
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activity, and weight loss, or to the control group, CRP and IL-6 decreased significantly in

the intervention group compared to the standard care group after two years, with changes of

−1.6mg·L−1, p=0.008, and −1.1pg·mL−1, p=0.009 (47). Moreover, cross-sectional

descriptive studies suggest body composition may serve as a mediator to the relationship

between physical activity and biomarkers of inflammation; which is similar to the sex

hormone hypothesis (52, 53). However, the independent associations of physical activity

and these select biomarkers is mixed; improvements in body composition, predominately the

reduction in adipose tissue may mediate the observed associations (20, 51, 52, 105).

Immune Function

The immune system has been a recently hypothesized pathway in the reduction of cancer

risk in animal models and humans (105, 151). This pathway is charged with identifying and

destroying abnormal cells through acquired immune components (20, 105). A systemically

impaired immune system such as that with the acquired immunodeficiency syndrome

(AIDS) has been associated with increased incidence of cancer (i.e., Kaposi’s sarcoma); (12,

66). The immune system and cancer risk has largely evolved around interest in improving

the number of natural killer (NK) cells, which influence tumor suppression (20, 51, 52, 105).

During exercise, particularly during moderate-intensity aerobic exercise T-cell populations

transiently rise, NK cell populations and activity transiently rise, and neutrophil quantity and

activity also transiently rise (151). Although these effects are transient during an acute bout

of exercise, the repetitive effects may produce a cumulative (training) effect (151). Chronic

bouts of physical activity have been associated with an inverted ‘J-curve’ such that optimal

immune function is achieved with moderate-intensity physical activity and sedentary and

vigorous-intensity below optimal immune-system function (Figure 10); (116). There is

limited, inconclusive evidence to support the role of immune function as a pathway for

cancer prevention (105). Evidence to date suggests cancers associated with an impaired

immune system are different than the cancers associated with lack of physical activity (122).

The cancers associated with lack of physical activity are generally hormonal in nature, such

as breast and colon cancer.

Conclusion

In summary, there is growing observational evidence supporting mechanistic hypothesis

relating to physical activity and cancer prevention (Table 1). A scant portion of the data

from these observational trials is supported by data from randomized controlled trials (130).

However, there are numerous randomized intervention trials underway that may shed light

on the above-described associations established by the few prospective randomized

interventions conducted to date (53, 106, 107). Elucidating the—likely very complex—

mechanistic pathway underling the association between participating in physical activity and

cancer prevention will lend credibility to engaging in regular physical activity and may

provide an impetus for policy change and reform given the large burden of cancer on the

population (105, 130).
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Deleterious Sequelae from Cancer Treatment

Dependent on type and stage of cancer, treatment modalities such as surgery, chemotherapy,

radiation, endocrine, transplant, and targeted therapies are to achieve varying goals. Those

goals may be to cure the cancer, control the cancer, relieve symptoms, or prevent recurrence

(128). Given the complex nature of cancer treatment modalities are often combined making

the toxicities unique to individual modalities difficult to elucidate (158, 159). Treatment

modalities may act synergistically resulting in deleterious sequelae from two or more cancer

treatments (159). Two examples discussed later in this section are the use of surgery and

radiation therapy and the associated risk of developing upper or lower limb lymphedema.

Another example includes the use of anthracycline-based chemotherapy and radiation, and

the associated risk of developing cardiotoxic complications.

To this end, the focus of this section is not to describe all possible complications that may

result from cancer treatment, but to highlight the most common toxicities, particularly the

physiologic toxicities that are—or hypothesized to be—amendable to physical rehabilitation.

Accordingly, we review surgery, chemotherapy, radiation, endocrine, transplant, and

targeted therapies and their associated acute and late toxicities.

Surgical Oncology

Surgery was the first effective treatment for cancer, and is a cornerstone for the

contemporary treatment of many solid tumors (128). Modern practices of surgical oncology

integrate clinicians who are experts in pathology, medical oncology, radiation oncology, and

other specialty disciplines. Early examples of surgery in oncology date back a century or

more—1904 with radical prostatectomy, 1906 with radical hysterectomy, and 1908 with

abdominoperineal resection for rectal cancer (128). The goals of surgery may be curative,

palliative, for prolongation, or for prevention of complications through local control (128).

Surgical Oncology Sequealae

As noted above, we acknowledge there are an abundant number of symptoms and side

effects that occur as a result of cancer surgery. Despite these numerous symptoms and side

effects, there exists limited evidence to support the efficacy of exercise to improve these

symptoms and side effects. As such, we focus our review on the most studied surgical

complications, lymphedema of the upper and lower limbs, and general functional

impairments occurring after surgery.

A potential side effect for cancer survivors with breast cancer is the risk of developing upper

limb lymphedema. Among a meta-analysis of 98 studies examining secondary upper limb

lymphedema after breast cancer surgery, five surgical procedures were identified as

increasing the risk of developing upper limb lymphedema (168). Surgical risk factors

included having a mastectomy compared to lumpectomy, RR=1.42 (95% CI: 1.08–1.87);

radical mastectomy compared to any other mastectomy, RR=2.66 (95% CI: 2.01–3.52);

axillary dissection compared to sentinel lymph node biopsy, RR=2.99 (95% CI: 1.89–4.74);

axillary dissection compared to no axillary dissection, RR=3.19 (95% CI: 1.99–5.10); and

having positive lymph nodes compared to no positive lymph nodes, RR=1.59 (95% CI:
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1.35–1.86); (168). These risk factors are consistent with the understanding that treatments

which disrupt lymphatic flow through the axilla could lead to development of lymphedema

(136). Treatment choices for cancer patients are generally dictated by tumor characteristics

and surgical needs and expertise to maximize disease control and patient outcomes, and not

the risk of developing post-surgical complications (128).

Women undergoing the procedures listed above are at heightened risk for developing

lymphedema. Other risk factors associated with developing lymphedema that are not

directly related to surgical procedures exist (136). Non-surgical procedures that increased

risk for lymphedema included receiving radiation therapy, compared to no radiation therapy,

RR=1.91 (95% CI: 1.54–2.37) and radiation to the axilla, compared to no radiation to the

axilla, RR=3.06 (95% CI: 2.02–4.63) (168). Receipt of chemotherapy, however, was not a

risk factor for the development of lymphedema, RR=1.10 (95% CI: 0.90–1.35); (168).

Women may experience symptoms and side effects from breast surgery immediately after

surgery or years after surgery (157). These side effects are termed acute and late side effects.

Among a cohort of 191 women who underwent breast-surgery, upper limb dysfunction was

measured at time points of 3-, 6-, and 12-months post-surgery (185). Upper limb

dysfunction included signs and symptoms of any one or more of the following: pectoralis

tightness, lymphedema, myofascial pain syndrome, rotator cuff disease, adhesive capsulitis,

post-mastectomy pain syndrome, or axillary web syndrome (185). Among the 191 women,

24.6%, 20.9%, and 26.8%, had upper limb dysfunction at 3-, 6-, and 12-months,

respectively. The prevalence of upper limb dysfunction was higher among 62 women who

underwent axillary dissection compared to 125 women who underwent sentinel lymph node

biopsy with 3-, 6-, and 12-month prevalence as 38.7% versus 18.4%, 40.0% versus 12.2%,

and 44.1% versus 19.2%, respectively (Figure 11); (185). After adjusting for patient

characteristics, factors that associated with risk of pectoralis tightness at 12-months were

age, OR=0.89 (95% CI: 0.80–0.99), receipt of radiation therapy, OR=0.08 (95% CI: 0.01–

0.59), and having a mastectomy, OR=18.29 (95% CI: 1.16–207.78); (185). After adjusting

for patient level characteristics, the lone factor that increased risk of lymphedema at 12-

months was axillary lymph node dissection, OR=4.55 (95% CI: 1.38–14.97); (185).

