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A B S T R A C T   

Cancer ranks among the five leading causes of death in almost all countries and has important repercussions for 
individual and public health, the healthcare system, and society in general. Obesity increases the incidence of 
many types of cancer, but growing evidence suggests that physical activity may decrease risk for developing a 
variety of obesity-related cancer types, and, in some cases, may improve cancer prognosis and mortality rates. 
This review summarizes recent evidence on the effect of physical activity on obesity-related cancer prevention 
and survival. For some cancers, including breast, colorectal, and endometrial cancer, there is strong evidence for 
a preventative effect of exercise, but for many others, including gallbladder and kidney cancer, and multiple 
myeloma, evidence is inconsistent or largely lacking. Though many potential mechanisms have been proposed to 
explain the onco-protective effect of exercise, including improved insulin sensitivity, alterations in sex hormone 
availability, improved immune function and inflammation, myokine secretion, and modulation of intracellular 
signaling at the level of AMP kinase, the exact mechanism(s) of action within each cancer subtype remains poorly 
defined. Overall, a deeper understanding of how exercise can help against cancer and of the exercise parameters 
that can be altered to optimize exercise prescription is necessary and should be the subject of future 
investigation.   

1. Introduction 

Cancer ranks as one of the five leading causes of death in almost all 
countries, and constitutes the second greatest cause of death globally 
[1]. Nearly 20 million new cases of cancer and 10 million cancer-related 
deaths occur annually worldwide [2]. Among the most prevalent types 
of cancer, breast cancer accounts for 12% of all new cancer cases, lung 
cancer for 11%, prostate cancer for 7%, and non-melanoma of the skin 
and colon cancer for about 6% each [2]. The staggering incidence and 
mortality have multifactorial repercussions. A shortage of healthcare 
workers, which was estimated to reach 14.5 million globally in 2020, 
coupled with high cancer incidence, could overwhelm already stressed 
healthcare systems [3]. Cancer also results in an additional economic 

impact to both those diagnosed and their families, due to the cost of 
healthcare and the loss of productivity and wages [4]. This economic 
impact extends to a national level, as cancer care costs increase and as 
patients with cancer increase use of healthcare resources [5]. 

Certain co-morbidities, such as obesity, increase the likelihood of 
cancer incidence. Obesity has been associated with increased rates of at 
least 13 cancers, including endometrial cancer, esophageal adenocar-
cinoma, gastric cancer, cancer of the liver, and kidney—among others 
[6–12]. Preventing cancer occurrence and improving cancer outcomes is 
tantamount to easing the burden on patients and on healthcare systems. 
Beyond that, exploring cancer prevention and recurrence prevention 
strategies could help alleviate the staggering cancer mortality rate 
worldwide. Physical activity—which is important in the lifestyle 

Abbreviations: AMPK, AMP-activated protein kinase; BMI, body mass index; BDNF, brain-derived neurotrophic factor; BRCA, breast cancer genes; CAR, chimeric 
antigen receptor; FFA, free fatty acids; GLUT, glucose transporter; Th, helper T cells; HIV/AIDS, human immunodeficiency virus/acquired immunodeficiency syn-
drome; (IGF;, insulin-like growth factor; mTOR, mammalian target of rapamycin; MAPK, mitogen-activated protein kinase; MET, metabolic equivalent of task; NKC, 
natural killer cells; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; Treg, regulatory T cells; SPARC, secreted protein acidic and rich in cysteine; ILC2, type 
2 innate lymphoid cells. 

* Correspondence to: Department of Nutrition, Exercise and Sports; University of Copenhagen, Rolighedsvej 26, 1958 Frederiksberg C, Denmark. 
E-mail address: fma@nexs.ku.dk (F. Magkos).  

Contents lists available at ScienceDirect 

Seminars in Cancer Biology 

journal homepage: www.elsevier.com/locate/semcancer 

https://doi.org/10.1016/j.semcancer.2023.02.008 
Received 3 January 2023; Received in revised form 17 February 2023; Accepted 28 February 2023   

mailto:fma@nexs.ku.dk
www.sciencedirect.com/science/journal/1044579X
https://www.elsevier.com/locate/semcancer
https://doi.org/10.1016/j.semcancer.2023.02.008
https://doi.org/10.1016/j.semcancer.2023.02.008
https://doi.org/10.1016/j.semcancer.2023.02.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.semcancer.2023.02.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Seminars in Cancer Biology 91 (2023) 16–26

17

management of obesity—is one such strategy. By manipulating some of 
the risk factors for cancer, including bodily adiposity, sex hormone 
levels, insulin sensitivity, the balance between pro-inflammatory and 
anti-inflammatory cytokines (including adipokines and myokines), and 
the immune response, regular exercise can bring about beneficial effects 
on both cancer incidence and survival [13]. 

