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Abstract
Unfavorable physiological, biological, and behavioral alterations during and following treatment
for cancer may lead to chronic energy imbalance predisposing to a myriad of deleterious health
conditions including obesity, dyslipidemia, and the metabolic syndrome. In addition to the
cardiovascular and musculoskeletal effects of these conditions, energy imbalance and metabolic
changes after cancer treatment can also affect cancer-related morbidity and mortality. To this end,
lifestyle interventions such as diet and physical activity are especially relevant to mitigate the
deleterious impact of chronic energy imbalance in cancer survivors.

INTRODUCTION
Energy balance is the homeostatic state achieved when energy expenditure equals energy
intake.1 Energy balance requires the harmonization of caloric intake, physical activity, the
thermic effect of food, and basal metabolic rate (reflecting resting energy expenditure and
approximated by resting metabolic rate).1 In mammals, energy balance is complex. For
example, major tissues and organs that regulate energy balance include, but are not limited
to, the gut, the hypothalamus, adipose tissue, skeletal muscle, the liver and the pancreas.1,2

Positive energy balance (when intake exceeds expenditure) will result in energy storage and,
under chronic conditions, weight gain, while negative energy balance (when intake is less
than expenditure) will result in mobilization of energy stores and, under chronic conditions,
weight loss.3

Among patients with a cancer diagnosis, herein referred to as cancer survivors,4,5 the
problem of energy imbalance is more complicated, due in part to metabolic aberrations
related to anticancer and supportive care therapy as well as to the tumor burden itself.6

Cancer is an umbrella term that covers a wide range of malignancies varying substantially in
presentation, treatment, demography and prognosis – hence, the impact of energy balance
also varies dramatically across cancer diagnoses.7,8

At one end of the energy balance continuum in the oncology setting is cachexia, a
hypercatabolic state characterized by loss of skeletal muscle and marked negative energy
balance. Cachexia has been a hallmark of cancer since the time of Hippocrates,9,10 and
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weight loss, either at diagnosis or during anticancer therapy, remains an important
prognostic marker11 among patients with several cancers including breast, lung,12 and
pancreas.13,14 Weight gain, at the other end of energy balance, is also becoming increasingly
recognized as being associated with poor prognosis among patients diagnosed with breast
cancer.15–17 Therefore, in totality, chronic energy imbalance, whether positive or negative,
is associated with morbidity and mortality following a cancer diagnosis.18–20

In this paper, we will review the causes, consequences, and biologic mechanisms of positive
energy imbalance in cancer survivors, with a focus on development of cardiovascular risk
factors, overt cardiovascular disease, as well as cancer-specific outcomes. Examples from
several cancer diagnoses will be provided, although evidence from breast cancer survivors is
often strongest or most complete. Finally, we will discuss the evidence supporting the
efficacy of dietary and exercise interventions to mitigate positive energy imbalance-related
consequences among cancer survivors. For the impact of negative energy balance in cancer
patients, the reader is referred to several recent excellent reviews.1, 2, 6,21–24

POSITIVE ENERGY BALANCE IN CANCER SURVIVORS
Under chronic conditions, positive energy balance will manifest as overweight and obesity.
The general population has seen an explosion in the prevalence of overweight and obesity in
the preceding four decades.25,26 In the contemporary setting of treatment for breast cancer,
lymphoma, craniopharyngioma, or following stem cell transplant, weight gain and positive
energy balance have been described.27–34 As a common cancer and a frequently studied
group, discoveries among breast cancer survivors may provide guideposts for investigators
in other cancers. Weight gain during breast cancer therapy typically ranges from 2.5 to 11
kilograms.35–38 Premenopausal women and those receiving chemotherapy are at higher
risk.35,37–39 In the Health, Eating, Activity, and Lifestyle (HEAL) Study, 514 women with
stage 0-IIIA breast cancer were followed from the first to the third year of diagnosis for
weight and body fat changes. Weight and body fat (via DXA scan) were measured at
baseline and at two-year follow-up. A large majority of women gained weight (68%) and
body fat (74%).40

