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Cancer survivors often seek information about how lifestyle factors, such as physical activity, may influence
their prognosis. We systematically reviewed studies that examined relationships between physical activity and

We identified 45 articles published from January 1950 to August 2011 through MEDLINE database searches that
were related to physical activity, cancer survival, and biomarkers potentially relevant to cancer survival. We
used the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Statement to guide this review.
Study characteristics, mortality outcomes, and biomarker-relevant and subgroup results were abstracted for
each article that met the inclusion criteria (ie, research articles that included participants with a cancer diagnosis,

There was consistent evidence from 27 observational studies that physical activity is associated with reduced
all-cause, breast cancer-specific, and colon cancer-specific mortality. There is currently insufficient evidence
regarding the association between physical activity and mortality for survivors of other cancers. Randomized
controlled trials of exercise that included biomarker endpoints suggest that exercise may result in beneficial
changes in the circulating level of insulin, insulin-related pathways, inflammation, and, possibly, immunity;

Background
mortality (cancer-specific and all-cause) and/or cancer biomarkers.
Methods
mortality outcomes, and an assessment of physical activity).
Results
however, the evidence is still preliminary.
Conclusions

Future research directions identified include the need for more observational studies on additional types of
cancer with larger sample sizes; the need to examine whether the association between physical activity and
mortality varies by tumor, clinical, or risk factor characteristics; and the need for research on the biological
mechanisms involved in the association between physical activity and survival after a cancer diagnosis. Future
randomized controlled trials of exercise with biomarker and cancer-specific disease endpoints, such as recur-

rence, new primary cancers, and cancer-specific mortality in cancer survivors, are warranted.
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An estimated 13.8 million cancer survivors were living in the United
States as of 2010, and this number is projected to grow to 18.1 mil-
lion by 2020 (1). With advances in cancer screening and treatment,
cancer survivors are living longer and are seeking information about
how lifestyle factors, such as physical activity, may influence their
prognosis (2). Evidence of the influence of physical activity on
health-related fitness, quality of life, and other patient-reported out-
comes among cancer survivors during and after treatment has been
reviewed previously (3—12). In 2010, the American College of Sports
Medicine (ACSM) reviewed the research on the safety and efficacy of
exercise training during and after adjuvant cancer therapy (13). That
review focused on randomized controlled trial (RCT) evidence,
where available, which was extensive for breast and prostate cancers
and more limited for colon, hematological, and gynecological can-
cers, and also included a limited number of prospective cohort
studies. Overall, the RCT evidence indicates that exercise training is
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safe during and after cancer treatment, although the ACSM review
did identify some areas of concern for survivor safety with particular
types and intensities of exercise for certain survivor groups. The
ACSM review found that exercise training resulted in improvements
in physical functioning, quality of life, and cancer-related fatigue for
anumber of cancer survivor groups (13). In 2008, the US Department
of Health and Human Services published physical activity guidelines
based primarily on a review of research on physical activity and can-
cer prevention; that publication included a short review on cancer
survivorship based on three studies published before 2007 that
focused on late and long-term effects of physical activity (4). Since
the publication of these two reviews, there have been many more
studies examining the effects of physical activity in cancer survivors,
warranting a more detailed assessment of this evidence.

In addition to the observational research on the effects of phys-
ical activity in cancer survivors, several RCT's of exercise interven-
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CONTEXT AND CAVEATS

Prior knowledge
Numerous observational studies and randomized controlled trials
have examined the effects of physical activity on prognosis among
cancer survivors.

Study design

A systematic review of 45 articles that examined relationships
between physical activity and mortality and/or cancer biomarkers
among cancer survivors, including 27 observational studies that
reported associations between physical activity and cancer-specific
outcomes or all-cause mortality and 13 reports from 11 unique
randomized controlled trials that addressed the influence of phys-
ical activity on cancer biomarkers. Study characteristics, mortality
outcomes, and biomarker-relevant and subgroup results were
abstracted for each article.

Contribution

There was consistent evidence from the observational studies that
physical activity is associated with reduced all-cause, breast can-
cer-specific, and colon cancer-specific mortality. Randomized
controlled trials of exercise that included biomarker endpoints sug-
gest that exercise may result in beneficial changes in the circu-
lating insulin level, insulin-related pathways, inflammation, and,
possibly, immunity.

Implication

Physical activity may improve survival after cancer, but additional
research is needed before clear conclusions can be reached on the
effects of physical activity on disease outcomes among many groups
of cancer survivors.

Limitations

Recently published potentially relevant studies in this rapidly evolving
field may not have been included in this review. Furthermore, many
systematic reviews in other fields use meta-analysis to estimate
the pooled effect across published research results. Heterogeneity
with regard to the assessment of physical activity across the
observational studies and the exercise interventions in the RCTs
precluded an interpretable meta-analysis.

From the Editors

tions and mortality outcomes in cancer survivors have begun or
been published. In 2009, the first RCT to investigate the effect
of a specific physical activity intervention on overall and disease-
free survival among colon cancer survivors was launched in
Canada and Australia (14). In addition, several smaller RCTs
have examined the effect of physical activity interventions on a
number of biomarkers and mechanistic pathways that may be
relevant to cancer prognosis. The purpose of this review was to
systematically examine results of in two areas of research in-
volving cancer survivors: physical activity and cancer-specific
and all-cause mortality, and physical activity and relevant cancer
biomarkers. This systematic review differs from previous
reviews, which were broad or focused on health-related fitness
outcomes and/or patient-reported outcomes, such as quality of
life, fatigue, and cancer-related symptoms (4,5,8-11,13), exam-
ined only one cancer (6,9,12), addressed cancer prevention in
addition to cancer survival (4,11), or included combined dietary
and physical activity interventions (7). We also summarize the
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limited number of RCT's that assessed effects of physical activity
interventions on biomarkers in cancer patients or survivors to
evaluate the extent of evidence on biological mechanisms that
may underlie associations between physical activity and cancer
prognosis. Finally, we propose priorities for future research in
this field.