This review summarizes recent evidence for the effect of physical 
activity on obesity-related cancer prevention and survival, and explores 
the potential biological mechanisms behind these observations. 

1.1. Physical activity effects on cancer incidence and mortality 

There is ample evidence that regular exercise is associated with 
lower risk for developing a variety of cancer types, and in some cases 
also, improved cancer prognosis and mortality rates (Fig. 1 and Table 1) 
[14–49]. However, the characteristics of exercise that are responsible for 
these beneficial effects are not so well defined to allow for an optimal 
“anti-cancer” exercise prescription. Furthermore, given that most of 
these links are observational in nature, it is not entirely clear whether 
physical activity has direct biological effects that counter cancer initi-
ation and progression, whether it is simply a marker of a 
healthier-than-average general lifestyle that carries lower cancer risk, 
whether the ability to exercise reflects other physiological processes that 
also determine cancer risk and prognosis, or whether being physically 
more active and fit increases the effectiveness and tolerability of stan-
dard medical cancer treatment. 

1.2. Breast cancer 

There is an abundance of evidence on the association between 
physical activity and risk of breast cancer. A 2018 meta-analysis of 38 
cohort studies found that any type or amount of physical activity was 
associated with a 13% lower risk of breast cancer (odds ratio, OR = 0.87, 
95% CI = 0.84–0.90) [14]. When stratified by menopausal status, the 
meta-analysis found a reduced risk in both premenopausal and post-
menopausal women (premenopausal OR = 0.83, 95% CI = 0.79–0.87, 
postmenopausal OR = 0.91, 95% CI = 0.85–0.97) [14]. A 2022 sys-
tematic review in carriers of deleterious mutations of the BReast CAncer 
genes (BRCA) 1 and 2 included 5 studies and specifically evaluated the 
risk of breast cancer in younger females [15]. Four of the 5 studies 

Fig. 1. Effects of regular exercise training on cancer incidence, prognosis 
and mortality. 

Table 1 
Recent studies evaluating the relationship between physical activity and cancer.  

First author 
and year 

Study 
characteristics 

Physical activity 
exposure 

Key results 

Breast cancer    

Chen, 2019  
[14] 

Meta-analysis (38 
prospective cohort 
studies) 

Total, 
recreational, 
occupational, 
non-occupational 
(highest category 
vs lowest 
category) 

• ↓ incidence (total 
OR = 0.87; 
premenopausal OR 
= 0.83; 
postmenopausal OR 
= 0.91) 

Bucy, 2022  
[15] 

Systematic review 
(2 cohort studies, 
2 cross-sectional 
studies,1 case- 
control study) 

Any physical 
activity, in hours 
per week 

• ↓ incidence in 4 out 
of 5 studies; no dose- 
response 

Bigman, 2022  
[16] 

Case-control Moderate to 
vigorous leisure 
time physical 
activity (highest 
quartile vs lowest 
quartile) 

• ↓ incidence (OR =
0.51) 

Zagalaz-Anula, 
2022 [17] 

Meta-analysis (2 
randomized 
controlled trials, 8 
prospective cohort 
studies, 1 case- 
control study) 

Recreational 
physical activity 
post-diagnosis 

• ↓ recurrence (RR =
0.84) 

Colorectal 
cancer    

Hatime, 2022  
[18] 

Case-control Work, household, 
and recreational 
physical activity 
(≥50 vs <10 MET- 
hours/week) 

• ↓ incidence (OR =
0.72) 

An, 2022 [19] Cross-sectional Physical inactivity 
(sedentary time 
(≥10 vs <10 h/ 
day) 

• ↑ incidence with 
more sedentary time 
(OR = 1.64) 

Qiu, 2022 [20] Meta-analysis (18 
prospective cohort 
studies) 

All physical 
activity (highest 
vs lowest level of 
pre-diagnosis 
physical activity) 

• ↓ mortality (total 
HR = 0.81, cancer- 
specific HR = 0.85) 

Hong, 2021  
[21] 

Systematic review 
(13 prospective 
cohort studies) 

All physical 
activity (17.5–35 
MET-hours/week 
vs lower amounts) 

• ↓ mortality by 
30%− 40% (physical 
activity post- 
diagnosis was more 
effective than pre- 
diagnosis) 

Lee, 2021 [22] Retrospective 
cohort 

Vigorous, 
moderate 
intensity physical 
activity and 
walking (≥3 vs 
0 times/week) 