In addition to lymphedema and upper limb dysfunction, upper extremity pain disorders are

common among breast cancer survivors. As many as 88% breast cancer survivors report

some form of arm morbidity and associated pain (160). The most commonly diagnosed

disorders include edema, upper limb tightness (referred to as postmastectomy syndrome),

lateral epicondylitis, adhesive capsulitis, and rotator cuff tendonitis (160). In a retrospective

case-series of eight women with breast cancer related lymphedema and rotator cuff

tendonitis, seven out of eight reported subjective increases in shoulder pain at four to six

week follow-up (67). It is hypothesized the complications of rotator cuff tendonitis and

lymphedema is caused by derangement of tendon fibers in the shoulder, which are then

subject to impingement, functional overload, and tendinopathy, which result in pain, and

limited functional mobility of the shoulder (67, 157). Currently, the recommended clinical

management of rotator cuff complications among breast cancer survivors with lymphedema

is with non-steroidal anti-inflammatory drugs and physical rehabilitation exercises (67, 157).
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The discussion up to this point has focused on surgical complications among breast cancer

survivors. Nevertheless, any cancer patient who undergoes surgery is subject to deleterious

surgical sequelae, particularly lymphedema if there is disruption of the lymphatic system in

the upper limbs (i.e., breast cancer), or in the lower limbs (i.e., gynecologic and

genitourinary cancer, and melamonas). In a meta-analysis among 47 studies including 7,779

cancer survivors, the overall incidence of lower limb lymphedema among all cancers was

15.5% (95% CI: 11.0–21.0), and varied (p<0.001) by type of malignancy (29). Among

gynecologic and genitourinary cancers, and melanoma, the incidence of lower limb

lymphedema was 20%, 10%, and 28%, respectively (29). Similar to upper limb lymphedema

among breast cancer survivors, in the 7,779 cancer survivors with or at-risk for lower limb

lymphedema, risk increased with pelvic lymph node dissection, and receipt of radiation

therapy with incidence estimates of 22%, and 31%, respectively (29).

As a result of the deleterious side effects from surgery, various surgical procedures have

been examined to identify techniques that reduce the risk of developing lower limb

lymphedema. In a meta-analysis of four studies, preservation of the saphenous vein was

associated with a reduced likelihood of developing lower limb lymphedema, OR=0.24 (95%

CI: 0.11–0.53); (1). Additionally, vein sparing inguinal node dissection reduced the

likelihood of developing cellulitis (a bacterial infection treated with broad-spectrum

antibiotics), OR=0.40 (95% CI: 0.16–0.96) and reduced likelihood of wound breakdown,

OR=0.34 (95% CI: 0.19–0.59); (1). However, there exists no evidence from randomized

controlled trials to support these associations.

Chemotherapy (Medical Oncology)

Chemotherapy was first used in 1895 for breast cancer by Beatson (128). Since that time, the

growing knowledge of tumor cell biology has provided the infrastructure needed for the

development of a variety of chemotherapeutic agents. Varying in mechanism, we review

three of the most common forms of chemotherapy, antracyclines, taxanes, and platinum-

based chemotherapies that exercise specialists may encounter (149). Anthracyclines, in

particular doxorubicin and daunoribicin, are classified as topoisomerase inhibitors (128).

The antineoplastic behavior of anthracyclines is broad, as these drugs interact with a variety

of biochemical systems in tumor cells inhibiting DNA and RNA synthesis, blocking DNA

transcription and replication, and damaging cell membranes. Taxanes, commonly paclitaxel

and docetaxel, impair cell function by affecting cell microtubules, thereby preventing tumor

cells from successfully replicating (149). Platinum based chemotherapies, commonly

cisplatin and oxaliplatin, induce cell death by interfering with DNA replication and

transcription.

This section provides an overview of some of the widely studied chemotherapeutic agents

and their associated late-side effects, which may be amendable to exercise rehabilitation.

Chemotherapy is associated with a variety of cardiovascular complications including

cardiomyopathy and potential heart failure, ischemia, hyper- or hypotension from

endothelial dysfunction, thromboembolism, bradycardia, QT wave prolongation, and

neurotoxicities (22, 149, 186).
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Chemotherapy Sequelae

Anthracyclines—The incidence of left ventricular dysfunction among patients treated

with anthrcyclines ranges from 0.9–26%; (186). The effect of dose-dependent anthracycline

toxicity appears to be independent of the type of cancer being treated (22). A consensus

panel identified patient and treatment risk factors for anthracycline-associated

cardiomyopathy. Patient level characteristics include young (<18) or old (>65) age patients,

pre-existing cardiac disease, pregnancy, and extreme or vigorous-intensity sport

participation. Treatment risk factors include high cumulative dose of anthracycline,

associated radiation treatment, treatment with combination therapy (i.e., targeted therapies),

and longer duration of survival (22).

In a meta-analysis of 55 published studies reporting acute and late cardiotoxic factors

associated with anthracycline-based chemotherapy among patients treated for breast or

ovarian cancer, lymphoma, myeloma or sarcoma (153), the authors identified anthracycline-

based chemotherapy associated with an increased risk of clinical cardiotoxicity compared to

non-anthracycline-based chemotherapy agents, OR=5.43 (95% CI: 2.34–12.62). This

association was observed when anthracyclines were administered in bolus form compared to

continuous infusions, OR=4.13 (95% CI: 1.75–9.72). Sub-clinical cardiotoxicity also

increased, OR=6.25 (95% CI: 2.58–15.13). As such, anthracyclines are associated with an

increased likelihood of cardiac death, OR=4.94 (95% CI: 1.23–19.87); (153).

In a retrospective analysis of three treatment trials, the estimated cumulative percentage of

patients with congestive heart failure was dose-dependent among 630 breast and small-cell

lung cancer patients randomized to doxorubicin-plus-placebo (161). Congestive heart failure

was 5%, 16%, 26%, and 48%, at cumulative doses of 400mg/m2, 500 mg/m2, 550 mg/m2,

and 700 mg/m2, respectively (Figure 12); (161). Older age (> 65 yrs) was a risk factor for

developing congestive heart failure while being treated with higher doses of doxorubicin

(i.e., >400 mg/m2), HR=3.28 (95% CI: 1.40–7.65); (161). Among the 630 patients treated

with doxorubicin, 149 (23.6%), experienced a cardiac event (161). The cumulative

percentage of occurrence of any cardiac event was also doxorubicin dose-dependent with

7%, 9%, 18%, 38%, and 65% of patients treated with 150 mg/m2, 250 mg/m2, 350 mg/m2,

450 mg/m2, and 550 mg/m2, respectively (Figure 13); (161).

The risk of cardiotoxicity from anthracyclines appears to be dose-dependent, in a non-linear

fashion. This sharp increase in risk of cardiotoxicity with concurrent increases in

anthracycline dose has spurred a consensus panel to state there is likely no such safe dose of

doxorubicin—as an increasing number of emerging studies are finding a greater proportion

of cardiotoxicity at lower cumulative doses than previously thought (22). A review was

recently published that examined the evidence of cardiotoxicitity among breast cancer

survivors (139). This review concluded up to 33% of breast cancer survivors may

experience cardiotoxicity from cancer treatment. Despite the high prevalence of

cardiotoxicity, there is limited data to help exercise physiologists develop and tailor exercise

interventions for cancer survivors who may have cardiotoxicities. Current recommendations

salient to exercise include maximal exercise stress testing with echocardiogram to identify

heart abnormalities with physical exertion (22). This paucity of data is a major research gap
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given the prevalence of cardiotoxicities in the population and the potential for exercise to be

an efficacious means to improve cardiovascular health.

Taxanes and Platinum based Chemotherapies—In meta-analysis of 13 studies

including 22,903 patients, the addition of taxane-based chemotherapy into anthracycline-

based chemotherapy regimens improved disease-free survival as well as overall survival,

HR=0.83 (95% CI: 0.79–0.87), and HR=0.85 (0.79–0.91), respectively, compared to

anthracycline-based chemotherapy alone (40). A meta-analysis of 37 trials including 7,633

non-small-cell lung cancer survivors reported the use of platinum-based chemotherapy

increased the odds of responding to chemotherapy, OR=1.62 (95% CI: 1.48–1.80); (38).

Despite the improvements in survival, numerous side effects were reported among platinum-

based chemotherapies, including neutropenia, OR=1.23 (95% CI: 1.01–1.49),

thrombocytopenia, OR=3.10 (95% CI: 2.29–4.19), nausea and vomiting, OR=1.92 (95% CI:

1.35–2.73), and increased risk of toxic death, OR=3.34 (95% CI: 1.03–10.8); (38).

Peripheral neuropathies may also result from taxane or platinum-based chemotherapies

(149), however statistically significant increases have not been consistently observed,

OR=1.42 (95% CI: 0.90–2.25); (38).