Methods

Search Strategy

We followed the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement guidelines (15) to iden-
tify, screen, and describe the protocols used in this systematic
review. We conducted two unique searches in January 2011 of
titles and abstracts in the MEDLINE database that were published
since January 1950. Additional studies suggested by the authors of
this review and those listed as references in related reviews were
also included. We reran these searches in August 2011 to ensure
that we had captured any additional articles that had been
published in the interim. Both search strategies were limited to
English language articles that described studies in humans. The
first set of search terms, which describe physical activity and cancer
survival, were cross-searched using the following algorithm:
((((((“physical activity”[Title]) OR “weight training”[Title])
OR “resistance training”[Title]) OR “physically active”[Title]) OR
exercise[Title]) OR fitness[Title]) OR aerobic[Title]) OR “motor
activity”[Title])) AND ((((cancer[Title/Abstract]) OR neoplasm
[Title/Abstract]) OR tumor[Title/Abstract]) OR carcinoma[Title/
Abstract])) AND (((((((((patient[Title/Abstract]) OR survivor[Title/
Abstract]) OR survival[Title/Abstract]) OR survivorship[Title/
Abstract]) OR prognosis[Title/Abstract]) OR recurrence[Title/
Abstract]) OR progression[Title/Abstract]) OR disease-free[Title/
Abstract]) OR mortality[ Title/Abstract]) AND (Humans[Mesh] AND
English[lang]))) NOT review[Publication Type]) NOT comment
[Publication Type]) NOT editorial[Publication Type].

The second set of search terms, which describe physical ac-
tivity and biomarkers that are potentially relevant to cancer sur-
vival, included the above terms and the following cancer-relevant
biomarkers: estrogen, androgen, sex hormone, leptin, adipokines,
tumor necrosis factor, interleukin, C-reactive protein, prostate-
specific antigen, insulinlike growth factor, inflammatory markers,
insulin, glucose, hormone, oxidative stress, DNA damage, and
prostaglandin. These biomarkers were chosen because previous
studies have shown that they may be affected by physical activity in
persons without cancer (4,16) and because they are involved in
hypothesized biological mechanisms that may be associated with
cancer prognosis (17-19). These terms were cross-searched
using the following algorithm: ((((((((“physical activity”[ Title/
Abstract]) OR “weight training”[Title/Abstract]) OR “resistance
training”[ Title/Abstract]) OR “physically active”[Title/Abstract])
OR exercise[Title/Abstract]) OR fitness[Title/Abstract]) OR
aerobic[Title/Abstract]) OR “motor activity”[Title/Abstract])) AND
(I ((((biomarker [ Title/Abstract]) OR marker[Title/
Abstract]) OR estrogen[Title/Abstract]) OR androgen|Title/
Abstract]) OR “sex hormone”[Title/Abstract]) OR leptin[Title/
Abstract]) OR “insulin resistance”[Title/Abstract]) OR adipokine
[Title/Abstract]) OR TNF[Title/Abstract]) OR interleukin[Title/
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Abstract]) OR “c-reactive”[Title/Abstract]) OR PSA[Title/
Abstract]) OR IGF[Title/Abstract]) OR “inflammatory marker”
[Title/Abstract]) OR inflammation[Title/Abstract]) OR insulin
[Title/Abstract]) OR glucose[Title/Abstract]) OR hyperglycemia
[Title/Abstract]) OR hormone[Title/Abstract]) OR “oxidative
stress”[Title/Abstract]) OR “dna damage”[Title/Abstract]) OR
prostaglandin[Title/Abstract]) OR “immune function”[Title/
Abstract])) AND (((((((((patient[Title/Abstract]) OR survivor
[Title/Abstract]) OR survival[Title/Abstract]) OR survivorship[Title/
Abstract]) OR prognosis[Title/Abstract]) OR recurrence[Title/
Abstract]) OR  progression[Title/Abstract]) OR “disease-free”
[Title/Abstract]) OR mortality[ Title/Abstract])) AND ((((cancer[ Title/
Abstract]) OR tumor[Title/Abstract]) OR carcinoma[Title/
Abstract]) OR neoplasm[Title/Abstract]) NOT review[Publication
Type] NOT comment[Publication Type] NOT editorial[Publication
Type] AND (Humans[Mesh] AND English[lang]).

For the purpose of this review, cancer survivor was defined
according to the National Cancer Institute Office of Cancer
Survivorship as a person who is diagnosed with cancer from the
onset of their diagnosis through the balance of his or her life
(20).

Selection Criteria

The titles and abstracts of the results of both search strategies were
screened by two of the authors (R. B.-Barbash and S. M. Siddiqi)
to determine their eligibility. Studies were eligible for inclusion in
this review if they were research articles published in peer-
reviewed journals and described results from an RCT or an obser-
vational study that investigated physical activity and cancer-specific
outcomes, recurrence, new primary cancer or cancer-specific deaths,
or deaths from any cause or biomarkers in cancer survivors.
Studies were required to include an assessment of physical activity.
Articles that reported associations between physical activity and
biomarkers in cancer survivors were also abstracted for review.
Studies that focused solely on quality-of-life outcomes were
excluded, as were studies that were classified as commentaries,
reviews, or editorials.

For inclusion in this review, observational studies were required
to be based on follow-up of cancer survivors and contain data on
cancer-specific or all-cause mortality. Studies that examined can-
cer mortality in samples that were not limited to cancer survivors
and instead focused on healthy individuals or patients without
cancer were excluded. We included all studies that met the inclu-
sion criteria regardless of the sample size except for one study (21)
that was an early report of the association between physical activity
and breast cancer survival and was followed by a later analysis with
longer follow-up and more case subjects (22), which was included
in this review.

For inclusion in this review, RCTs of physical activity interven-
tions were required to include cancer survivors as participants and
report results on biomarkers. Articles that reported only pilot data
(rather than outcomes of a full-scale study) or descriptions of the
design of a RCT were excluded. In addition, RCTs were not
included if the intervention was physical activity combined with
another intervention. Also excluded were trials that were not
randomized, did not include a control group, or that tested acute
biomarker effects from a single bout of exercise.

jnci.oxfordjournals.org

We included RCTs in which physical activity was defined as
aerobic, endurance, or strength training exercise performed for
recreational, household, commuting, or work-related purposes. We
excluded RCT's that examined other types of conditioning or
stretching exercise, such as yoga, Pilates, or Tai Chi, and nonpur-
posive movement. These restrictions were not applied to physical
activity reported in observational studies.