• ↓ cancer-specific 
mortality (colon HR 
= 0.85, rectal HR =
0.77) 

Singh, 2020  
[23] 

Meta-analysis (19 
randomized 
controlled trials)  

Exercise arm vs 
usual care 

• ↑ health-related 
outcomes in patients 
with colorectal 
cancer and better 
prognosis 

Endometrial 
cancer    

Saint-Maurice, 
2021 [24] 

Prospective cohort Leisure-time 
physical activity 
(≥6–7 vs 0 h/ 
week) 

• ↓ incidence (HR =
0.81) 

Miyata, 2021  
[25] 

Prospective cohort Occupational 
physical activity 
(standing or 
moving vs sitting) 

• ↓ incidence 
(standing HR = 0.79, 
moving HR = 0.46) 

Gorzelitz, 
2022 [26] 

Cross-sectional Moderate- and 
vigorous intensity 
physical activity 
(≥1 vs 0 sessions/ 
week) 

• ↓ all-cause 
mortality (HR =
0.61); no clear dose- 
response 

(continued on next page) 
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Table 1 (continued ) 

First author 
and year 

Study 
characteristics 

Physical activity 
exposure 

Key results 

Breast cancer    

Friedenreich, 
2020 [27] 

Prospective cohort All physical 
activity (>13–14 
vs ≤5–8 MET- 
hours/week pre- 
and post- 
diagnosis) 

• ↑ disease-free 
survival (pre- 
diagnosis HR = 0.54, 
post-diagnosis HR =
0.33) 

Esophageal 
cancer    

Lam, 2017  
[28] 

Meta-analysis (2 
cohort studies, 5 
case-control 
studies) 

Recreational and 
occupational 
physical activity 
(highest vs lowest 
level) 

• No pooled estimate 
available but 
individual study 
incidence HR/ORs 
ranged from 0.7 to 
1.0 

Gallbladder 
cancer    

Pang, 2021  
[29] 

Prospective cohort Occupational and 
non-occupational 
physical activity, 
including leisure 
time, household 
and commuting 
(highest vs lowest 
quintile) 

• ↓ incidence (HR =
0.51) 

Gastric cancer    
Psaltopoulou, 

2016 [30] 
Meta-analysis (10 
cohort studies, 12 
case-control 
studies) 

Any physical 
activity (any vs no 
physical activity) 

• ↓ incidence (RR =
0.81) 

Gunathilake, 
2018 [31] 

Case-control All physical 
activity (>23 vs 
≤8.25 MET- 
hours/week) 

• ↓ incidence (OR =
0.46) 

Fagundes, 
2021 [32] 

Case-control Physical exercise, 
occupational 
physical activity, 
and leisure and 
locomotion 
activity during the 
preceding 5, 10 
and 15 years 
(highest vs lowest 
category) 

• ↓ incidence by 
70%− 80% (all time 
periods) 

Kidney cancer    
Ihira, 2019  

[33] 
Prospective cohort Heavy physical 

work or strenuous 
exercise, 
sedentary activity 
and walking and 
standing (highest 
vs lowest group)  

• No association 
with incidence 

Liss, 2017  
[34] 

Cross-sectional Light, moderate, 
or vigorous 
exercise (any vs 
no physical 
activity) 

• ↓ mortality (HR =
0.50) 

Liver cancer    
Lin, 2021 [35] Meta-analysis (5 

cohort studies) 
Leisure time 
physical activity  

• No association 
with incidence 

Lee, 2020 [36] Meta-analysis (10 
cohort studies) 

Any physical 
activity (2–3 and 
≥3 vs <2 h/week) 

• ↓ incidence and 
mortality by 
20–25%; evidence of 
dose-response 

Baumeister, 
2019 [37] 

Meta-analysis (14 
prospective cohort 
studies) 

Any physical 
activity (high vs 
low levels) 

• ↓ incidence (HR =
0.75) 

Meningioma    
Niedermaier, 

2015 [38] 
Meta-analysis (4 
cohort studies, 2 
case control 
studies) 

All physical 
activity (high vs 
low levels) 

• ↓ incidence (RR =
0.73) 

Multiple 
myeloma     

Table 1 (continued ) 

First author 
and year 

Study 
characteristics 

Physical activity 
exposure 

Key results 

Breast cancer    

Marinac, 2018 
[39] 

Prospective cohort Cumulative 
average physical 
activity and 
walking  

• No association 
with incidence 

Ovarian 
cancer    

Lee, 2019 [40] Meta-analysis (18 
case-control 
studies and 16 
prospective cohort 
studies) 