Radiation Oncology

Radiation therapy is used to treat approximately of 50% of cancer patients (128). Radiation

can be described as a form of energy, particularly ionizing energy. Radiation energy is used

to damage the molecular structure leading to injury of DNA and other structures critical for

cell survival and replication (128). Technological advances have allowed radiation

oncologists to optimize the delivery of radiation to a tumor site, allowing the treatment of

the tumor while minimizing any residual radiation exposure to surrounding tissues. These

improvements are evidenced in the subsequent paragraphs, describing the temporal sequence

of radiation-induced cardiac-related toxicity, and where research focus may be needed,

given improvements in the delivery of radiation therapy treatment.

Radiation Oncology Sequealae

Patient and treatment-related factors may increase risk of cardiotoxicity after radiation to the

chest wall (22). Patient-related factors for radiation-related cardiotoxicity include treatment

with anthracyclines, tumor proximity to the heart border, age (<18), pre-existing cardiac

disease and known cardiac risk factors, and >10 yr. post-radiation treatment (22). Radiation

treatment related factors include older radiation technology (orthovoltage), volume of

irradiated heart, radiation dose to the heart (>30 Gray), daily dose fraction (>2 Gray·day−1),

and absence of subcranial blocking (22).

Radiation therapy is associated with coronary artery disease, valvular disease, chronic

pericardial disease, cardiac abnormalities including arrhythmias and conduction,

cardiomyopathy, and stenosis of the carotid artery (22). However, with newer, more precise

radiation techniques, the cardiotoxic effects of radiation therapy are less frequent and severe

than previous research has predicted.
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For example, an analysis of 27,283 women treated with adjuvant radiation for breast cancers

from 1973–1989 were reviewed to examine the temporal pattern of risk of death from

ischemic heart disease (58). Among three time periods, 1973–1979, 1980–1984, and 1985–

1989, the risk of ischemic heart disease decreased approximately 6% with each succeeding

treatment year compared to the 1973–1979 group of women, HR=1.50 (95% CI: 1.19–1.87)

compared to HR=0.94 (95% CI: 0.91–0.98), respectively (58). Additionally, in an analysis

of 16,269 women diagnosed with left or right side breast cancer, followed for a mean of 9.5

years, the prevalence of any cardiac event was 3,448 (21.1%); (124). More specifically, the

prevalence of ischemic heart disease was 1,594 (9.8%), valvular heart disease was 465

(2.9%), cardiac conduction abnormalities were 1,571 (9.7%), and heart failure and

cardiomyopathies were 1,572 (9.6%); (124). Moreover, there exist no differences between

women diagnosed with left- versus right-sided breast cancer, as radiation to the left breast is

associated with cardiac damage (124).

Although the frequency and severity of cardiac-related toxicities from radiation treatment

are decreasing over time, there exists an evolving burden of neuromuscular and

musculoskeletal complications from radiation treatment. Case-reports of radiation-induced

neuromuscular fibrosis exist from survivors of Hodgkin’s lymphoma are emerging (159).

Radiation exposure may result in fibrotic sclerosis on exposed nervous tissues, resulting in

pain, sensory loss, and weakness (157, 159). Radiation exposure to muscular tissue may

result in focal myopathies, prone to painful spasm, weakness, and fatigue (159). It is

suggested muscular spasm coupled with nerve damage results in continuous muscle

contraction, subsequent acidic environmental conditions in the muscle, impaired blood flow,

and muscular hypoxia (159). The hypoxic environment in the muscle elicits a cascade of

inflammatory markers released into the vasculature, thereby perpetuating the above-

described cycle (148). Clinical observations further suggest that radiation impairs tendon

and ligaments, and deteriorates bone structure (157, 159).

Endocrine Therapy

In 1895 Beatson demonstrated that oophorectomy would slow the progression of breast

cancer (128). In succeeding years, varieties of endocrine-based treatments have been

developed to treat cancer (128). Three of the most common endocrine therapies include

tamoxifen and aromatase inhibitors to treat breast cancer, and androgen deprivation therapy

to treat prostate cancer (128). It is likely that exercise professionals working with breast and

prostate cancer survivors will encounter cancer survivors treated with a variety of endocrine

therapies. A broad understanding of the side effects of each of these endocrine therapies is

important to enable exercise professionals to tailor exercise prescriptions to maximize

outcomes and ensure safety.

Tamoxifen is a non-steroidal anti-estrogen, which alters estrogen receptor genes, blocks

progesterone receptor synthesis, and stimulates gene regulation potentials. Given the diverse

actions, tamoxfien may reduce the risk of breast cancer, but increase the risk of other

cancers, particularly endometrial cancer (128). Aromatase inhibitors act by inhibiting

aromatization of androgens to estrogens, thereby reducing the risk of breast cancer

recurrence. Aromatase inhibitors produce undesirable side effects including muscle pain,
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and weakened bone mineral integrity (101, 132). Androgen deprivation therapy is

commonly used as an adjuvant to treatment for prostate cancer (150). Androgen deprivation

has many deleterious side effects including decreased libido, impotence, hot flashes, and

osteopenia (150). Nevertheless, endocrine therapies have become a standard component to

the management of breast and prostate cancer (128, 150).

Among 6,241 women prescribed tamoxifen or the aromatase inhibitor anastrozole at 100-

month follow-up, disease-free survival, time to recurrence, time to distance recurrence, and

contralateral breast cancer favored use of anastrozole, with HR’s of 0.90 (95% CI: 0.82–

0.99), 0.81 (95% CI:0.73–0.91), and 0.86 (95% CI: 0.75–0.98), and 0.68 (95% CI: 0.49–

0.94), respectively (7). Restricting the analyses to women with hormone-receptor-positive

breast cancer produced similar outcomes (7). There were no differences between tamoxifen

and anastrozole with respect to death from all-cause, death after recurrence, and death

without recurrence, HR=1.00 (95% CI: 0.89–1.12), 0.91 (95% CI: 0.79–1.05), and 1.12

(0.94–1.33), respectively (7). In similar subgroup analysis among hormone-receptor positive

women, the results did not differ substantively.

Endocrine Therapy Sequelae

A common complaint among breast cancer survivors on endocrine therapy, particularly

aromatase inhibitors, is musculoskeletal pain (42). In a cross sectional sample of 300

consecutive breast cancer survivors, 47% reported one or more symptoms consistent with

aromatase inhibitor associated pain (101). Over 50% of those surveyed with aromatase

inhibitor associated pain reported experiencing symptoms within one month of starting

treatment (101). This pain may impair activities of daily living, as 51.8% of women reported

pain in their feet, 59.7% in their knees, 60.4% in their wrist/hand, and 54.0% in their lower

back (101).

Women with hormone-receptor positive breast cancer who reported musculoskeletal

symptoms and side effects from the tamoxifen or anastrozole were compared to women who

did not report these symptoms to examine the relationship between musculoskeletal

symptoms and cancer recurrence. Among 3,964 eligible women, 1,486 (37.5%) reported

musculoskeletal symptoms at 3-month follow up (37). Women reporting musculoskeletal

symptoms from either tamoxifen or anastrozole at 3-months had a lower risk of recurrence

compared to women who did not report joint or musculoskeletal symptoms, HR=0.72 (95%

CI: 0.60–0.85), controlling for age, BMI, previous hormone-replacement therapy, nodal

status, and tumor grade (37).

In a meta-analysis of seven randomized controlled trials that included 30,023 participants,

the use of aromatase inhibitors were associated with an increased risk of cardiovascular

disease compared to tamoxifen, OR=1.26 (05% CI: 1.10–1.43); (5). The use of aromatase

inhibitors compared to tamoxifen were associated with a decreased risk of venous

thrombosis, OR=0.55 (95% CI: 0.46–0.64), and reduced risk of endometrial cancer,

OR=0.34 (95% CI: 0.22–0.53); (5). Conversely, the use of aromatase inhibitors compared to

tomxifen were associated with an increased risk of bone fracture, OR=1.45 (95% CI: 1.33–

1.60), and an increased risk of hypercholesterolemia, OR=2.36 (95% CI: 2.15–2.60); (5).
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There existed no difference in developing other secondary cancers between aromatase

inhibitors and tamoxifen, OR=0.98 (95% CI: 0.85–1.14); (5).