Data Synthesis

We abstracted relevant study characteristics, including disease
outcome and biomarker-relevant results, from each study into
tables, each of which was independently reviewed and verified
by at least two authors (Table 1 [R. B.-Barbash and C. M.
Friedenreich]; Table 2 [R. B.-Barbash, C. M. Friedenreich, and
K. S. Courneya]; Table 3 [R. B.-Barbash and A. McTiernan];
Table 4 [K. S. Courneya and C. M. Alfano]). For observational
studies, study characteristics included study design, sample size
and description, length of follow-up, type of disease, disease
stage, treatment, type of physical activity assessment, and the
timing of that assessment relative to diagnosis. For RCTs, study
characteristics included sample size and description, description
of the intervention and control arms, type of physical activity
assessment and the timing of that assessment relative to diagno-
sis, and the rates of attrition and adherence. We evaluated the
studies by considering their study design, data collection and
analytic methods, and adjustment for confounding factors, such
as cancer stage, tumor subtypes, comorbidity, other clinical char-
acteristics, and related health and lifestyle characteristics, in-
cluding body mass index (BMI) and dietary intake. We summarized
the results for specific population subgroups for studies that
reported them.

)

5 Articles identified through database searching
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‘s
c
5
= l Additional articles identified
through other sources
— Articles after duplicates removed (n=26)
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[
g |
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) study flow diagram. RCT = randomized controlled
trial; Search A = physical activity and cancer survival; Search B = phys-
ical activity and biomarkers potentially relevant to cancer survival.
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Results

0.63

We identified 797 unique articles, which were reduced to 67

potentially eligible studies after we applied the inclusion and
exclusion criteria to the titles and abstracts (Figure 1). The majority
of excluded articles focused on a disease other than cancer or

.870

measured by the

distance walked
in a 6-min walk

capacity, as
test, for

>489 vs
meters = 0.97
(95% ClI

to 1.48),

Subgroup results
<390

HR of functional

described a study design or a pilot study. After a more careful as-
sessment of the remaining articles, we excluded those that reported
only quality-of-life outcomes, those that combined physical activity
exposure with other factors such as dietary intake, and those that

P
hormonal therapy;

involved only noncancer population samples. After these exclusions,
45 articles remained and were included in the final qualitative
synthesis. Of these, 27 were observational studies that reported
associations between physical activity and cancer-specific outcomes

-h/wk 0.64 (95%

0.46 t0 0.91); P,.., < .001;

or all-cause mortality (23-48,60), five were reports from one
observational prospective study that addressed the association
between physical activity and cancer biomarkers (49-53), and 13
were reports from 11 unique RCT's that addressed the influence of
physical activity on cancer biomarkers (54-66). All of the articles
selected for inclusion in this review, with the exception of one (23),
were published after 2000.

Tables 1 and 2 describe observational studies of physical activity
and disease and mortality events in breast cancer survivors and in

Overall results

post-diagnosis physical activity

>9 vs <9 MET:

cl
Adjusted for stage and multiple

cancer risk factors, but not

HR of death by any cause by
treatment or BMI.

Physical activity
measure and timing

other cancer survivors, respectively. Table 3 presents observational
studies of the association between physical activity and biomarkers
in cancer survivors. Table 4 summarizes RCT's of physical activity

in MET-h/wk, since
primary adjuvant
treatment, and a

duration of typical
supervised

questionnaire
assessed intensity,
frequency, and
exercise behavior,
6-mi walk test

interventions in cancer survivors that had biomarker endpoints.

Self-administered

All of the tables are organized chronologically and by cancer site.
Articles on the same cohort were grouped together and ordered by
the first to be published.

International Federation of Gynecology and Obstetrics; HR = hazard ratio; HT

radiation therapy.

Observational Epidemiological Research on Physical
Activity and Cancer-Specific Outcomes and All-Cause
Mortality

We identified 27 observational epidemiological studies on physical

performance

Disease stage
and treatment
data

status;
treatment

Karnosfky
relative risk; RT

activity and cancer mortality; the majority (n = 17) examined out-
comes among breast cancer survivors (Table 1) and the remainder
(n = 10) examined outcomes among survivors of colorectal, pros-
tate, ovarian, and brain cancers (Table 2). Most of these studies
were originally designed as either follow-up studies of healthy
cohorts or follow-up studies of case subjects from case—control
studies; only four (35,36,41,48) were designed as prospective
cohort studies of cancer survivors. A few studies involved cancer

Study design,
follow-up, and
outcome assessment
prospective cancer
survivorship cohort;
median follow-up
2.3 y; vital status by
medical record.
progesterone receptor; RR

Follow-up of a

survivors who were enrolled in RCT's that were testing either dietary
change (22) or drug therapy (41). Most of the 27 studies reported
on the association between physical activity before diagnosis and
outcomes after diagnosis, such as recurrence or cancer-specific or
all-cause mortality.

Sample
characteristics

Breast Cancer. To date, 17 observational studies (22-38) have
examined physical activity before and/or after diagnosis and its
association with breast cancer—specific and overall survival (Figure 2
and Table 1). Of these 17 studies, five (23,24,26,27,30) were
follow-up studies to population-based case—control studies, one was
a follow-up to the Women’s Healthy Eating and Living (WHEL)
Study, a dietary RCT that also assessed physical activity for which
two reports have been published (21,22), and 11 (25,28-33,35-38)

NR; 149 deaths from
any cause; Mean age
NR; diagnosis years

NR; interviewed
during or after salvage

cancer-specific deaths
therapy for recurrence

at variable times after

49 y; Race or ethnicity
diagnosis

243 men and women
with malignant glioma;

metabolic equivalents; NR = not reported; PR

United States

MET

* BMI = body mass index; Cl = confidence interval; CT = chemotherapy; ER = estrogen receptor; FIGO

Malignant glioma studies that assessed physical activity undertaken after diagnosis

Table 2 (Continued).
First author
(reference),

year, country

Ruden (48), 2011,
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were prospective cohort studies. Of these 11 cohort studies, the
Health, Eating, Activity, and Lifestyle (HEAL) Study (35) and the
Life After Cancer Epidemiology (LACE) Study (36) were cohort
studies of cancer survivors. The cohort size ranged from 451 to
4826. The number of breast cancer—specific deaths ranged from
102 to 398. The number of deaths from any cause ranged from 146
to 725. These studies included breast cancer survivors who were
diagnosed from the mid-1970s to 2006. The median follow-up
time ranged from approximately 3 years to 13 years. Most of these
studies were conducted among predominantly non-Hispanic white
populations, five (24,25,31,36,38) included nonwhite populations
as a subset of the population, and one study (37) was done in a
Chinese population. The studies generally included women who
were diagnosed with invasive nonmetastatic breast cancer and
followed up for survival outcomes; some studies (22,27) also
examined breast cancer progression, recurrence, and new primary
cancers.