Weight gain in this setting appears to reflect loss of lean muscle mass and gain of adiposity,
especially abdominal adiposity.40–42 A seminal study by Demark-Wahnefried and
colleagues examined changes in weight and body composition among premenopausal breast
cancer patients receiving chemotherapy. Patients were assessed at the time of diagnosis and
throughout the first year of treatment with DXA for body composition, resting energy
expenditure (via indirect calorimetry), dietary intake, and physical activity. Patients
receiving chemotherapy were noted to gain more weight (2.1 kg on average) than those who
received localized therapy alone (1.0 kg on average), although they did not have different
resting energy expenditure or energy intake. Instead, patients receiving chemotherapy were
found to lose lean body mass and substantially gain fat mass (Figure 1), a situation the
authors described as sarcopenic obesity.42 Since that study, other work has confirmed these
findings.41,43,44

CAUSES OF POSITIVE ENERGY BALANCE
Fluctuations in dietary intake, physical activity, and resting energy expenditure likely
contribute to weight gain and positive energy balance among cancer survivors,7,36,45,46

although the relative contribution of each component requires further investigation. Cancer
therapy may impact diet and physical activity directly or via underlying mechanisms, such
as endocrine disruption or alterations in the leptin-adiponectin system.
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Direct changes in dietary intake
Brain tumor survivors, especially survivors of craniopharyngioma, are at risk for severe
overeating. This caloric intake-related energy imbalance is termed hypothalamic obesity.
Destruction of the ventromedial hypothalamus (VMH) during cancer treatment is thought to
be responsible for hypothalamic obesity. In the healthy brain, the VMH regulates energy
balance by interpreting hunger and satiety signals from circulating leptin, ghrelin, pancreatic
polypeptide 3–36 and insulin (Figure 2).47,48 Damage to the VMH can result in excessive
calorie intake and decreased caloric expenditure, either by inducing hyperphagia that results
in obesity and insulin resistance, or via overactive vagal neural transmission resulting in
excessive insulin secretion from the β-cells of the pancreas.49 Treatment decisions related to
the primary tumor affect the likelihood and severity of subsequent obesity. Surgical excision
of the tumor without radiation generally results in severe hypothalamic obesity and a typical
adult body mass index (BMI) > 50. Less aggressive surgery in combination with radiation
therapy typically results in less damage to the VMH and lower BMI, although survivors may
not be spared completely. Unfortunately, hypothalamic obesity can be intractable and
challenging to treat. Recent studies of octreotide and the combination of metformin plus
diazoxide have been encouraging, although further study is needed.50–52

Interestingly, survivors of breast cancer appear to change their diet, also. Among those
patients, taste alteration may impact dietary changes and contribute to weight gain during
chemotherapy for breast cancer. An investigation of breast cancer patients receiving
docetaxel or paclitaxel described taste alteration resulting in behavioral changes including
eating strongly flavored foods, honoring specific food cravings, eating candy before meals,
and drinking sweetened beverages.53 Other studies have revealed poor intake of fruits and
vegetables among various groups of cancer survivors (2.6 servings/day among uterine and
colorectal cancer survivors; 2.2 servings/day among breast cancer survivors) that may reflect
poor diet quality following treatment.54–57

Reduction in physical activity
As noted above, energy expenditure encompasses the resting metabolic rate, the thermic
effect of food, and physical activity.1 Not surprisingly, physical activity, the other
modifiable portion of the energy balance equation, also appears to be influenced by cancer
treatment.61–63 Bed rest, fatigue, and direct toxic effects of therapy (such as neuropathy or
cardiomyopathy) during the cancer experience modify fitness, endurance, and muscle
strength.61 Reduced physical activity during cancer treatment has been documented by
Demark-Wahnefried and colleagues among premenopausal breast cancer patients.36,42

Subsequent work in other populations has also described significant decreases, relative to
pre-diagnosis baseline, in estimated leisure-time exercise.64 Interestingly, one investigation
in breast cancer survivors36 and a separate study of children with acute lymphoblastic
leukemia65 noted lower resting metabolic rates among survivors, possible due to loss of lean
muscle mass, described further below, although other studies have not confirmed this
observation.42