In a clinical trial, 456 prostate cancer survivors were randomized to receive radiation

therapy, or radiation therapy and androgen deprivation therapy (127). At follow-up,

androgen deprivation was associated with improvement in local control (p=0.016), reduction

in distant metastases (p=0.04), disease free survival (p<0.0001), and cause-specific mortality

(p=0.05); (127). Despite these favorable benefits in survival, many of those undergoing

androgen deprivation therapy experience musculoskeletal deficits including losses in muscle

strength and osteoporosis (150) which may be amendable to exercise intervention. Among

155 prostate cancer survivors undergoing androgen deprivation therapy, those randomized to

participate in 12 weeks of resistance exercise demonstrated favorable improvements in

upper and lower body strength, fatigue, and quality of life compared to those randomized to

receive standard care (146). Improvements in lower body strength, 6-meter forward and

backward walk time have also been observed among prostate cancer survivors engaging in

exercise training (56).

Hematopoietic Stem Cell Transplantation

Transplantation of stem cells is a relatively new treatment modality commonly reserved for

patients with hematologic malignancies. Hematopoietic stem cell transplantation (HSCT)

can be divided into several types, including autologous and allogeneic (128). Autologous

transplantation extracts the patient’s own cells which are then stored for future use.

Conversely, allogeneic transplantation uses healthy matched donor cells. Despite the success

of both techniques, each carries its own set of toxicities, particularly graft-versus-host-

disease, that requires immunosuppressive medications to treat (128). Relative to the depth of

literature on chemotherapy, radiation, and endocrine therapy, there is scant literature on the

late effects of stem cell transplantation. Therefore, we discuss two relatively larger

observational studies that have identified late effects of hematopoietic stem cell

transplantation.

Hematopoietic Stem Cell Transplantation Sequelae

A case control study (162), compared the late effects of 137 patients who underwent

hematopoietic cell transplantation with non-transplant controls matched on age, sex, race,

self-reported medical problems, and health-related quality of life. At 10-year follow-up,

more cancer survivors reported having a history of cataract surgery compared to controls,

38% vs. 1%; p<0.001 and more frequent on going moderate or severe medical problems,

3.5±2.8 versus 1.7±2.0; p<0.001 (162). Medical problems included frequent musculoskeletal

issues, leg cramps, stiffness, urinary incontinence, impaired memory, ankle swelling, and

skin problems (162). Among a possible total of 27 symptoms, cancer survivors had

significantly more moderate or severe medical problems compared to matched controls.

Cancer survivors also reported more frequent use of antidepressant or antianxiety

medications 21% versus 10%, p=0.009; and poorer self-reported appearance 31% versus

3%, p<0.001, respectively (162).
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Among a cohort of 1,087 cancer survivors treated with hematopoietic cell transplant, the

prevalence of nonmalignant late-effects at 37-months follow-up was 44.8%, and 79%,

among autologous, and allogeneic transplant patients, respectively (86). Frequent new

comorbidities post-transplant are highlighted (Figure 14), for allogeneic and autologous

transplant types. In multivariable analysis, among 15 potential risk factors associated with

developing a new post-transplant late-effects among autologous transplant, age, multiple

myeloma, and total body irradiation were risk factors with HR’s of 1.5 (95% CI: 1.1–2.3),

0.7 (95% CI: 0.5–1.0), and 0.4 (95% CI: 0.2–0.7), respectively (86). Among allogeneic

transplant, age, female gender, and having an unrelated donor were associated with

developing a new post-transplant late-effect with HR’s of 1.3 (95% CI: 1.0–1.6), 1.5 (95%

CI: 1.2–1.9), and 1.3 (95% CI: 1.1–1.6), respectively (86).

Targeted Therapies

Targeted cancer therapies, referred to more specifically as molecularly targeted therapies,

have recently emerged as a tumor-specific method to block cell growth and impair the

spread of cancer in the body. Targeted therapies interfere with cell signals to prohibit

cellular and blood vessel growth, induce cell death, and stimulate immune function (128).

Over two dozen varieties of targeted therapies exist, each with a specific target and

mechanism of action (128). The use of targeted therapies is a rapidly evolving science. As

such, exercise specialists working with cancer survivors on targeted therapies must be

informed of commonly used targeted therapies and their subsequent side effects will be

described. Trastuzumab is a monoclonal antibody that impairs breast cancer cell-

reproduction by binding to the HER2 protein. Bevacizumab is an angiogenic inhibitor,

which acts by preventing the growth of new blood vessels through vascular endothelial

growth factor A.

Targeted Therapy Sequelae

Trastuzumab—Trastuzumab is a monoclonal antibody targeting p185HER2, a receptor

kinase of the epidermal growth factor family (184). Approximately 20–30% of all breast

cancers overexpress this receptor protein, so trastuzumab is used among women diagnosed

with HER2-positive breast cancer. Trastuzumab is associated with a variety of survival and

recurrence benefits and is well studied (8, 16, 110, 156, 172, 183). However, evidence is

emerging for cardiotoxic, and brain metastatic risks from treatment. Trastuzumab

cardiotoxicity differs from anthracycline-based cardiotoxicity because it is not dose-related,

is frequently reversible, and rarely results in death (22). It has been recommended

trastuzumab not be used concurrently with an anthracycline, because the two act

synergistically to increase the risk of congestive heart failure (22). Patient level risk factors

for trastuzumab-related cardiotoxicity include older age, and decreased left ventricular

ejection fraction associated with anthracycline treatment (22). The survival benefit

associated with trastuzumab use outweighs the risk of cardiac toxicity (22).

In a meta-analysis of five randomized trials, trastuzumab significantly reduced mortality,

OR=0.52 (95% CI: 0.44–0.62), recurrence, OR=0.53 (95% CI: 0.46–0.60), metastases rates,

OR=0.53 (95% CI: 0.45–0.61), and other second tumors, OR=0.33 (95% CI: 0.15–0.74)

among women with HER2-positive breast cancer (172). Despite the clinical benefits
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associated with trastuzumab, risks do exist. Trastuzumab was associated with an increased

risk of cardiac toxicity, OR=2.45 (95% CI: 1.89–3.16), and brain metastases, OR=1.82 (95%

CI: 1.16–2.85); (172). In a similar meta-analysis of 10,955 women with HER2-postivie

breast cancer, trastuzumab was associated with an increased risk of symptomatic

cardiotoxicity, and grades III–IV congestive heart failure, RR=7.05 (95% CI: 3.88–12.83)

with 62 patients needing to be treated in order to harm one (16). Asymptomatic

cardiotoxicity, including a significant left ventricular ejection volume reduction was

amplified with trastuzumab use, RR=1.88 (95% CI: 1.66–2.13), with 14 patients needing to

be treated in order to harm one (16).

Bevacizumab—Bevacizumab is an angiogenesis growth inhibitor preventing the growth

of new blood vessels to solid tumors. Bevicizumab is used to treat metastatic colon, lung,

and kidney cancer, as well as glioblastomas (a type of brain tumor). The primary

cardiotoxicity associated with bevicizumab use is hypertension (129). However, there is

emerging evidence of other forms of cardiotoxicities, and brain metastases associated with

Bevacizumab treatment.

Among metastatic colorectal cancer patients, bevicizumab was associated with

improvements in progression-free survival, HR=0.66 (95% CI: 0.56–0.77), and median

overall survival, HR=0.77 (95% CI: 0.67–0.89); (21). Among metastatic colorectal cancer

patients, chemotherapy plus bevicizumab was associated with increased risk of grade III–IV

hypertenstion, OR=4.19 (95% CI: 2.76–6.36), thrombolytic events, OR=1.75 (95 % CI:

1.21–2.53), bleeding, OR=1.87 (95% CI: 1.10–3.16), and gastrointestinal perforation, OR

4.81 (95% CI: 1.52–15.3); (21).

While these examples were among metastatic colorectal cancer patients, the cardiotoxic side

effects associated with bevacizumab appear to be independent of cancer tumor type. Among

12,656 varied solid tumor patients, the incidence of hypertension with bevacizumab was

23.6% (95% CI: 20.5–27.1), with 7.9% being grade III–IV hypertension (129). The relative

risk of developing hypertension when treated with bevicizumab compared with cancer

survivors not receiving bevacizumab was 5.28 (95% CI: 4.15–6.71); (129). This risk was

observed at varying weekly doses of bevacizumab, RR=4.78 (95% CI: 3.59–6.36), and 5.39

(95% CI: 3.68–7.90) at 2.5mg/kg/week, and 5.0mg/kg/week, respectively (129).