Physical activity was assessed by interviewer-administered
questionnaires in five case—control studies (23,24,26,27,34) and
three cohort studies (25,35,37) and by self-administered question-
naires in the remaining nine cohort studies (22,28-33,36,38). Nine
studies (23-31) assessed physical activity before diagnosis, six
cohort studies (22,32,34-37) assessed physical activity after diag-
nosis, and in two cohorts—the Nurses’ Health Study (33) and the
Women’s Health Initiative (38)—physical activity was assessed
before and after diagnosis. Recreational or leisure-time physical
activity was the primary focus of most of the observational studies,
and only two studies (27,36) measured all types of physical activity.
In these studies, a range of metrics was used to report physical
activity, including kilocalories per week (23), hours per week
(24,26,30), relative units of physical activity per week (25), meta-
bolic equivalent (MET)-hours per week per year (27), hours per
week per year (28), MET-hours per week (22,31,33,34,36-38,60), a
categorical qualitative descriptor of sedentary vs hard recreational
activity (29), and times per week (32). The reference groups varied
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across all of these studies, as did the cut points for the highest
category of physical activity.

In these studies, results for breast cancer—specific and all-cause
mortality were generally reported separately. Three studies
(23,24,32) presented results for breast cancer-specific mortality
only and two studies (25,31) presented results for all-cause mor-
tality only. None of the studies reported that higher levels of
activity were associated with an increased risk of breast cancer death
or death from any cause. For breast cancer-specific mortality, four
studies (22,23,30,32) reported no association with physical activity,
seven studies (24-27,29,35,36) observed non-statistically significant
decreased risks that ranged from 13% to 51% when comparing the
highest with the lowest activity categories, and six studies
(21,28,33,34,37,38) observed statistically significant decreased
risks of breast cancer mortality that ranged from 41% to 51%.
With regard to the association between physical activity and
all-cause mortality, two studies (30,31) reported null findings; five
studies (25-27,29,36) reported non-statistically significant reduced
risks, and seven studies (22,28,33-35,37,38) reported statistically
significant reduced risks. Only six studies presented results that
were fully adjusted for stage, breast cancer treatments, BMI, and
other breast cancer risk factors (27,30,33,34,36,37,60). The
remaining studies most frequently were missing data on treatments
and only adjusted for stage and breast cancer risk factors. Six studies
(21,31,33,34,37,38) observed a statistically significant dose-response
effect between increasing physical activity and decreasing breast
cancer mortality.

Twelve studies (23,25,27-34,38,60) conducted analyses to
examine which subgroups of the breast cancer study population
might benefit most from physical activity. The factors examined in
these subgroup analyses were menopausal status (23,27,29,30,
32,33,35,37), obesity as assessed by BMI (25,27-29,31,33,34,37,38),
tumor stage (27,28,33,34,38), hormone receptor status (27,28,31,
33,38), comorbidities (27,37), and race or ethnicity (31). Overall,
there was little evidence for effect modification by these factors.
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Figure 2. Forest plot of risk estimates from observational studies of physical activity and mortality outcomes in breast cancer survivors. Black
circles indicate hazard ratios (HRs), and solid horizontal lines represent 95% confidence intervals (Cls). The vertical dotted line indicates point of

unity.
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Figure 3. Forest plot of risk estimates from observational studies of physical activity and mortality outcomes in survivors of cancers other than
breast cancer. Black circles indicate hazard ratios (HRs), and solid horizontal lines represent 95% confidence intervals (Cls). The vertical dotted line

indicates point of unity.

However, there was some evidence, albeit inconsistent, for effect
modification by BMI. In the cohort study conducted by
Abrahamson et al. (25), there was a strong association between
physical activity and survival among women with a BMI of 25 kg/m’
or higher, whereas the Norwegian cohort study by Emaus et al.
(29) observed a strong association between physical activity and
survival among women with a BMI less than 25 kg/m?, and in the
Women’s Health Initiative, Irwin et al. (38) reported a strong
association in women with a BMI less than 30 kg/m?. There was some
limited evidence for effect modification by hormone receptor
status; three studies (31,33,35) reported a greater benefit of physical
activity among women with hormone receptor—positive tumors.
No studies assessed the potential confounding effects of the rate
of completion of primary therapy (ie, radiation, chemotherapy) or
of adherence to hormonal (ie, tamoxifen, aromatase inhibitors) or
biological (eg, traztuzamab) therapies.

In summary, there is fairly consistent evidence that physical
activity either before or after breast cancer diagnosis is associated
with a reduction in both breast cancer—specific mortality and overall
mortality, and there is some evidence suggesting a dose-response
effect of increasing risk reduction with increasing activity levels.
The studies to date have inconsistently controlled for confounding
by important predictors of survival; however, some investigators
have begun to consider effect modification by stage, hormone
receptor status, BMI, or comorbidity.