Among patients with ALL, glucocorticoid administration during therapy can directly alter
appetite and physical activity, resulting in weight gain and height loss.58,59 Jansen and
colleagues observed a group of ALL patients on a protocol that required intermittent
dexamethasone. During dexamethasone administration, patients consumed more calories
and were less active than healthy controls.60 In a separate study, Ness and colleagues tested
75 adult survivors of childhood ALL treated between 1970 and 1986. The survivors had
decreased muscle strength and mobility compared to population normative values.
Additionally, the survivors took longer to stand up out of a chair (the “Timed Up and Go”
test) and walked shorter distances. Males had 4.5% more body fat and females had 2.3%
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more body fat (measured by dual energy x-ray absorptiometry) than population normative
values. A history of treatment with cranial radiotherapy (CRT) and growth hormone
deficiency were particularly relevant to lower body weakness among females.61

Hormonal and other endocrine-related dysregulation
Among breast cancer survivors, hormonal variation can alter energy balance, although data
is conflicting. Chemotherapy-induced menopause results in rapid falls in estrogen and
progesterone and increases in luteinizing hormone and follicle stimulating hormone. Some
studies suggest that premenopausal breast cancer patients who receive chemotherapy that
induces menopause appear to be at greater risk of weight gain,35,37–39,66 suggesting that
estrogen may be relevant to energy balance in this setting. Other studies, however, have
found greater weight gain among post menopausal women40,67 or no difference by
menopausal status.29

Survivors of stem cell transplant, especially those who were treated with total body
irradiation (TBI) are another high-risk group. Depending on the setting of the study, the
prevalence of impaired glucose tolerance and overt type 2 diabetes mellitus (DM) among
stem cell transplant survivors with a history of TBI ranges from 42% to 64%.68–70

Interestingly, the link between overweight or obesity and insulin resistance is not as clear in
the TBI survivor population. Many hematopoietic stem cell transplant survivors are normal
weight or even underweight.33,71 A recent laboratory investigation of 10 stem cell transplant
survivors with a history of TBI found that all subjects were insulin resistant, while only 5
were overweight or obese (BMI ≥ 25).27 A study in Sweden showed similar results; many
survivors were insulin resistant, but they did not have increased BMI compared to controls.
Instead, survivors were shorter than controls and had lower BMI. When body composition
was measured by DXA, survivors were found to have higher fat mass and lower lean body
mass than non-cancer controls.30 In addition, surviovors had higher leptin and lower
adiponectin than non-cancer controls, even after adjustment for fat mass.30

Indeed, these studies suggest that TBI followed by hematopoietic stem cell transplant may
lead to a form of lipodystrophy. Impaired subcutaneous fat accumulation may lead to
increased free fatty acids in the circulation and deposition of fat in visceral tissue.72,73

Impaired glucose tolerance results when subcutaneous adipocytes cannot expand because
pre-adipocytes cannot proliferate in the post-radiation setting. In this setting, the body may
respond by increasing leptin production in an attempt to recruit progenitor adipocytes from
the bone marrow, although this hypothesis needs to be tested.73 Leptin is a hormone secreted
by adipocytes (Figure 2). In the non-cancer setting, leptin is proportional to total body fat
mass and communicates via the hypothalamus to signal that energy stores are sufficient; it
can normally act as a mild appetite suppressant. Alternatively, increased leptin among stem
cell transplant survivors may reflect leptin dysregulation in the setting of impaired glucose
tolerance, as has been described among ALL survivors.74 After adjusting for fat mass
(measured by DXA), leptin was higher among female ALL survivors (compared to male
ALL survivors) and among those who had received cranial radiotherapy (CRT). Some
evidence suggests that a biologic interaction between leptin receptor activity, CRT, and
obesity may exist. A single nucleotide polymorphism of leptin receptor (Gln22Arg) interacts
with CRT in its association with insulin resistance and is independently associated with
obesity among female ALL survivors.75