Effects of Exercise during Cancer Treatment

Five-year survival after a diagnosis of cancer has improved steadily over the past 40 years

(76). These improvements in 5-year survival are a result of earlier cancer detection, and

aggressive and successful treatments, now individualized to each patient (76, 128). As

discussed in earlier sections, the goals for cancer treatment may vary from patient to patient.

A hierarchy of priorities must exist between the cancer patient, family, and his or her

healthcare providers. Given the complex state of cancer care, it is understandable that cancer

survivors may feel overwhelmed during cancer treatment. We acknowledge that exercise

may not serve as a useful adjunct to all cancer survivors; however, there is a growing base

of evidence that suggests engaging in exercise, such as brisk walking, yields fewer
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symptoms and side effects during treatment and retards the rate at which physiologic

systems are affected (138).

Throughout this section examining the role of exercise during cancer treatment the reader

must remember the treatment stage of cancer survivorship includes numerous tasks that

must be addressed; communication with family and friends, communication with healthcare

providers, and transportation to receive cancer therapy, among other physical and emotional

decision-making processes (170). As such, the context of exercise during treatment must

serve a variety of purposes to yield itself valuable for use by patients.

Despite the success of recent cancer treatments—as illustrated by improvements in 5-year

survival rate, survivors may experience persistent symptoms and side effects of either their

cancer, or the treatment used to fight their cancer (138). Some of these symptoms and side

effects occur immediately after initiating cancer treatment, and resolve over days or weeks,

or stop when cancer treatment is complete (138). However, some of these symptoms and

side effects may persist beyond completion of treatment or manifest months or years after

treatment is complete. The dynamic and multifactorial behavior of cancer or treatment-

related symptoms makes the study of these symptoms difficult (159). In attempt to structure

the next two sections of this review, we examine some of the physiologic and psychosocial

responses to exercise rehabilitation during and after cancer treatment.

During cancer treatment, cancer survivors may experience a variety of physiologic and

psychosocial symptoms and side effects. Many of these symptoms and side effects are not

unique to one specific type of treatment (Table 2). Some of the most common symptoms and

side effects experienced during treatment include fatigue, pain, cardiovascular and

pulmonary complications, endocrine changes, musculoskeletal fatigue and weakness,

immune alterations, gastrointestinal upset and skin changes (138). Throughout this section

and the next section, exercise after treatment completion, the American College of Sports

Medicine has graded the literature examining exercise and cancer survivors using the

evidence grading criteria set forth by the National Heart, Lung, and Blood Institute (138).

The grades are as follows: A (overwhelming data from randomized controlled trials), B (few

randomized controlled trial data exist, or they are inconsistent, C (results from uncontrolled,

non-randomized, and/or observational studies, and D (evidence insufficient for categories A

to C).

Physiologic Outcomes

During cancer treatment, deconditioning of the cardiovascular and pulmonary system is

common and is associated with diminished levels of physical activity. However, it appears

that the adaptive capacity of the cardiorespiratory system to exercise training remains intact

during treatment. Among a meta-analysis of 17 high-quality studies, aerobic fitness—a

marker of cardiorespiratory function—improved significantly in cancer survivors during

treatment over the exercise intervention period (Figure 15). The standardized mean

difference (d) of aerobic fitness was of moderate size d=0.33 (95% CI: 0.08–0.57); p=0.009;

(154). In a similar meta-analysis of three studies, V02peak significantly increased in the

magnitude of 1.21 ml·kg−1·min−1 (95% CI: 0.50–1.92 ml·kg−1·min−1); (78). Interestingly,

this 1.12 ml·kg−1·min−1 may confer clinical benefits to cancer survivors. In a separate study,
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the same group reported that a 1.0 ml·kg−1·min−1 decrease in V02peak is associated with a

4% greater mortality rate (77). The American College of Sports Medicine consensus

statement on cancer and exercise, concluded that a grade A level of evidence existed for

cardiorespiratory benefits from exercise during cancer treatment (138).

Despite the known cardiac toxicities associated with cancer treatment, particularly

anthracycline-based chemotherapy, scant literature has examined the effect of exercise

training on clinical measures of cardiac function. A recent review has been published by

Scott et al., (145) reviewing the mechanistic underpinnings associated with the modulation

of anthracycline-induced cardiotoxicity via aerobic exercise training. Most studies

conducted to date have been in the form of an animal model and have demonstrated

promised for the use of aerobic exercise in the prevention and treatment of anthracycline-

induced cardiotoxicity (145). Among a meta-analysis of 14 trials in heart failure survivors

without cancer, aerobic training significantly improved ejection fraction by 2.59% (95% CI:

1.44–3.74%), end diastolic volume by −11.49 ml (95% CI: −19.95– −3.02 ml), and end

systolic volume by −12.87 ml (95% CI: −17.80– −7.93); (65). Strength training, and

combined strength and aerobic training were not associated with such improvements in

ejection fraction and end systolic or diastolic volumes. However, this extrapolation to cancer

survivors should be interpreted cautiously. The etiology of heart failure in the cancer

survivor may differ from that of a person without a history of cancer.

Muscle fatigue and muscle weakness are also common sequelae of cancer treatment, but

may be amenable to exercise training. For example, among 121 prostate cancer survivors

undergoing radiation therapy, chest and leg strength (measured via eight-repetition

maximum testing) improved by 13.7, and 25.2 kg, respectively over 24-weeks of exercise

training (147). Similarly, among 242 breast cancer survivors undergoing adjuvant

chemotherapy chest and leg strength (measures via one-repetition maximum testing)

improved by 6.8, and 5.2 kg, respectively after a median of 17 weeks of exercise training

(95% CI: 9–24 weeks); (34). A meta-analysis of randomized controlled trials concluded that

both upper body and lower body strength improve as a result of exercise training during

cancer treatment, with d=0.39 (95% CI: 0.12–0.65), and d=0.24 (95% CI: 0.07–0.41),

respectively (154). Similar to aerobic fitness, the American College of Sports Medicine

expert consensus panel graded the effect of exercise on muscular strength during treatment

for breast and prostate cancer survivors as level ‘A’—with all studies showing marked

improvements in muscular strength (138).

Despite the large volume of studies examining muscular strength among cancer survivors

during treatment, few studies have examined the role of strength training among those with

cancer cachexia (14). Cancer cachexia is a multifactorial clinical manifestation that includes

loss of body weight, adipose tissue, and skeletal muscle mass (6, 14, 111). The prevalence of

cancer cachexia varies from 2.4–50%, depending on the definition, and tumor-site under

investigation (14). The approved interventions for cancer cachexia are in the form of

suspensions which include megestrol acetate, dronabinol, and the oral supplement

eicosapentaenoci acid, which result in a variety of effects including improving appetite,

preventing weight loss, and increasing weight gain (14). It is interesting, given the success

of resistance training among cancer survivors to increase upper and lower body strength,
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that use of this modality among cancer survivors with cachexia is not more commonly

studied.

Changes in body composition are also common among cancer survivors during treatment. A

previously published meta-analysis observed significant reductions in body weight, d=−0.25

(95% CI: −0.49–0.00), and percentage body fat, d=−0.25 (95% CI: −0.48– −0.02),

respectively (154). However, significant improvements in fat mass, lean mass, BMI, and

waist circumference from exercise during treatment were not detected. This may be due in

part by a limited number of studies reporting data on individual soft tissue compartments or

anthropometric indices of obesity (k=5); (154). In general, exercise intervention studies

conducted to date have not focused on weight loss or fat loss. Exercise in the absence of

dietary modification may not be effective as the combination of exercise and diet when the

goal is to achieve a substantive amount of weight or fat loss. The American College of

Sports Medicine consensus panel on exercise and cancer graded body size and body

composition for breast cancer and prostate cancer survivors during treatment as evidence

category ‘B’—defined as few randomized controlled data exist or data are small

(underpowered) and inconsistent (138).