Other Cancers. Ten observational studies (39-48) have reported
on the association between physical activity and cancer-specific
and all-cause mortality among survivors of cancers other than
breast cancer (Figure 3 and Table 2). Thus far, there have been six
articles on colorectal cancer from four different cohorts including
one article from a drug treatment trial for colorectal cancer (39-44),
one article on prostate cancer (45), two articles on ovarian cancer
(46,47), and one article on malignant glioma (48). Sample sizes in
these observational studies ranged from 243 for the study on
malignant glioma (48) to 2708 for the study on prostate cancer (45),
and six of 10 studies included approximately 500-700 survivors.
The number of cancer-specific deaths reported in these studies
ranged from 80 to 396, and the number of deaths from any
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cause ranged from 84 to 548. Seven of the 10 studies did not report
race or ethnicity; the three that did (41,46,47) predominantly
included non-Hispanic white cancer survivors. Most of the cancers
were diagnosed from the early 1990s to the early 2000s; two
studies (43,45) included cancers that were diagnosed as late as
2008. The median follow-up time ranged from approximately 2 to
12 years. Six studies (39,40,42-45) were designed as a follow-up
study of cancer survivors identified within a prospective cohort
study of cancer incidence, two (46,47) were follow-up studies of
incident cancer survivors identified from a case—control study, one
(48) was a prospective cohort of cancer survivors, and one (41) was
a prospective cohort study of survivors who were enrolled in a
randomized adjuvant chemotherapy trial. Seven studies (40-45,48)
examined the associations for physical activity after diagnosis. In
most of these studies, analyses were based on physical activity data
reported by the patient 1-2 years after their diagnosis. The refer-
ence period for the assessment of physical activity, when reported,
ranged from the preceding week (44) to the preceding year (40,45).
Physical activity data were based on self-administered question-
naires in eight studies (40-46,48) and on interview-administered
questionnaires in two studies (39,47). Most studies assessed leisure-
time or recreational physical activity but used a number of different
cut points for defining active vs inactive groups. Several studies
(40-42,45) used less than 3 MET-h/wk as the cut point for the
referent (ie, inactive or less active) group, whereas other studies
used cut points of less than 9 (48) or less than 18 (43,44) MET-h/wk;
the higher cut points were often used for subgroup analyses. All
but four studies (45-48) reported on both cancer-specific and
all-cause mortality. In most studies, the reported associations were
based on multivariable models that adjusted for stage and cancer-
specific risk factors, and roughly half of the studies further adjusted
for BMI. Few studies adjusted for treatment type or rate of com-
pletion of primary therapy, although among the nine studies that
adjusted for stage (39-46,48), a few (42,44) noted in the discussion
section of their reports that stage and type of treatment were
highly correlated and that adjustment for treatment rather than
stage did not alter the results.

Of the six studies of colorectal cancer survivors, one (40) was
based on the Nurses’ Health Study and involved only women, an-
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other (42) was based on the Health Professionals Study and
involved only men, and the remaining four studies included both
men and women (39,41,43,44). All of these studies examined
leisure-time physical activity, and all but one (39) adjusted for
stage, colorectal cancer risk factors, and BMI. Three studies (40-42)
found that physical activity after diagnosis was associated with
statistically significant reduced risks of colorectal cancer—specific
mortality ranging from 45% to 61%; in these studies, the tests for
trend were statistically significant, indicative of a dose-response
relationship. In the one study that reported on physical activity
both before and after diagnosis (40), physical activity before diag-
nosis was not associated with statistically significant reduced risks
of all-cause and colorectal cancer—specific mortality. All five
studies that examined physical activity after colorectal cancer diag-
nosis found that post-diagnosis activity was associated with
reduced risks of death from any cause (40-44); four of those studies
reported statistically significant risk reductions ranging from 23%
to 63% (40-43). Two recent studies (43,44) examined whether
the association between physical activity and mortality outcomes
differed by specific molecular tumor markers. One study (44)
examined the association between physical activity and survival
among 484 male and female colorectal cancer survivors who were
stratified by subcellular localization of cadherin-associated protein
B1 (CTNBBI1), a marker of Wnt signaling pathway activation.
This study found that physical activity was associated with better
colorectal cancer—specific survival only among survivors who were
negative for nuclear CTNNBI (ie, lacked activation of Wnt sig-
naling pathway). The other study (43) examined a number of dif-
ferent tumor markers and found that among survivors with tumors
that expressed p27, physical activity was associated with better
colon cancer—specific survival, whereas survivors with tumors that
lacked p27 expression had worse colon cancer—specific survival.
By contrast, tumor expression of other proteins did not influence
the association between physical activity and colon cancer—specific
or all-cause mortality.

The only published study of physical activity and prostate
cancer survival (45) involved 2705 Health Professionals Study
participants and included 112 deaths from prostate cancer and 548
deaths from any cause. This study found that increasing levels of
physical activity after diagnosis were associated with statistically
significant reductions in both all-cause and prostate cancer—specific
mortality after adjustment for stage, treatment, colorectal cancer
risk factors, BMI, and comorbidities; the test for trend was indicative
of a dose-response relationship for both all-cause and prostate
cancer—specific mortality.

Two studies on ovarian cancer survivors that examined the
association between physical activity before diagnosis and ovarian
cancer—specific mortality (46) or all-cause mortality (47) found
no statistically significant associations. However, some suggestive
associations were reported in subgroup analyses. For example,
among women who had early-stage disease (International
Federation of Gynecology and Obstetrics [FIGO] stage I and II),
those who reported more than 2 h/wk of physical activity at
18-30 years of age had a statistically significant reduced risk of death
from ovarian cancer compared with those who reported less than
1 h/wk of physical activity (46). In addition, a borderline statisti-
cally significant 31% reduction in the risk of death from any
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cause was observed for nonobese women (defined as those with a
BMI <30 kg/m?) who reported more than 2 hours of physical
activity per week compared with those with 1 hour or less per
week (47).

A study of physical activity and recurrent malignant glioma
found that 9 or more MET-h/wk of activity was associated with a
reduced risk of death from any cause compared with fewer than
9 MET-h/wk; the test for trend was statistically significant (48).
This study found no association between survival and functional
capacity measured by a 6-minute walk test at the time of the inter-
view. In this study, physical activity was assessed at one time point
that occurred at varying times after the diagnosis of recurrence
depending on when patients were interviewed; information was
not provided on more specific timing of the assessment of physical
activity relative to diagnosis of cancer recurrence.