All physical 
activity, i.e., 
recreational, 
occupational and 
non-occupational 
(low, medium, 
and high amounts 
of physical 
activity vs none) 

• ↓ incidence by 
~10%; no dose- 
response 

Wang, 2021  
[41] 

Retrospective 
cohort 

Walking, 
moderate, and 
vigorous physical 
activity during 
early life  

• No association 
with incidence at 
later life 

Wang, 2021  
[42] 

Retrospective 
cohort 

Leisure-time 
physical activity 
in the 8 years pre- 
diagnosis and 4 
years post- 
diagnosis  

• No association of 
pre-diagnosis with 
mortality, but 
post-diagnosis ↓ 
mortality by 33% 

Zamorano, 
2019 [43] 

Retrospective 
cohort 

Vigorous physical 
activity in the past 
12 months (1–3 
times/month, 1–2 
times/week, 3–4 
times/week or 5 
times/week vs. 
never/rarely)  

• No association 
with mortality 

Pancreatic 
cancer    

Farris, 2015  
[44] 

Meta-analysis (7 
case-control 
studies, 20 cohort 
studies) 

Leisure-time 
physical activity 
(highest vs lowest 
category) 

• ↓ incidence (RR =
0.89) 

Park, 2022  
[45] 

Retrospective 
cohort 

Vigorous physical 
activity (1–3 
days/week, 4–5 
days/week or 6–7 
days/week vs 
none) 

• ↓ incidence (HR =
0.47) 

Sandhu, 2020  
[46] 

Case-control Moderate and 
vigorous physical 
activity  

• No association 
with incidence 

Wu, 2018 [47] Prospective cohort Leisure-time, 
occupational, and 
daily living 
physical activity 
(150 min/week of 
moderate activity 
or 75 min/week of 
vigorous activity 
vs none) 

• ↓ incidence (HR =
0.59) 

Thyroid 
cancer    

Schmid, 2013  
[48] 

Meta-analysis (8 
cohort studies, 3 
case-control 
studies) 

All physical 
activity (highest 
vs lowest level)  

• No association 
with incidence 

Chen, 2022  
[49] 

Retrospective All physical 
activity at state 
level in the USA 
between 2000 and 
2017 (% 
physically active 
citizens)  

• Inverse 
correlation with 
cancer incidence 
in all states (r =
− 0.29) which was 
stronger in states 
with increasing 
incidence (r =
− 0.65)  
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included in the review found a reduced risk of breast cancer of up to 40% 
with higher levels of physical activity, but there was no dose-response 
relationship [15]. Another study, conducted in Nigeria, explored the 
association between leisure-time physical activity and breast cancer risk 
[16]. This case-control study found that those in the highest quartile of 
leisure-time physical activity had reduced odds of developing breast 
cancer when compared to those in the lowest quartile (OR = 0.51, 95% 
CI = 0.35–0.74) [16]. This study also found that those in the highest 
(versus the lowest) quartile had lower odds of developing triple-negative 
breast cancer, but not hormone-receptor positive breast cancer [16]. 

A meta-analysis published in 2022, including nearly 30,000 survi-
vors of breast cancer and 11 individual research articles, explored the 
association between recreational physical activity and breast cancer 
recurrence and survivorship [17]. This meta-analysis found that 
post-diagnosis physical activity reduced the risk of recurrence of breast 
cancer by 16% (relative risk, RR = 0.84, 95% CI = 0.78–0.91) [17]. 
Furthermore, the authors reported a decrease in disease-specific mor-
tality in those who engaged in any post-diagnosis physical activity when 
compared to those who did not (RR = 0.77, 95% CI = 0.66–0.93) [17]. 
All aforementioned systematic reviews and original research studies 
adjusted their analyses for potential demographic and lifestyle con-
founders (e.g., age, body mass index [BMI], age of menarche, smoking, 
and alcohol use). 

1.3. Colorectal cancer 

In a population-based case-control study which included 1516 
Moroccan males and females, those who performed at least 50 MET 
(metabolic equivalent of task, which indicates the energy expenditure of 
exercise as multiple of resting metabolic rate)-hours per week of phys-
ical activity had a 28% reduced risk of colorectal cancer when compared 
to those who performed fewer than 10 MET-hours per week (OR = 0.72, 
95% CI = 0.62–0.83) [18], confirming results from earlier studies sug-
gesting that high levels of physical activity decrease colorectal cancer 
risk [50]. Interestingly, a recent cross-sectional study that examined 
over 33,000 participants from the Korea National Health and Nutrition 
Examination Survey from 2014 to 2019, found that those who were 
sedentary at least 10 h per day had a higher risk of developing colorectal 
cancer when compared to those who were sedentary fewer than 10 h per 
day (OR = 1.64, 95% CI = 1.22–2.21) [19]. Both studies adjusted for 
potential confounders. These data suggest that limiting the time spent 
being inactive, and not necessarily engaging in structured exercise, may 
also be beneficial. Still, there are no systematic reviews or meta-analyses 
on the effect of physical activity on colorectal cancer risk. 