Bone loss is a common concern among cancer patients whose treatment aims to reduce

circulating sex hormone levels (e.g., breast and prostate cancer treatment). Based on a very

limited number of trials, moderate-intensity exercise may preserve bone health during

cancer treatment but probably has limited skeletal benefits over and above pharmacologic

treatment for bone loss. Exercise should not be ignored, though, for cancer patients on anti-

resorptive medications, though, because it has multiple health benefits may lower fall risk,

which further reduces risk of fracture. Schwartz reported that moderate-intensity aerobic

exercise, including mostly walking, prevents bone loss at the spine during chemotherapy in

female cancer patients; however, a similar study with a less intense walking-only

intervention failed to find that walking could prevent spine bone loss among breast cancer

patients in chemotherapy (144). So far, there are no trials that have reported on hip bone

mineral density as an outcome, even though hip fractures are considered the most deadliest

and costliest of all skeletal fractures. Consistent with this evidence, the American College of

Sports Medicine expert panel suggested exercise may be beneficial for bone health among

breast cancer survivors, but due to limited evidence, did not provide an evidence category

rating (138).

Psychosocial Outcomes

In addition to the various physiologic side effects from cancer treatment that may be

attenuated by exercise, psychosocial outcomes are also relevant to cancer survivors while

undergoing cancer treatment. There exists evidence that exercise improves a variety of

mental health outcomes including, fatigue, anxiety, quality of life, and mood, (Figure 16);

(138, 154). A large portion of this evidence exists among breast cancer, with a smaller

portion distributed among prostate, colon, and hematologic cancer.

Cancer-related fatigue is the most commonly studied psychosocial symptom associated with

cancer treatment (10, 15, 43, 104, 154). In a meta-analysis of 18 randomized controlled

trials, including 12 trials in breast, 4 in prostate, and 2 in mixed populations of cancer
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survivors examined exercise and the relationship with cancer-related fatigue (171). Among

breast cancer survivors, supervised aerobic exercise yielded a moderate sized reduction in

cancer-related fatigue, d=0.30 (95% CI: 0.09–0.51); (171). However, unsupervised home-

based aerobic exercise was not successful in reducing cancer-related fatigue among breast

cancer survivors, d=0.10 (95% CI: −0.25–0.45); (171). Among prostate cancer survivors, no

significant reductions in cancer-related fatigue were observed. Due to the mixed findings

from this meta-analysis, the American College of Sports Medicine expert consensus rated

cancer-related fatigue as categories ‘B’, ‘A’, and ‘B’ for breast, prostate, and hematologic

cancers. For example, a group of 59 varied cancer survivors receiving high dose

chemotherapy, followed by stem cell transplantation were randomized to supine cycle

ergometery or to standard care for the duration of their cancer treatment (41). The exercise

training group was able to attenuate increases in fatigue over the course of exercise training

whereas the control group experienced a significant increase in fatigue.

Anxiety is another commonly studied psychosocial outcome among cancer survivors during

treatment (138, 154). Among a meta-analysis of six studies exercise was associated with a

small reduction in anxiety symptoms, d=−0.21 (95% CI: −0.39– −0.03); (154). This is

consistent with the American College of Sports Medicine expert consensus, which suggested

randomized controlled trial data exist for breast cancer, but the evidence is inconsistent, viz,

evidence category ‘B’ (138). Limited or no evidence exists for other cancer types including

colon, prostate, hematologic, and gynecologic cancers (138). In the above described cancer-

related fatigue example (41), the exercise training group significantly reduced its anxiety

compared to baseline, whereas the control group experienced no change in anxiety levels.

Quality of life is a commonly studied psychosocial outcome of cancer treatment (138, 154).

Quality of life measures often include assessment of fatigue, depression, anxiety, and mood,

thus most of the findings on quality of life are similar to those of the above-described

psychosocial constructs. In a meta-analysis of ten studies (154), quality of life during

treatment improved with exercise training, d =0.13 (95% CI: −0.005–0.26). The functional

subscale of quality of life also demonstrated marked improvement, d=0.28 (95% CI: 0.02–

0.54), and mood also increased, d=0.39 (95% CI: 0.14–0.63); (154). Conversely, the quality

of life subscales, mental, physical, social, and emotional, did not demonstrate improvements.

This may be the result of limited studies (k<5) and subsequent limited statistical power

(154). The American College of Sports Medicine expert consensus provided evidence

category ‘B’ to both breast and prostate cancers—inconsistent or small (underpowered)

randomized controlled data (138).

To illustrate, 167 women were retrospectively queried about their levels of physical activity

during cancer treatment (33). Women who engaged in at least one session of strenuous

(vigorous) intensity exercise per week during their cancer treatment reported more favorable

post-treatment levels of quality of life with respect to all quality of life subscales, including

physical, functional, emotional, social, general concerns with life, overall quality of life, and

satisfaction with life, with moderate to large effect sizes for all domains ranging from 0.30

(social) to 0.67 (general concerns with life) compared to women who did not perform

vigorous intensity exercise. When this analysis included women that performed moderate or

vigorous intensity exercise during cancer treatment, the results did not differ substantively to
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women who only performed vigorous intensity exercise, with the lone exception of social

quality of life, which became non-significant (33).

Conclusion

Numerous physiologic and psychosocial can be achieved from exercise during cancer

treatment. We are now arriving at the stage of clinical research where the successful

translation and implementation of these results into standard clinical practice is needed

(135). This next phase of translation and implementation will require the participation of

experts in a variety of domains, including medical care and planning, exercise physiology,

behavioral science, and implementation science. Implementation of these interventions will

likely occur after cost-effective analyses have deemed them to be more cost-effective

compared to more traditional methods (i.e., “bed rest is best”) to manage symptoms

associated with cancer treatment. Another major challenge will be that, unlike for radiation,

chemotherapy, or surgery, there is no infrastructure to implement exercise interventions

during cancer treatment.

Exercise after Cancer Treatment Completion

Exercise has been used to help rehabilitate persons recovering from chronic illness as a

means to alleviate side effects and symptoms from the disease and treatments and even to

limit disease progression and mortality (74). Exercise can directly benefit persons after

cancer treatment through physiologic adaptations to chronic exercise training and indirectly

by reversing deconditioning that can begin around diagnosis and persist long into recovery.

Physical activity levels have been shown to decrease by an average of 2 hours per week

from pre-diagnosis to post-treatment in women with breast cancer (74).

Perhaps the best illustration of the role that exercise has in disease management is cardiac

rehabilitation. Heart disease encompasses a cluster of pathophysiologic states that increase

the risk of an adverse cardiac event, such as a heart attack or stroke. Sustained rhythmic

exercise stimulates the cardiorespiratory system and results in neurologic and cellular

adaptations that improve the efficiency of the heart and circulation. These structural and

functional improvements ultimately reduce the workload on the heart, thereby improving

functional capacity of the patient and reducing the risk of cardiac events. Likewise, exercise

adaptations to regular exercise training could alleviate or reverse the physiologic insults

resulting from cancer treatment (Table 3) and possibly alter disease progression.

Complicating the rehabilitation of cancer survivors is the synergistic interaction of

deleterious cancer treatment sequelae and the functional and psychosocial declines

associated with aging (137). As previously reviewed, cancer therapies are associated with a

variety of comorbidities, which may accelerate the aging process resulting in amplified

physical limitations, and subsequent disablement, if not remedied through intervention

(Figure 17); (137). Therefore the efficacy exercise after treatment to improve physiologic

and psychosocial limitations is of significance to the longevity of cancer survivors (27).

Benefits of exercise after cancer treatment—Post-treatment, exercise may reverse

losses that occurred during treatment, manage long-term, late effects of treatment and/or
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promote long-term function, health and survival. Cancer results not only in physical distress,

but emotional concerns as well. The psychosocial challenges that face cancer survivors are

significant. Exercise may provide relief from the emotional stress of cancer, but that topic is

beyond the scope of this review and the reader is referred elsewhere (143).

To date, the majority of evidence for exercise benefits comes from studies of breast cancer

survivors (154), though research in other cancer populations is steadily increasing.

Numerous systematic reviews and meta-analysis have been published (71, 87, 154, 171) and

exercise recommendations have been issued (138). A synopsis of the current information on

exercise benefits after cancer treatment is described below with an emphasis on the

physiologic adaptations that directly benefit cancer survivors.

Addressing physiologic sequelae from cancer treatment

Cardiovascular and circulatory system—Aerobic capacity, estimated by submaximal

walking tests or measured by maximal oxygen consumption, improves with exercise training

after cancer treatment (154). Despite the typical declines in aerobic fitness that accompany

treatment, regular exercise not only prevents deconditioning but can actually increase

fitness. Improved maximal aerobic capacity translates to lower demand for activities

requiring submaximal effort, such as activities of daily living and recreational pursuits.