Associations between Physical Activity and Biomarkers

in Observational Epidemiological Studies of Cancer
Survivors

The HEAL Study (49-53) is the only observational cohort study
to date that has examined the association between physical activity
and biomarkers relevant to cancer and the relationship between
lifestyle, biomarkers, and breast cancer—specific survival (Table 3).
HEAL study participants completed physical activity and other
assessments and provided blood samples at 6-8 months and 2-3
years after diagnosis. All but one of the studies (50) was based on
the assessment done at 2-3 years after diagnosis. These studies
examined biomarkers of insulin production (ie, C-peptide), insu-
lin-related metabolism, and associated protein carriers; leptin; and
inflammatory markers, including C-reactive protein (CRP) and
serum amyloid A. Associations between physical activity and objec-
tive measures of mammographic breast density based on mammo-
grams taken either 1 year before or 1-2 years after diagnosis were
also investigated. The reports from this cohort included sample
sizes that ranged from 439 (51) to 746 (53), depending on how
many subjects had available data for a specific analysis. The physical
activity measure used for these studies was based on recreational
physical activity.

The HEAL study has reported statistically significant inverse
associations between physical activity and circulating levels of
leptin, insulinlike growth factor 1 (IGF-1), and CRP (49). No
associations were found for mammographic breast density,
C-peptide, insulinlike growth factor binding protein-3 (IGFBP-3),
the ratio of IGF-1 to IGFBP-3, or serum amyloid A (49-51).

The Influence of Physical Activity Interventions in RCTs on
Selected Biomarkers

Eleven RCTs and 13 articles have examined the effects of physical
activity interventions on biomarkers of cancer prognosis among
cancer survivors (Table 4). Five RCTs (54-60) were conducted
among breast cancer survivors, three (64-66) among prostate can-
cer survivors, two (61,62) among colorectal cancer survivors, and
one (63) among gastric cancer survivors. Sample sizes ranged from
20 to 155, and the mean number of participants was 70. Few
studies reported on race or ethnicity. All participants in the studies
of breast and colorectal cancer survivors had completed primary
treatment for their cancer (except for breast cancer survivors, who
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could be taking hormonal therapies). The study of gastric cancer
survivors was conducted in the 2 weeks immediately after curative
surgery (63), whereas all three studies of men with prostate cancer
were conducted while the men were receiving androgen depriva-
tion therapy or radiotherapy (64-66).

Regarding the mode of physical activity intervention, six studies
(54-56,59-63) tested aerobic activity programs, two (57,64) tested
resistance training programs, two (58,66) tested combined aerobic
and resistance exercise interventions, and one (65) consisted of a
three-arm trial testing aerobic or resistance exercise vs usual care.
Most aerobic activity interventions allowed participants to choose
the type of aerobic exercise. Aerobic exercise interventions varied
considerably, although most were of moderate intensity and
ranged from 20 to 45 minutes per session for 2—4 d/wk. The length
of the intervention ranged from 2 weeks (61-63) to 12 months
(57). In the seven studies that reported adherence to the prescribed
exercise program (54-58,60,64—66), adherence rate ranged from
73% to 98%, and the mean adherence rate was 84%. In the six
studies that reported attrition (54-56,58,59,64-66), the attrition
rate ranged from 2% to 20%, and the mean attrition rate was 11%.
In five (58-62) of the 11 trials, biomarkers were the specified
primary endpoints.

The breast cancer RCTs evaluated the effects of physical
activity on three sets of biomarkers: the insulin pathway, inflam-
mation, and cell-mediated immunity (54-60). Four (54-58,60) of
the five studies assessed the effects of physical activity on circu-
lating levels of insulin, IGF-1, or IGF-1 binding proteins. All four
of these studies reported statistically significant or marginally
statistically significant changes in some biomarkers of the insulin
pathway; however, these changes were not consistently statistically
significant across studies or across insulin-related biomarkers
within the same study. There was a suggestion that the effects of
physical activity on the insulin pathway may be more pronounced
for obese or sedentary women (eg, those with higher serum insulin
levels at baseline). Specifically, participants in the two studies that
observed the largest effect sizes (58,60) were more obese and
sedentary than participants in the other studies. There was also a
suggestion that physical activity may be more effective at modi-
fying serum IGF-1 levels in women who are not taking tamoxifen.
Specifically, of all the studies reviewed here, the study reporting
the largest effect size with regard to physical activity and serum
IGF-1 level was the one conducted by Irwin et al. (60). This study
also had the lowest percentage of women on tamoxifen, which is
known to reduce the serum level of IGF-1 (67). Two of the breast
cancer studies evaluated biomarkers of inflammation, and the
results of these studies were mixed: Fairey et al. (55) reported a
marginal effect of physical activity in terms of decreasing circu-
lating levels of CRP, whereas Payne et al. (59) reported no effect
of physical activity on circulating levels of interleukin 6. Finally,
there was a suggestion that physical activity may result in beneficial
changes in circulating levels of markers of cell-mediated immunity:
Fairey et al. (56) reported that physical activity led to statistically
significant improvements in natural killer cell cytotoxic activity,
total lytic units, and spontaneous lymphocyte proliferation.

In the three RCTs of men with prostate cancer, physical
activity was evaluated as a treatment for fatigue (64,65) or as a
means to reverse declines in lean body mass and increases in fat
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mass resulting from androgen deprivation therapy (66). In these
studies, biomarkers were evaluated mainly to ensure that physical
activity could be used to treat these conditions without adversely
affecting prostate cancer progression. The biomarkers that were
examined included circulating levels of testosterone, prostate-
specific antigen (PSA), insulin, glucose, and CRP. All three studies
evaluated circulating levels of testosterone and PSA, and none
found statistically significant effects of physical activity on these
biomarkers. Similarly, Galvao et al. (66) evaluated the effect of a
combined strength and aerobic training program on circulating
levels of insulin and glucose and found no statistically significant
effects. Galvao et al. (66) also evaluated the effects of this intervention
on circulating levels of CRP; they found that over 12 weeks after
baseline, CRP decreased in the exercise group and increased in the
control group and that the magnitude of the difference in the mean
CRP values between the two study arms was both clinically and
statistically significant.