CONSEQUENCES OF POSITIVE ENERGY BALANCE
Over time, positive energy balance will lead to obesity and can result in insulin resistance,
DM, lipid abnormalities, and the metabolic syndrome, depending on the setting and the
cancer population.70,71,81–83 Among cancer survivors, positive energy balance and weight
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gain can also adversely affect rates of relapse or recurrence and cancer-specific mortality.
This relationship may be partially explained by the Warburg Effect. During the 1920’s, Otto
Warburg discovered that cancer cells were using anaerobic metabolism via glycolysis even
though oxygen was readily available. This persistent use of anaerobic metabolism results in
a higher uptake of glucose into the cancer cell than into the non-cancer cell. Cancer cells,
therefore, can survive despite fluctuations in oxygen levels but become “addicted” to
glucose.46,84,85 Interestingly, not all tumors display the Warburg effect; those cancers which
do not show Warburg features may not be amenable to caloric restriction.86 With the
Warburg effect in mind, the importance of obesity and the readily available glucose supply
for the modern-day cancer survivor becomes clear.

Relapse, recurrence and second malignant neoplasm
In 1990, Camoriano and colleagues published on the effect of weight gain among women
treated with chemotherapy or observed following mastectomy for node-positive cancer. As
in other studies, premenopausal women who received adjuvant chemotherapy were found to
gain the most weight (median 5.9 kg), when compared to postmenopausal women who did
not receive chemotherapy (median weight gain 1.8 kg) and to postmenopausal women who
received adjuvant chemotherapy (median weight gain 3.6 kg; P < 0.01 for both
comparisons). Furthermore, premenopausal women who gained more than the median
amount of weight at 60 weeks had a risk of relapse 1.5-fold greater and a risk of death 1.6-
fold greater than premenopausal women who gained less than the median amount of weight.
Other studies have also found a relationship between weight gain during or following
treatment and breast cancer recurrence.31, 87, 888988 Furthermore, in a recent meta-analysis
of thirteen prospective studies among women with breast cancer, obesity was associated
with significantly increased risks of contralateral breast, endometrial, and colorectal second
cancers. 90

Separate studies have described a similar relationship among women with colon cancer and
among men with prostate cancer. In the setting of a longitudinal chemotherapy trial among
3759 patients with colon carcinoma, the effect of BMI on recurrence, survival, and
treatment-related toxicity was examined. Obese women experienced significantly worse
overall mortality and had a nonsignificant increase in the risk of recurrence.91 In another
study of men with prostate cancer undergoing radical prostatectomy, obesity was associated
with higher-grade tumors at baseline and higher risk of biochemical recurrence.92

Cancer-specific mortality
Many studies have documented a deleterious effect of obesity on cancer-specific mortality
for a range of cancers, including breast, prostate, colon and rectum, non-Hodgkin
lymphoma, cervix, uterus, hepatobiliary, esophagus, stomach, pancreas, kidney, and
multiple myeloma.15–17 One early study by Petrelli, Calle, and colleagues, used data from
the American Cancer Society’s Cancer Prevention Study II (CPS-II) to examine the impact
of BMI and height on mortality among US adults who were cancer-free in 1982. Among
424,168 postmenopausal women, 2,852 breast cancer deaths were recorded. Breast cancer
death rates were found to increase with BMI. For women in the highest BMI group (BMI ≥
40 mg/kg2) compared to women with BMI of 18.5 to 20.9 mg/kg2, the risk ratio for death
from breast cancer was 3.08 (95% CI: 2.09 to 4.51).28 Other studies have also found obesity
to be an important negative predictor of breast cancer.32, 93 In a review of 26 studies,
Chlebowski and colleagues described 17 studies that found increased weight to be a
significant risk factor for recurrent disease and decreased survival.94