Two recent systematic reviews of prospective cohort studies evalu-
ated the association between physical activity and mortality in patients 
with colorectal cancer [20,21]. In the first, which included 
meta-analysis of data, those with the highest level of pre-diagnosis 
physical activity had reduced all-cause mortality (summary hazard 
ratio, HR = 0.81, 95% CI = 0.76–0.87), and reduced colorectal cancer 
mortality (summary HR = 0.85, 95% CI = 0.77–0.98) when compared 
to those with the lowest level of pre-diagnosis activity [20]. In the sec-
ond, very high levels of physical activity (17.5–35 MET hours/week) 
were associated with reduced colorectal cancer mortality by 30%− 40% 
[21]. These 2 systematic reviews adjusted for potential confounders 
including tumor stage, cancer treatment modality, BMI, smoking, and 
alcohol use. Additionally, another recent study, which utilized patients 
from the Korean National Health Insurance Database, found that 
post-surgical patients with colorectal cancer who engaged in physical 
activity (estimated as the weighted sum of the frequencies for walking, 
moderate, and vigorous activity) for ≥ 3 times per week had lower 
colorectal cancer mortality than those who did not exercise (colon 
cancer HR = 0.85, 95% CI = 0.76–0.97; rectal cancer HR = 0.77, 95% CI 
= 0.66–0.90) [22]. However, there was no association between physical 
activity and mortality in those patients who had not undergone surgery 
[22]. Mortality aside, lower levels of physical inactivity and/or higher 

levels of physical activity have been consistently linked with improve-
ments in several health-related outcomes in patients with colorectal 
cancer and better prognosis [23]. 

1.4. Endometrial cancer 

A recent study from Saint-Maurice et al. (2021), which followed 
almost 70,000 women from the National Institutes of Health-AARP Diet 
and Health Study in the United States, found that compared to sedentary 
women (defined as those who rarely or never engaged in leisure time 
physical activity), those who were physically active (defined as those 
who engaged in 6–7 h per week or more of leisure time physical activity) 
had an almost 20% lower risk (HR = 0.81, 95% CI = 0.67–0.98) of 
developing endometrial cancer [24]. In this study, the effect of regular 
exercise was largely mediated through the BMI of the women, which was 
lower in physically active participants [24]. Although, an earlier 
meta-analysis reported that the beneficial effects of regular exercise on 
endometrial cancer risk is likely independent of body weight [51]. 
Another recent study conducted in Japanese women found > 50% 
decreased risk of endometrial cancer among those who had occupations 
in which they were physically active compared to those who had oc-
cupations in which they were mostly seated or sedentary (HR = 0.46, 
95% CI = 0.22–0.97) [25]. However, hours of leisure-time physical 
activity and walking were not associated with risk of endometrial cancer 
[25]. All these reviews and original research studies adjusted their es-
timates for potential confounders. These observations imply that the 
benefits of regular physical activity can be materialized not only by 
engaging in structured exercise but also by doing all sorts of activities, 
including occupational physical activity, commuting activity, etc. 
Furthermore, they raise the possibility that once a certain threshold level 
of physical activity is reached (via occupation in this case), more exer-
cise does not provide further benefits. 

A number of studies have addressed the effect of physical activity on 
survivorship in patients with endometrial cancer, though no systematic 
review or meta-analysis is yet available. A 2022 study conducted in 745 
endometrial cancer patients found that those who had participated in at 
least one session of moderate to vigorous physical activity per week in 
the five years before the study had lower all-cause mortality when 
compared to those who did not participate in any weekly moderate to 
vigorous physical activity (HR = 0.61, 95% CI = 0.41–0.92) [26]. 
However, there was no dose-response relationship between physical 
activity and all-cause mortality, and the study did not investigate the 
effect specifically on cancer mortality [26]. Another prospective cohort 
study, conducted in Canada, evaluated the association of pre- and 
post-diagnosis physical activity on endometrial cancer survivorship 
[27]. The study found that those who performed ≥ 14 MET-hours per 
week annually pre-diagnosis had greater disease-free survival than those 
who performed ≤ 8 MET-hours per week annually (HR = 0.54, 95% CI =
0.30–0.96) [27]. Additionally, the study found that those who were 
more active post-diagnosis (≥13 MET-hours per week versus ≤5 
MET-hours per week) had improved disease-free survival (HR = 0.33, 
95% CI = 0.17–0.64) [27]. These data indicate that about 2 h per week 
of moderate-to-vigorous exercise (7 MET, e.g. running, swimming, 
basketball playing) or 4.5 h per week of light exercise (3 MET, e.g. yoga, 
most home chores, walking) are required to beneficially affect endo-
metrial cancer survivorship. 