Hematologic changes may, in part, underlie improvements in fitness. Though some cancer

survivors (i.e., breast cancer survivors and prostate cancer survivors on androgen

deprivation therapy) are at increased risk for cardiovascular disease after treatment, this is a

difficult outcome to study in exercise trials. Exercise is known to lower risk factors for

cardiovascular disease, such as adiposity, blood pressure and cholesterol in the general

population and has the same potential for cancer survivors. Though few exercise studies

include blood pressure in their outcome measures, reductions may occur both during and

after treatment (140).

Respiratory system—Few exercise studies have included outcome measures of

pulmonary function despite the fact that some cancers (i.e., lung) and some treatments (i.e,

chest irradiation or chemotherapy) can impair lung function at rest and during exercise. In

two sets of uncontrolled studies, Schneider et al reported significant improvements in the %

of predicted forced vital capacity (FVC) and forced expiratory volume in one second (FEV1)

in post-treatment female cancer survivors after individually tailored 6-month multi-

component exercise programs (140, 141). In the same study, pulmonary function did not

change in male cancer survivors post-treatment, though it’s possible that stable values over

treatment reflect a protective effect of exercise. For lung cancer patients, a few small studies

suggest that pre-operative cardiopulmonary exercise training can buffer the deconditioning

that occurs post-surgery (11, 79) and may shift the clinical status of patients from surgery

ineligible due to poor functional status to surgery eligible (25). Studies are underway to

determine exercise benefits for lung cancer patients post-treatment. Given the depth of

knowledge on the respiratory response to exercise after cancer treratment, the American

College of Sports Medicine assigned an evidence grade of A—overwhelming data from

randomized controlled trials.
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Musculoskeletal system—Keeping bones and muscles strong, yet limber, is central to

optimal physical functioning after cancer treatment and also for avoiding injuries such as

falls and fractures. Exercise studies must use techniques that can measure each fat, muscle

and bone compartments (i.e, dual energy x-ray absorptiometry) in order to quantify training-

related changes in each. Unfortunately, studies that only report % body fat are unable to

decipher whether shifts in body composition are the result of changes in lean and/or fat

mass. Accordingly, the evidence is mixed with regard to the ability of exercise to increase

lean mass after treatment (154). The majority of studies reporting preservation or increases

in lean mass used resistance exercise as the training mode, either exclusively or along with

aerobic activity (154). Despite the mixed evidence for lean mass, improvements in upper

and lower body strength are consistently observed across cancer types, timing relative to

treatment, and exercise type (138), though resistance exercise produces superior results

compared to aerobic exercise (34, 147). Strength improvements in the absence of muscle

hypertrophy suggest that the adaptations resulting from strength training may be largely

attributable to neural adaptations from better motor unit activation (recruitment, discharge

rate), synchronization, and cross education. Neural adaptations occur early on in a strength

training program and may explain strength improvements in most short-term training studies

where time required for muscle hypertrophy is insufficient. The known benefits of strength

training on the musculoskeletal system after cancer treatment is supported by a number of

randomized trials, with an evidence grade of A from the American College of Sports

Medicine.

Since certain cancer treatments, such as chemotherapy and/or sex hormone ablation therapy

can cause bone loss, the osteogenic nature of exercise make it a reasonable strategy to

mitigate or reverse bone loss in cancer survivors. Based on a very limited number of trials,

moderate-intensity aerobic or resistance exercise may preserve bone health after cancer

treatment but probably has limited skeletal benefits over and above bisphosphonate

treatment (179). Saarto et al studied impact loading, via vigorous aerobic + jump exercise, in

post-treatment breast cancer survivors and reported maintenance of femoral neck bone

mineral denisty in premenopausal patients but no effect at the spine (131). No changes in

bone mineral density among exercising postmenopausal patients was found. Combined these

studies suggest that mixed loading regimens that include impact training plus moderate-

vigorous resistance or aerobic training may reduce bone loss at the hip and spine. The

exercise prescription that best targets both skeletal sites and is consistently effective across

cancer types and subgroups, however, remains to be determined.

Given the contribution of flexibility to physical functioning and the impact of scarring from

radiation and/or surgery and inactivity on joint mobility, improving range of motion is an

important goal of activity programs for cancer survivors. Based mainly on evidence from

studies in breast cancer survivors, upper and lower body flexibility improves with activity

and particularly from dynamic exercise that emphasizes whole body range of motion, such

as Tai Chi (112).

Nervous system—Peripheral neuropathy is the most prevalent indicator of the neurotoxic

effect that cancer treatment can have. Neuropathy may contribute to difficulties with

mobility (i.e., gait and balance). Currently, there is little information on whether exercise

Brown et al. Page 36

Compr Physiol. Author manuscript; available in PMC 2014 August 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



can mitigate neurologic side effects, like neuropathy, though increases in muscular strength

could translate to better gait and stability (180). Recent studies demonstrated improved

mobility, measured by better tandem backward walk scores, among breast cancer survivors

participating in resistance training (169). Exercise has been explored for reducing peripheral

neuropathy in non-cancer populations and may be a plausible strategy to manage cancer

treatment-related neuropathy, yet remains to be tested.

Endocrine system—The classes of hormones of most interest for cancer survivorship

studies tend to be sex hormones and growth factors since they are implicated in disease

progression. Growth factors, including insulin, insulin-like growth factors (i.e., IGF-I, IGF-

II, IGF-III) and their binding proteins are anabolic hormones that promote cell division and

tissue growth. Because of its tumor-promoting potential exercise studies in cancer survivors

aim to reduce insulin and related growth factors. The literature is slim on this outcome,

though, and results are mixed (154). For example, Irwin and colleagues report significant

reductions in circulating insulin, IGF-I and IGFBP-3 levels in breast cancer survivors

participating in 150 minutes per week of moderate-intensity aerobic exercise for six months

(73). On the other hand, Fairey et al. (48), reported no change in insulin, reductions in IGF-I

and increases in IGFBP-3 among breast cancer survivors who cycled three times per week

for 15 weeks. Discrepancies among studies could be explained by differing age, body

composition and fitness levels among study cohorts as well as varying exercise prescriptions

since these factors can moderate the hormone-lowering effect of exercise. It is also

important to recognize a potential paradox with respect to the IGF-1 system. That is that

while increases in bioavailable IGF-I are associated with tumor progression they are also a

humoral driver for muscle and bone growth. In cancer populations at risk for treatment-

induced bone loss, an effective bone promoting exercise program might increase IGF-I,

which is an unfavorable outcome for disease progression. The implications of these

contradictory roles for IGFs in survivorship are beyond the scope of this review and the

reader is referred to an insightful review by Nindl and Pierce for further discussion (117).

Sex-hormone lowering effects of exercise are difficult to study in cancer survivor

populations with hormone-dependent tumors because of the confounding from hormone

ablation therapy. In the case of prostate cancer, however, it has been important to

demonstrate that exercise does not increase androgen levels which has been shown to occur

with heavy resistance training in men (55). Moderate-intensity aerobic exercise has been

shown to reduce circulating estrogens in postmenopausal women without cancer (53) and

may have implications for reducing disease progression in breast cancer survivors.

Metabolic system—Due to the strong role of adiposity in cancer risk and survival, as well

as in numerous other disease processes, weight maintenance and body fat reduction are a

central goal of exercise intervention after treatment. Though the majority of evidence comes

from studies in breast and prostate cancer survivors, there is consistent modest evidence that

exercise can reduce body weight and percent body fat after cancer treatment; (154) however,

some trials still fail to improve body size outcomes and it is unclear what limits efficacy of

these studies. Using data from the National Health and Nutrition Examination Survey

(NHANES) cohort, Lynch et al (2010) reported an inverse association between time spent in
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moderate-vigorous physical activity measured by accelerometry and waist circumference, a

measure of central adiposity (95, 96). No association was found between waist

circumference and time spent in light intensity physical activities or sedentary time

suggesting that greater energy expenditure is necessary to impact central adiposity.

The American College of Sports Medicine recommends that 150–250 minutes of moderate

intensity aerobic exercise are necessary to prevent weight gain and cause weight loss (44).