An evaluation of 5,204 Nurses’ Health Study participants diagnosed with breast cancer
between 1976 and 2000 (with 860 total deaths and 533 breast cancer deaths) included BMI
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from prior to diagnosis as well as a year or more after diagnosis. Cox proportional hazard
modeling revealed that weight before diagnosis was positively associated with breast cancer
recurrence and death among non-smokers. Furthermore, non-smoking women who gained
more than 0.5kg/m2, compared to women who maintained their weight, had an elevated risk
of breast cancer death during follow-up. As in other studies, the findings were especially
strong among premenopausal women.95

ROLE OF DIET AND PHYSICAL ACTIVITY
As noted, diet and physical activity are the modifiable portions of the energy balance
equation. The quantity of calories consumed, the types of foods or dietary pattern, and the
intensity and duration of physical activity are germane.

Caloric intake
The relative importance of dietary intake versus physical activity for energy balance has
been debated. Early evidence from the non-cancer population via the Third National Health
and Nutrition Examination Survey suggested that total daily energy intake in the United
States had increased over the decades from the 1970s to the 1990s, principally due to
increases in protein and carbohydrate consumption.96 An important subsequent examination
used caloric intake data from the US food energy supply, assumed to be proportional to
energy intake and adjusted for wastage. Measured weight gain was found to be equal to
predicted weight gain based on increased food energy supply.97 In other words, according to
these calculations, increased caloric intake since the 1970s explains weight gain in the US
population.

Dietary composition
Dietary composition, including protein and sugar content, may be relevant to obesity and its
consequences.98 Recent work has focused on the role of sugar-sweetened beverages on the
positive energy balance among non-cancer populations.99 Intake of sugar-sweetened
beverages has increased dramatically over the previous three decades,100 and studies suggest
that liquid sugars do not lead to a sense of satiety. One study used a cross-over design to
compare intake of liquid (soda) versus solid (jelly beans) sugars during two four-week
periods separated by a four week washout. Subjects completed diet records and had body
composition measurements. Interestingly, free-feeding intake during the solid (jelly bean)
period was significantly lower than the prior intake, while free-feeding intake during the
liquid (soda) period was unchanged. Body weight and BMI increased only during the liquid
period, although physical activity and hunger were unchanged.101

Sugar-sweetened beverages, therefore, appear to be a candidate target for intervention.
Although studies in cancer populations are required, a recent intervention among children in
the Netherlands showed promising results. In that study, 641 primarily normal-weight
children who were drinking sugar-sweetened beverages during snack time in school were
randomized to receive a sugar-free artificially-sweetened beverage or an identical sugar-
sweetened beverage that provided 104kcal. Although the caloric difference between groups
was small, the sugar-free beverage group gained less weight over time. Skinfold-thickness,
waist-to-height ratio, and fat mass also increased significantly less in the sugar-free beverage
group.102

Studies of adult survivors of childhood leukemia suggest that the Mediterranean diet may be
especially beneficial. A diet high in fruits and vegetables and low in meat, as was
traditionally consumed on the island of Crete in the Mediterranean, has been shown to be
beneficial in reducing all-cause mortality, DM, cardiovascular disease, and Alzheimer
dementia.103–106 Other studies have found a reduction in cancer incidence among
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populations consuming a Mediterranean diet.107–109 Among ALL survivors in the ALLIFE
Study, those who ate a more Mediterranean-style diet (measured with the Mediterranean
Diet Score) had better anthropometric and metabolic measures, including lower levels of
insulin resistance.45 In a separate study among women undergoing adjuvant chemotherapy
for invasive breast cancer, those who adopted a Mediterranean-style diet intervention
demonstrated an average weight loss of 2.9 kg, compared to controls.110 While cancer-
related endpoints were not measured, further study of the Mediterranean diet among cancer
survivors is warranted.