1.5. Esophageal adenocarcinoma 

A systematic review and meta-analysis from 2017, which assessed 
the effect of physical activity on gastroesophageal reflux disease, Bar-
rett’s esophagus, and esophageal adenocarcinoma, found 3 studies 
examining the potential benefit of exercise in the primary prevention of 
adenocarcinomas [28]. Though heterogeneity among the studies did not 
allow for calculating a pooled estimate, results from 1 of the 3 studies 
were promising [28]. The study, a prospective cohort including both 
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males and females from the United States [52], found a reduced risk of 
esophageal adenocarcinoma in those who participated in ≥ 5 weekly 
recreational physical activity sessions of 20 min or longer, when 
compared to those who participated in none (RR = 0.68, 95% CI =
0.48–0.96) [28]. The other two studies included in the review found no 
association [28]. All studies performed adjustment for potential lifestyle 
confounders. There is currently no information on the association be-
tween physical activity and survivorship for esophageal adenocarci-
noma patients, indicating a need for further study on this topic. 

1.6. Gallbladder cancer 

Though there is evidence that obesity is a major risk factor for 
gallbladder cancer, there is little available evidence on the relationship 
between regular physical activity and gallbladder cancer risk. One 
available study included over 400,000 participants from the China 
Kadoorie Biobank, and found that the level of total physical activity 
(leisure-time, commuting, household, and occupational) was inversely 
associated with risk of gallbladder cancer when the top quintile of 
physical activity was compared to the bottom quintile (HR = 0.51, 95% 
CI = 0.32–0.80), even after adjustment for confounders [29]. No liter-
ature is currently available on the association between physical activity 
and survival in patients with gallbladder cancer. 

1.7. Gastric cancer 

A systematic review and meta-analysis of physical activity and 
gastric cancer published in 2016 included 10 cohort studies and 12 case- 
control studies with a total of over 1.6 million participants [30]. The 
pooled analysis found that participating in any type of physical activity 
was associated with a lower incidence of gastric cancer when compared 
to not participating in any type of physical activity (pooled RR = 0.81, 
95% CI = 0.73–0.89) [30]. A more recent study from 2018, examining 
risk of gastric cancer in Korean patients with and without Helicobacter 
pylori infection, found that those who engaged in regular physical ac-
tivity had a reduced risk of gastric cancer when those in the highest 
tertile of activity (engaging in >23 MET-hours per week of physical 
activity) were compared to those in the lowest tertile (engaging in ≤8.25 
MET-hours per week of physical activity) (OR = 0.46, 95% CI =
0.32–0.65) [31]. Additionally, a 2021 case-control study conducted in 
the Amazon region of Brazil found that those with the highest levels of 
leisure and locomotive (commuting) activities during the previous 5, 10, 
and 15 years before diagnosis were 70%− 80% less likely to develop 
gastric cancer [32]. All these reviews and original research studies 
performed adjustment for potential confounders related to lifestyle. 
There is no literature available on the association between physical 
activity and survival in patients with gastric cancer. 

1.8. Kidney cancer 

There is little available literature on the association between regular 
physical activity and kidney cancer risk. However, a 15-year prospective 
cohort study among middle-aged Japanese males and females found 
physical activity was not associated with risk of kidney cancer (HR =
1.05, 95% CI = 0.74–1.49) [33]. With respect to mortality, a study 
utilizing patients from the US National Health Information Survey from 
1998 through 2004 found that those who reported engaging in any 
amount of any type of physical activity had lower kidney cancer mor-
tality than those who did not engage in any type of physical activity (HR 
= 0.50, 95% CI = 0.27–0.93), demonstrating a clear benefit of any type 
of movement for those diagnosed with kidney cancer [34]. The results in 
both studies persisted after adjustment for potential confounders. 