The two RCT's of colorectal cancer survivors tested the effects
of short-term (2-week) physical activity interventions of different
intensities on biomarkers of the pro- and anti-inflammatory
response (61) and on oxidative DNA damage (62). Allgayer et al.
(61) found that moderate-intensity physical activity reduced cir-
culating levels of lipopolysaccharide-stimulated interleukin-1
receptor antagonist, indicating a switch to a more inflammatory
state after an immune challenge, whereas low-intensity physical
activity did not. More recently, Allgayer et al. (62) showed that
moderate-intensity physical activity decreased urinary 8-oxo-2'-
deoxyguanosine excretion, a biomarker of oxidative DNA damage
and, likely, of tumor progression (68), whereas high-intensity
physical activity resulted in a non—statistically significant increase
in oxidative DNA damage as measured by the same biomarker.

The only RCT conducted among gastric cancer survivors
tested the effects of a 2-week aerobic exercise program on natural
killer cell cytotoxicity (63). This study reported statistically signif-
icantly higher natural killer cell cytotoxicity in the exercise group
vs the control group.

Discussion

Research on physical activity and all-cause and cancer-specific
mortality as well as research on potential mechanisms of these
associations among cancer survivors is relatively new, and the
majority of studies have been published since 2009. Although most
of the research has focused on breast cancer survivors, some has
encompassed survivors of colon, prostate, gastric, ovarian, and
brain cancer. The strongest evidence for an association between
physical activity and cancer outcomes comes from studies of breast
cancer survivors. Nearly all of the breast cancer studies report that
physical activity is associated with a reduction in breast cancer—
specific mortality as well as all-cause mortality; this risk reduction
was statistically significant in nearly half of these studies, and there
is evidence for a dose—response effect of decreasing mortality risk
with increasing activity in roughly half of the studies.

The next strongest evidence for an association between physical
activity and disease outcomes for survivors of other cancer sites has
been found for cancer-specific and all-cause mortality in colorectal
cancer survivors (39-44). This evidence was sufficiently compelling
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to justify the first ever randomized controlled exercise intervention
trial among colon cancer survivors (14). The Colon Health and
Life Long Exercise Change (CHALLENGE) Trial is currently
randomly assigning 963 survivors of stage II or III colon cancer
who are within 6 months of completing adjuvant therapy to an
aerobic exercise intervention or a control group that received gen-
eral health education materials. Both groups received follow-up
care at the participating cancer center. The intervention consists of
3 years of combined supervised and unsupervised aerobic activity
and a behavioral support program. This multicenter trial involves
centers from across Canada and Australia and includes a wide
range of clinical, behavioral, lifestyle, and biological endpoints.
The main outcomes of the study, which include disease-free and
overall survival, will be assessed after a planned 10-year follow-up.
For the remaining cancer sites, the evidence is still insufficient
to make any conclusions about the strength, consistency, and
dose-response relationship between physical activity and cancer
survival.

Observational epidemiological research of associations between
physical activity and biomarkers is limited to the Health, Eating,
Activity, and Lifestyle Study, a multiethnic prospective cohort of
breast cancer survivors (49-53). The studies within that cohort
found statistically significant associations between physical activity
and circulating levels of leptin, IGF-1, and CRP, but not between
physical activity and IGFBP-3, serum amyloid A, or mammo-
graphic density.

Opverall, the results of exercise RCT's with biomarker endpoints
suggest that exercise may result in beneficial changes in circulating
levels of insulin, IGF-1, and IGF-1 binding proteins in breast
cancer survivors. There is also evidence that exercise leads to
beneficial changes in circulating levels of CRP and in natural killer
cell cytotoxicity in cancer survivors. In prostate cancer survivors,
there is consistent evidence that exercise does not alter PSA or
testosterone levels. Evidence for other biomarkers is limited or
nonexistent.

Given the paucity of data on physical activity and cancer-
specific mortality in cancer survivors, several limitations of the
extant literature should be considered. Very few observational
studies have included measures of physical activity both before
and after cancer diagnosis, and, as is the case in most observational
research on physical activity and disease outcomes, in no study has
the physical activity measure included a full assessment of all types
and doses of activity. None of the studies of physical activity and
disease outcomes in cancer survivors have included the use of
an objective measure of activity, such as an accelerometer.
Furthermore, no studies to date have been published on the asso-
ciation between sedentary behavior and cancer-specific or all-cause
mortality in cancer survivors.

The research to date on physical activity and disease outcomes
in cancer survivors has a number of issues that limit our ability to
make specific recommendations related to changes in physical
activity that may be beneficial to outcomes such as recurrent cancer
or mortality outcomes. Given the diverse methods used to assess
physical activity in the studies included in this review, it is not yet
possible to extrapolate specific recommendations from the findings
regarding the exact type, dose, and timing of physical activity
required to reduce mortality after a cancer diagnosis. In addition,
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the studies have not consistently controlled for important con-
founders of the association between physical activity and survival.
For example, it is possible that confounding by subclinical meta-
static disease may have occurred, which could have manifested as
increased fatigue and less interest and ability to undertake regular
activity. Few studies have had a sufficient number of outcomes to
allow for an assessment of effect modification among specific sub-
groups of survivors defined by tumor type or patient or treatment
characteristics that may influence mortality. Most of these studies
excluded survivors with metastatic disease; hence, the influence of
physical activity on survival in this patient subgroup is currently
unknown. Similarly, there have been no studies on cancer survivors
who were diagnosed as children and young adults, who theoreti-
cally might be better able to exercise compared with older cancer
survivors but for whom there may be long-term treatment-related
cardiac effects that limit their ability to undertake regular physical
activity. Likewise, few studies have included different racial or
ethnic groups. A common approach to increase the statistical
power to examine whether or not results differ among subgroups
is to pool the data across studies. However, pooling data related to
physical activity is difficult because of the differences in the timing
and the method of assessing physical activity in these studies.
Finally, very few observational studies have combined epidemio-
logical and biological data to examine the associations between
physical activity and biomarkers among cancer survivors.