Unfortunately, other studies of dietary interventions among cancer survivors have had
conflicting results. Results of the Women’s Intervention Nutrition Study (WINS) were
encouraging. In WINS, 2437 women from 39 different clinical centers with a history of
resected, early-stage breast cancer were randomized to a dietary intervention (focused on
reducing dietary fat intake) or control groups. At five-year follow-up, dietary fat intake was
lower in the intervention group, which had also lost an average of six pounds. Breast cancer
relapse was less likely in the low-fat group (HR 0.76; 95% CI: 0.60 to 0.98). In contrast to
prior studies, women with hormone receptor negative tumors appeared to achieve greater
benefit than women with hormone receptor positive tumors.111 On the other hand, results
from the Women’s Healthy Eating and Living (WHEL) trial, which focused on increasing
fruit, vegetable, and fiber consumption and decreasing fat consumption, did not support a
breast cancer-related benefit. In the WHEL trial, the intervention group did have a healthier
diet, but the frequency of breast cancer events or mortality was not different.112

Clearly, further research in this area is needed. Specifically, the type and magnitude of
dietary intervention required for cancer survivors to see a benefit should be clarified. Dietary
and behavioral interventions are complex, as are motivators and barriers to action. The
hormonal milieu following weight loss which may benefit tumor-related outcomes, also
(unfortunately) works to replace lost fat stores.113 Nonetheless, results from work by
Demark-Wahnefried among breast and colorectal survivors114,115 and by Appel in a non-
cancer population116 suggests that dietary interventions can be effective.

Physical activity
Clinical and research interest in the application of physical activity and exercise following a
cancer diagnosis has increased dramatically over the past decade.117 Several excellent
systematic reviews and meta-analyses have extensively evaluated the available literature
investigating the role of structured exercise therapy (physical activity) following a cancer
diagnosis.118–122 In particular, studies have investigated whether exercise is an effective
strategy to off-set the consequences of positive energy balance in patients with cancer both
during and following cancer therapy. For example, Speck et al.123 identified a total of 66
‘high quality’ studies that examined the effects of exercise on 60 different physiological,
functional, biological, or psycho-social outcomes in adults with cancer. The same
investigators later identified 22 studies (n=8, during therapy; n=14, after therapy) that
examined the effects of exercise on body weight in cancer survivors; 2 (25%) and 7 (50%)
of studies found that exercise was associated with favorable changes in body weight during
and after therapy, respectively.53 The modest positive effects of exercise on weight loss in
cancer survivors is consistent with that observed in other non-cancer clinical populations124

and healthy subjects.125

Nevertheless, exercise, in combination with a healthy diet, may have favorable effects on the
adverse consequences of chronic positive energy balance independent of weight loss. Strong
evidence suggests that interventions promoting increased physical activity can reduce the
risk of DM via improvements in glycemic control. In the landmark US Diabetes Prevention
Program, 3234 nondiabetic adults with elevated fasting glucose were randomized to
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metformin, 850 mg twice daily, lifestyle-modification (7% weight loss and >150 minutes of
exercise/week) or placebo. After 2.8 years of follow-up, the incidence of DM was 11.0, 7.8,
and 4.8 cases per 100 person-years in the placebo, metformin, and lifestyle intervention,
respectively.126 These results were corroborated by Tuomilehto et al.127 In that study,
lifestyle intervention reduced the risk of DM by 58% compared with a non-intervention
group. Finally, Li and colleagues reported that 6 years of active intervention with diet alone,
exercise alone, or diet plus exercise could prevent or delay incidence of DM up to 14 years
after initial study recruitment. Specifically, patients with impaired glycemic control
receiving lifestyle intervention (diet plus exercise) had a 43% lower risk of DM with new
onset disease being delayed, on average, by 3.6 years.128

A growing number of randomized trials have investigated the effects of structured exercise
training on glycemic control among adults with DM as well as those with impaired glucose
control. In a recent meta-analysis of 14 randomized trials, Thomas et al.129 reported that
standardized aerobic training (i.e., 3–5 sessions/week, 30–45 minutes/session at 60%–85%
of baseline fitness, 12–24 weeks in duration) is associated with significant improvements in
measures of glycemic control as well as reduction in visceral adipose tissue and
subcutaneous adipose tissue. These results have been confirmed by several others systematic
reviews and meta-analyses.130,131