1.9. Liver cancer 

The effects of physical activity on liver cancer, considered to be the 

second most deadly cancer type, are somewhat inconsistent but gener-
ally favorable. A systematic review and meta-analysis from 2021, which 
included 5 cohort studies and about 2.5 million subjects, found no as-
sociation between leisure-time physical activity and liver cancer risk 
(pooled RR = 0.92, 95% CI = 0.84–1.01), although a protective effect 
was seen among never smokers [35]. Two other systematic reviews with 
meta-analysis from 2019 and 2020 on the effect of physical activity on 
liver cancer risk provided more encouraging results [36,37]. The first 
found that, compared to those who engaging in fewer than 2 h of 
physical activity per week, those engaging in 2–3 h and ≥ 3 h of physical 
activity per week had a 23% and 26% lower risk of developing liver 
cancer, respectively [36]. Similarly, the second study, including 6440 
liver cancer cases from 14 prospective observational studies, reported 
that high vs. low levels of physical activity were associated with reduced 
risk of liver cancer by ~25% (HR = 0.75, 95% CI = 0.63–0.89) [37]. In 
the meta-analysis from 2020, it was also reported that engaging in 
≥ 2–3 h of physical activity per week were associated with 19%− 25% 
lower risk of mortality from liver cancer [36]. All these studies adjusted 
their analyses for confounders. 

1.10. Meningioma 

Risk of meningioma, a type of tumor situated around the brain and 
spinal column, may be affected by regular physical activity. A meta- 
analysis published in 2015, which included 6 studies and 2982 menin-
gioma cases, found an inverse relationship between physical activity and 
incidence of meningioma (RR = 0.73, 95% CI = 0.61–0.88), which 
persisted even after adjustment for age and BMI [38]. There is currently 
no literature on the association between physical activity and menin-
gioma survival. 

1.11. Multiple myeloma 

A prospective cohort study published in 2018 that included three 
cohorts found that physical activity was not associated with risk of 
developing multiple myeloma, for which BMI is the only modifiable risk 
factor [39]. There are currently no systematic reviews or meta-analyses 
on physical activity and multiple myeloma risk, and no literature on the 
association between physical activity and multiple myeloma survival. 

1.12. Ovarian cancer 

A 2019 systematic review and meta-analysis of data from 30 studies 
evaluated the association between physical activity and ovarian cancer 
risk [40]. The pooled analysis found that when compared to those who 
were physically inactive, those who engaged in low, medium, and high 
amounts of physical activity had a 9%, 9%, and 8% lower risk of 
developing ovarian cancer, respectively (i.e. no dose-response rela-
tionship) [40]. A more recent study, published in 2021, evaluated the 
association between early life physical activity and ovarian cancer risk, 
among two large cohorts of females from the Nurses’ Health Study I and 
II [41]. The study found that physical activity between the ages of 12 
and 22 years was not associated with later development of ovarian 
cancer [41]. Both studies adjusted for potential confounders. 

There are no meta-analyses on the association between physical ac-
tivity and survival in patients with ovarian cancer. One individual study, 
which included nearly 1500 females from the United States’ Nurses 
Health Cohort I and II, reported that ovarian-cancer specific mortality 
was not associated with engaging in physical activity in the 8 years 
leading up to an ovarian cancer diagnosis [42]. A second study that used 
data from American women enrolled in NIH-AARP Diet and Health 
Study also found that pre-diagnosis physical activity was not associated 
with mortality from ovarian cancer [43]. In the 4 years following the 
diagnosis of ovarian cancer, however, those who engaged in at least 7.5 
MET-hours/week of physical activity had lower mortality when 
compared to those who engaged in fewer than 1.5 MET-hours/week of 
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physical activity (HR = 0.67, 95% CI = 0.48–0.94) [42]. These findings 
imply that there is no legacy or memory effect of training, and any 
protective effect of physical activity on ovarian cancer survival is 
directly related to responses or adaptations that occur concurrently with 
exercise. 

1.13. Pancreatic cancer 

A 2015 systematic review and meta-analysis on the association be-
tween leisure-time physical activity and pancreatic cancer risk included 
26 studies and found an ~11% lower risk (pooled RR = 0.89, 95% CI =
0.82–0.96) [44]. More recently, a retrospective cohort study, conducted 
in 220,357 Koreans, found that higher levels of physical activity were 
associated with lower risk of pancreatic cancer [45]. In this study, only 
those in the highest physical activity group (6–7 days per week of 
vigorous physical activity lasting at least 20 min per session) had a 
reduced risk of pancreatic cancer when compared to those in the lowest 
physical activity group (no vigorous physical activity), after adjusting 
for confounders (HR = 0.47, 95% CI = 0.25–0.89) [45]. Nonetheless, a 
population-based case-control study from Canada, which tracked 
self-reported moderate and vigorous physical activity in 
young-adulthood, mid-adulthood, and older-adulthood, found no sig-
nificant results in any age group [46]. A third study, a prospective cohort 
study conducted in Chinese males and females, also found no benefit 
when all amounts and types of exercise were considered, but found a 
decreased risk of pancreatic cancer in males who engaged in 
150 min/week of moderate-intensity exercise or 75 min/week of 
vigorous-intensity exercise (HR = 0.59, 95% CI = 0.40–0.87) [47]. 
These significant results persisted after confounder adjustment in males, 
however they were not seen in females [47]. There is currently no 
literature on the association between physical activity and pancreatic 
cancer survival. 