Existing RCTs that report the effects of a physical activity
intervention on cancer biomarkers also have limitations that temper
the conclusions that can be made. Many of these limitations relate
to the fact that most RCT's of exercise were not designed to examine
biomarkers as the primary endpoints. Including biomarkers as an
outcome in a trial can affect many aspects of trial design, such
as the selection of participants, the sample size, the type of bio-
markers assessed, and the type, volume, intensity, and length of the
exercise intervention. Only one study (58) provided sample size
calculations to demonstrate that it had sufficient statistical power
to detect differences in biomarkers between study arms. The
limited number of RCTs did not allow us to assess whether the
effect of physical activity on biomarkers differs by the type (eg,
aerobic vs resistance) or dose of physical activity.

Study limitations that should be addressed in future research
include better exposure assessment, increased statistical power, and
consideration of population subgroups and cancer subtypes. More
research is needed to understand the benefits of maintaining or
adopting physical activity after a cancer diagnosis. Likewise, the
risks associated with sedentary behavior after a cancer diagnosis
should be considered as a separate risk factor for mortality.
Observational data are needed on the associations between phys-
ical activity and prognosis in other common, and rarer, cancers.
Adding physical activity measurements to existing and planned
clinical (such as cooperative group trials) and population studies of
cancer survivors would be a cost-effective method of obtaining this
information. Observational studies of potential adverse effects of
physical activity in specific groups of cancer survivors are also
needed. For example, individuals who have received cardiotoxic
treatments, such as anthracyclines, trastuzumab, or left-sided
radiation, may have persistent cardiac damage that could increase
the risk of sudden death when they exercise.
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A recently funded research project—the Alberta Moving
Beyond Breast Cancer (AMBER) Study—was specifically designed
to address many of the limitations in the observational epidemio-
logical literature on physical activity and disease outcomes in cancer
survivors. The AMBER Study will assemble a cohort of 1500
Canadian women with incident, histologically confirmed stage
IC-IIIC breast cancer in Edmonton and Calgary and determine
their disease-free and overall survival after 10 years of follow-up.
At baseline and at various times during the 10-year follow-up, self-
reported and objective measures of physical activity, health-related
fitness, determinants of physical activity, patient-reported out-
comes, and biological and physical measurements will be taken.
This cohort study will also permit a full evaluation of biomarkers
that may be involved in these associations.

Also needed are future RCTs of exercise that examine different
types of exercise and different doses of activity at different time
points in the cancer experience and that include biological mea-
surements to allow a full assessment of the effect of physical activity
on diverse biomarkers and mechanistic pathways that may influence
cancer survival. Studies are also need to assess the roles of obesity,
weight loss, and cancer treatments (eg, tamoxifen or aromatase
inhibitors) in mediating the effect of physical activity on bio-
markers that may influence cancer survival. Finally, a fully powered
RCT to assess the effects of physical activity on survival among
breast cancer survivors is warranted (69).

Given the potential for confounding by disease progression, as
well as problems resulting from inaccurate measurements of phys-
ical activity, definitive evidence for an effect of physical activity on
survival awaits data from randomized trials. One such trial is
ongoing for colon cancer survivors (14); randomized trials are
also justified for survivors of breast cancer and, possibly, prostate
cancer, given the treatment-related increased risks of cardiovascular
disease that exist for these survivors.

Finally, the effects of physical activity on comorbidities in cancer
survivors are largely unknown and could be explored within obser-
vational data. For example, the associations between physical
activity and risks for thromboembolic disease, coronary heart
disease, stroke, diabetes, and other chronic diseases within popula-
tions of cancer survivors have not been described in published
literature. Associations between physical activity and disease in the
general population may not apply to cancer survivors who have
elevated risks of these comorbidities due to their cancer or their
cancer treatments.

This systematic review has limitations. This systematic review
was current at the time of its submission, but as this field of
research is evolving rapidly, it is possible that additional relevant
studies have been published. Furthermore, many systematic
reviews in other fields use meta-analysis to estimate the pooled
effect across published research results. However, because the
assessment of physical activity was variable across the observational
studies and the exercise interventions in the RCTs were quite
diverse, we felt that the heterogeneity among these studies would
limit our ability to interpret any meta-analysis. In the future,
should more observational studies be published that have more
similar measures of physical activity exposures or RCT's published
with more similar exercise interventions, such a meta-analysis may
become possible.
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In summary, physical activity is safe for cancer survivors, has
proven physical and mental health benefits, is recommended by
both the ACSM and American Cancer Society, and may also
improve survival after cancer, but additional research is warranted
before clear conclusions can be reached on the effects of physical
activity on disease outcomes among many groups of cancer
Survivors.
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Several recent studies have provided evidence that polymorphisms in the telomerase reverse transcriptase
(TERT) gene sequence are associated with cancer development, but a comprehensive synopsis is not available.
We conducted a systematic review and meta-analysis of the available molecular epidemiology data regarding the
association between TERT locus polymorphisms and predisposition to cancer.

A systematic review of the English literature was conducted by searching PubMed, Embase, Cancerlit, Google
Scholar, and ISI Web of Knowledge databases for studies on associations between TERT locus polymorphisms
and cancer risk. Random-effects meta-analysis was performed to pool per-allele odds ratios for TERT locus
polymorphisms and risk of cancer, and between-study heterogeneity and potential bias sources (eg, publication
and chasing bias) were assessed. Because the TERT locus includes the cleft lip and palate transmembrane 1-like
(CLPTM1L) gene, which is in linkage disequilibrium with TERT, CLPTM1L polymorphisms were also analyzed.
Cumulative evidence for polymorphisms with statistically significant associations was graded as “strong,’
“moderate,” and “weak” according to the Venice criteria. The joint population attributable risk was calculated for
polymorphisms with strong evidence of association.

Eighty-five studies enrolling 490901 subjects and reporting on 494 allelic contrasts were retrieved. Data were
available on 67 TERT locus polymorphisms and 24 tumor types, for a total of 221 unique combinations of
polymorphisms and cancer types. Upon meta-analysis, a statistically significant association with the risk of any
cancer type was found for 22 polymorphisms. Strong, moderate, and weak cumulative evidence for association
with at least one tumor type was demonstrated for 11, 9, and 14 polymorphisms, respectively. For lung cancer,
which was the most studied tumor type, the estimated joint population attributable risk for three polymorphisms
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