At the present, no studies to our knowledge have investigated whether exercise favorably
modulates the overt clinical consequences of positive energy balance such as development
of DM and cardiovascular disease in cancer survivors.117 Similarly, few studies have
assessed whether exercise favorably modulates traditional cardiovascular risk factors in
cancer survivors. A recent review by Betof and colleagues identified a total of nine studies
assessing the effects of exercise on changes in metabolic factors.132 Overall, exercise was
associated with favorable changes in insulin-like growth factor-1 and insulin-like growth
factor binding protein-3, but not insulin or glucose levels.132 Nonetheless, relatively robust
data indicate that exercise training improves measures of exercise capacity. In a recent meta-
analysis of six randomized trials involving 571 (n=344, exercise; n=227, control) cancer
patients, Jones et al. found that exercise training was associated with a significant increase in
peak oxygen consumption (VO2peak; WMD=2.90 mL kg−1min−1, 95% CI: 1.16 to 4.64).133

This finding may be clinically important since exercise capacity is a strong, independent
predictor of cardiovascular as well as all-cause mortality in a broad spectrum of adult
populations.134–136

Based on the demonstrated effects of exercise in non-cancer populations and emerging data
in cancer survivors, it could be speculated that such effects may, in turn, influence long-term
prognosis. Data from randomized trials are not currently available; however, a growing
number of epidemiological studies have examined the relationship between self-reported
exercise behavior or measures of exercise capacity measured after the cancer diagnosis and
prognosis. As recently summarized, approximately 20 observational studies have examined
the association between self-reported exercise behavior (assessed via surveys) and prognosis
following a diagnosis of cancer.132 To our knowledge, none of these studies have examined
the relationship between exercise or cardiorespiratory fitness and cardiovascular disease-
related events in cancer patients, although the majority have examined all-cause mortality.
To this end, the current evidence indicates a relatively consistent inverse relationship
between higher levels of exercise behavior and significant reductions in all-cause mortality
compared with sedentary individuals.137 Importantly, the relationship between exercise and
cancer prognosis is independent of BMI.132,137

Given the well-known limitations of exercise exposure assessment via self-report methods,
investigators have also started to examine the prognostic value of measures that provide an

Tonorezos and Jones Page 8

Semin Oncol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



objective measure of exercise exposure through the use of exercise capacity (e.g., maximal
cardiopulmonary exercise testing) and functional capacity (e.g., 6 minute walk testing)
evaluation. To this end, eight studies to date have utilized such tests to examine the
prognostic value of either VO2peak from a maximal cardiopulmonary exercise test or 6-
minute walk distance. Similar to self-reported exercise behavior, both VO2peak and 6-minute
walk distance are strong independent predictors of death in patients with inoperable non-
small cell lung cancer and metastatic breast cancer.132

Beyond all-cause mortality, there is also interest in whether exercise behavior modulates
cancer prognosis. Fewer studies have examined this question. Nevertheless, emerging data
indicates that, in general, higher levels of exercise behavior are associated with significant
reductions in cancer-specific mortality after controlling for BMI.136 For example, in two
recent large observational studies, investigators found that vigorous exercise (brisk walking
≥3 hrs.wk-1) was associated with a 50%–60% reduction in tumor progression and prostate
cancer mortality in men with localized prostate cancer.138,139 Similarly, in women with
early breast cancer, Holmes et al. reported that women reporting ≥9 MET-hrs.wk−1

(equivalent to walking briskly for 30 mins, 5 days/week), had a 6% reduction in unadjusted
absolute cancer-specific mortality risk at 10 years compared with women who reported less
than 3 MET-hours per week (equivalent to walking 2–2.9 mph for 1 hour).140