Exercise can also improve blood lipid profiles (e.g., total cholesterol, high-density

lipoprotein cholesterol, low-density lipoprotein cholesterol and triglycerides), either alone or

in conjunction with weight loss. Though understudied specifically in cancer survivors,

preventing dyslipidemia is a relevant health goal for this population, particularly given that

prostate cancer survivors are more likely to die of heart disease than prostate cancer and

breast cancer survivors are equally likely to die of heart disease as breast cancer (83, 123).

Resistance training can also favorably shift body composition, reduce visceral and

subcutaneous adiposity and decrease blood lipids as effectively as aerobic training.

Immune system—Depending on the nature of the exercise type and volume, exercise can

boost or compromise the immune system (116). Inactivity and extreme physical activity may

decrease immune function and increase inflammation whereas moderate intensity activity

may optimize immune activity and promote an anti-inflammatory state (105). Several

biomarkers of immunologic function and inflammation exist including neutrophil and

lymphocyte counts, natural killer cell activity, C-reactive protein, IL-6, IL-10, and TNF-

alpha (54, 109). It remains unclear what benefit exercise may have on immune system

function after cancer treatment.

Clinical Outcomes and Translation to Practice

Exercise can clearly benefit cancer survivors in terms of better daily functioning and overall

health; however, evaluating exercise effects on disease-free survival and mortality poses a

greater challenge. Several epidemiologic studies now suggest that regular, moderate to

vigorous physical activity can reduce the risk of cancer recurrence and cancer-specific

mortality in breast cancer and colorectal cancer survivors (69, 174). These promising

findings must be confirmed by large, randomized controlled trials. Another important

clinical benefit of exercise improved treatment tolerance. Exercise can manage debilitating

symptoms that onset with treatment (i.e., fatigue, nausea, diarrhea) and may also translate to

better compliance to treatment. In a randomized, controlled trial of over 250 breast cancer

patients undergoing chemotherapy, Courneya and colleagues (2007) reported significantly

better treatment completion rates among resistance trained women compared to aerobic

exercisers or controls (34).

Safety of exercise training and contraindications

Cancer treatment is debilitating and poses a threat to normal homeostatic function both

during therapy and into recovery. Since exercise is also a physiologic stressor, it is

conceivable that exercise could exacerbate treatment-related side effects and symptoms – a

perception that promoted rest as the best strategy for symptom management in cancer

patients until recent evidence was available to challenge that recommendation. A critical

Brown et al. Page 38

Compr Physiol. Author manuscript; available in PMC 2014 August 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



adjunct to establishing the efficacy of exercise for cancer survivors is to establish the safety

of exercise in this population. For example, progressive, moderate-intensity, upper body

resistance exercise is now regarded as safe for breast cancer survivors with or at risk for

upper extremity lymphedema (136). Up until evidence was available to point to the contrary,

recommendations for women with lymph node dissection were to limit or completely avoid

lifting and carrying heavy objects with the affected or at risk arm. As in other clinical

populations (i.e., patients with heart disease, diabetes, arthritis, neurologic disorders),

moderate-intensity exercise is regarded as safe both during and after cancer treatment and

the benefits of regular exercise for cancer survivors far outweigh the risks (138).

Nonetheless, as noted in this review the side effects of cancer treatment can impact exercise

ability and these limitations should be considered when prescribing exercise for individual

cancer survivors. Such considerations are outlined in the ACSM exercise guidelines for

cancer survivors (138).

Translation to Clinical Practice

The depth and breadth of high-quality evidence supporting the role for exercise in cancer

rehabilitation is strong (138). A model of cancer rehabilitation has been proposed to better

identify, and delineate the physical rehabilitation needs particularly among breast cancer

survivors (Figure 18); (64). This proposed model posits that education, prospective

surveillance of cancer therapy sequelae, and exercise prescription are necessary to prepare

breast cancer survivors for long-term survivorship. Within each strata of education,

prospective surveillance, and exercise prescription, exists a spectrum ranging from intensive

education, prospective surveillance, and exercise prescription to less intense education,

prospective surveillance, and exercise prescription (64). Each of these strata may be

customized to the needs of a specific breast cancer survivor based on her current knowledge

of healthy lifestyle behavior, treatment history and subsequent deleterious sequelae which

may be amendable to intervention, and an exercise prescription that is tailored to the specific

rehabilitative needs unique to each breast cancer survivor. The information needed to

address the specific educational, prospective surveillance, and exercise prescription needs as

proposed in this model, could come from cancer survivorship care plans provided to each

cancer survivor (27). The Institute of Medicine (27) suggested all cancer survivors receive a

cancer survivorship care plan that outlines surgical history, pathology findings,

chemotherapy and radiation therapy history, as well as treatment with other therapies (57).

Supporting the Institute of Medicine, use of treatment summaries has been mandated by all

NCI-designated comprehensive cancer centers by the year 2015 (4). The utilization of

cancer survivorship care plans, coupled with the professionals who are expert in cancer

survivorship, would provide the resources necessary implement this model of rehabilitation

into clinical practice. However, this model has yet to be integrated into clinical practice, and

therefore, weaknesses to the proposed model of rehabilitation remain to be uncovered.

Conclusion

Evidence to date suggests physical activity or exercise may play a pivotal role at all points

of interest on the cancer survivorship trajectory. Participation in physical activity is

associated with a reduced likelihood of developing cancer. Through the causal pathway
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underlying this association remains to be elucidated, the observational evidence is strong

and convincing, particularly among breast and colon cancer. Despite the success of a variety

of cancer treatments, many result in an array of deleterious symptoms and side effects.

However, many of these symptoms and side effects appear to be amendable to physical

activity. During and after cancer treatment, engaging in physical activity improves a number

of physiologic systems, resulting in improved physiologic and psychosocial outcomes.

Despite the favorable profile of physical activity along the cancer continuum, many research

gaps still exist. Elucidating the optimal dose of physical activity necessary to maximize the

reduction in risk of cancer is one such question. Similarly, elucidating the optimal dose of

physical activity necessary to improve specific physiologic systems, or treatment-specific

side effects is another research gap. If cancer rehabilitation is to become a standard part of

cancer care with third party coverage, it will be necessary to justify the safety and cost-

effectiveness of these physical medicine and rehabilitation intervention.
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Figure 1.
A paradigm of physical activity and cancer research.
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Figure 2.
A conceptual model to guide and organize the role of physical activity across the cancer

control continuum. Reproduced with permission from (32).
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Figure 3.
Individual risk factor contributions to mortality from all cancers, worldwide. Data from

(176).
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Figure 4.
Relative risk and 95% confidence intervals (95% CI) comparing highest versus lowest levels

of physical activity and cancer risk reduction.
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Figure 5.
Candidate mechanistic pathways linking physical activity and breast cancer. Reproduced

with permission from (165).
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Figure 6.
Strength of evidence linking physical activity and hypothesized cancer prevention

mechanistic pathways.
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Figure 7.
Weight adjusted treatment effect ratio of exercise to control on sex hormone concentrations

after 12-months. Data from (53).
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Figure 8.
Adjusted insulin sensitivity according to frequency of participation in vigorous intensity

physical Activity. Data from (102).
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Figure 9.
Adjusted fasting glucose according to frequency of participation in vigorous intensity

physical Activity. Data from (102).

Brown et al. Page 59

Compr Physiol. Author manuscript; available in PMC 2014 August 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 10.
Exercise intensity and optimal states of infection risk and immuno-surveillance. Reproduced

with permission from (115).
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Figure 11.
Prevalence of upper limb dysfunction among breast cancer survivors. Data from (185).
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Figure 12.
Prevalence of congestive heart failure at varying doses of anthracyline. Data from (161).
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Figure 13.
Prevalence of any cardiac event at varying doses of anthracycline. Data from (161).
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Figure 14.
New comorbidities acquired post-transplant at 37-month follow-up. Data from (86).
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Figure 15.
Physiologic effects occurring as a result of exercise training during cancer treatment. Data

from (154).
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Figure 16.
Psychosocial effects occurring as a result of exercise training during cancer treatment. Data

from (35, 154).
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Figure 17.
The intersection of Cancer and Aging. Reproduced with permission from (137).

Brown et al. Page 67

Compr Physiol. Author manuscript; available in PMC 2014 August 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 18.
Breast cancer surveillance and rehabilitation model. Reproduced with permission from (64).
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