Intriguingly, the exercise – cancer-specific mortality relationship is not uniform. For
example, the magnitude of risk reduction (in cancer prognosis) appears to vary according to
exercise dose. In the study by Holmes et al. ≥9 MET-hrs.wk−1 was associated with
significant reductions in cancer-specific mortality. 140 A separate study by Holick and
colleagues, however, found that ≥21 MET-hrs.wk-1 (brisk walking for 75 minutes, 5
d.wk−1) was required for significant reductions in cancer specific and all-cause mortality in
women with invasive breast cancer. 141 Among patients with colorectal cancer, Meyerhardt
and colleagues found that between ≥18 MET-hrs.wk−1 (equivalent to walking briskly for 60
mins, 5 days/week) and ≥27 MET-hrs.wk−1 (equivalent to walking briskly for 90 mins, 5
days/week) was required for significant reductions in cancer-specific mortality.91, 142, 143

In addition to exercise dose, the impact of exercise behavior may also be dependent on
expression of certain tumor molecular features. Two studies to date have explored this
question. In the first study, Meyerhardt et al.144 found that in patients with tumors exhibiting
loss of p27, a protein that regulates cell cycle, the hazard ratio (HR) for colon cancer-
specific mortality was 1.40 (95% CI, 0.41–4.72) for those reporting ≥18 MET-hrs.wk−1

compared with <18 MET-hrs.wk−1. The corresponding HR for patients with tumors
exhibiting expression of p27, was 0.33 (95% CI, 0.12–0.85) for those reporting ≥18 MET-
hrs.wk−1 compared with <18 MET-hrs.wk−1. In a separate study, also in colorectal cancer,
Morikawa et al. found that patients reporting ≥18 MET-hrs.wk−1 whose tumors did not
express CTNNB1 (β-catenin), a key mediator of the WNT signaling pathway, had an
adjusted HR for colorectal cancer-specific survival of 0.33 (95% CI: 0.13–0.81) compared
with patients reporting <18 MET-hrs.wk−1. 145 Conversely, there was no significant
relationship between exercise and prognosis in patients with tumors that were positive for
nuclear CTNNB1 (adjusted HR: 1.07; 95% CI: 0.50–2.30).

In summary, promising evidence suggests that physical activity and structured exercise
interventions can favorably influence the clinical consequences of chronic energy
imbalance. However, several major questions remain to be addressed to continue progress in
this field of research. From an epidemiological perspective, more large studies to examine
the association between exercise exposure and clinical outcomes (e.g., recurrence, therapy-
related morbidity, cancer-specific mortality, competing cause of mortality, and all cause
mortality) in a diverse range of malignancies is necessary. Similarly, examining whether the
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exercise – cancer progression is modulated as a function of histological or molecular
features of tumors will be critical to inform future, mechanistically-driven studies. From the
perspective of translational and related clinical studies, there is an urgent need to elucidate
the optimal exercise prescription (or dose-response relationship) to modulate the
consequences of chronic energy balance and understand, at a systemic and molecular level,
the mechanisms underlying the exercise -cancer prognosis relationship.

CONCLUSIONS
The evidence for a unique relationship between energy imbalance and cancer is building.
Positive energy balance following cancer treatment is a complex phenomenon with wide-
ranging effects. Prevention and treatment of weight gain in the cancer survivor should be a
major clinical goal, perhaps even more so than in the non-cancer population. Nonetheless,
clinicians and patients need guidance as to what specific interventions are likely to have the
highest impact. Future research should focus on mechanistic studies, to better understand
how metabolic and anthropometric changes contribute to post-cancer morbidity and
mortality, and dissemination studies, so that patients receive the proper public health
messages regarding energy balance and health. A focus on sugar-sweetened beverages and a
Mediterranean-style diet (less meat, more fruits and vegetables) is a reasonable place to
start. Finally, further study of insulin resistance in the setting of an apparently normal body
mass index is needed.
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Figure 1.
Change in fat mass and lean body mass from baseline among locally-treated (LT) compared
to chemotherapy-treated (CT) premenopausal women with breast cancer.
Copyright 2001, American Society of Clinical Oncology. Reprinted with permission from:
Demark-Wahnefried, et al. J Clin Oncol 2001;19:2381–2389.
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Figure 2.
Leptin and adiponectin system of communication.
Copyright 2011, Wiley. Reprinted with permission from: Tonorezos ES, et al. Ped Blood
Cancer 2012; 58: 31–36.
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