1.14. Thyroid cancer 

A systematic review and meta-analysis published in 2013 evaluated 
the association between physical activity and thyroid cancer risk [48]. 
The review included 7 cohort and case-control studies with over 900, 
000 participants and found no association between physical activity and 
thyroid cancer risk (summary RR = 1.06, 95% CI = 0.79–1.42) [48]. A 
more recent study, published in 2022, evaluated the average annual 
percent change in thyroid cancer in the United States between 2000 and 
2017, and found an inverse strong correlation between thyroid cancer 
incidence and physical activity level (r = − 0.65) in the 10 states with a 
persistent increasing trend of thyroid cancer incidence over the years 

[49]. This relationship persisted after adjusting for age (no adjustments 
for lifestyle confounders were made). There is no available data on the 
association between physical activity and survival among patients with 
thyroid cancer. 

1.15. Biological mechanisms by which physical activity affects cancer 

The effects of regular physical activity on cancer risk and mortality 
likely reflect biological links between exercise and the mechanisms of 
cancer initiation and/or progression, mediated through changes in 
metabolic, hormonal, inflammatory and immune functions (Fig. 2). The 
effects of physical activity on carcinogenesis are likely to be multifac-
torial and affected by individual traits such as age and sex and exercise- 
specific factors such as the type, intensity, and frequency of physical 
activity. 

1.16. Improvement in insulin resistance and attenuation of 
hyperinsulinemia 

There is growing evidence that an insulin resistant glucose meta-
bolism is etiologically linked to tumorigenesis and associated with 
clinical cancer diagnoses [53,54]. In a state of insulin resistance, uptake 
of glucose into insulin-sensitive tissues (predominantly skeletal muscle) 
is decreased. The body therefore requires a greater than normal amount 
of insulin to maintain blood glucose concentration and avoid hyper-
glycemia, which is achieved by compensatory insulin secretion from the 
pancreas, leading to various degree of hyperinsulinemia. Insulin, besides 
its multiple metabolic roles, is also a key growth hormone. After binding 
to its receptor in the cellular membrane, insulin initiates a cascade of 
downstream events that activate two major signaling branches: the 
phosphatidylinositol 3-kinase (PI3K)-protein kinase B (AKT) pathway 
which controls metabolic homeostasis, and the mitogen-activated pro-
tein kinase (MAPK) pathway which controls cell growth and prolifera-
tion [55]. The net result is an increase in cell proliferation and an 
inhibition of cell apoptosis—both biological hallmarks of cancer [53, 
56]. Individuals with obesity often have insulin resistance and hyper-
insulinemia, together with elevated levels of circulating free fatty acids 
(FFA) which can further augment secretion of insulin from pancreatic 
β-cells [57]. 

Physical activity can help mitigate insulin resistance and thus, alle-
viate hyperinsulinemia, and therefore also possibly the resulting in-
crease in cancer risk [56]. In fact, endurance exercise and perhaps also 
strength exercise acutely increases insulin sensitivity for 2–3 days [58]. 
This effect is attributed to increased glucose transporter (GLUT)− 4 
translocation to the plasma membrane and enhanced glucose uptake 

Fig. 2. Key mechanisms by which exercise may be able to protect against cancer.  
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from the bloodstream, which leads to a decrease in circulating blood 
glucose and subsequently, a decrease in insulin levels [59]. The increase 
in insulin sensitivity and glucose uptake in the postexercise period is 
generally thought to be linked to the need for replenishing skeletal 
muscle glycogen stores which have been depleted by prior exercise [59]. 
This acute insulin-sensitizing effect of exercise may be exaggerated with 
repeated exercise bouts (i.e. chronic training) [60], predominantly as a 
result of changes in body composition and particularly an increase in 
skeletal muscle mass [61]. Muscle is responsible for about 20% of 
whole-body glucose uptake during postabsorptive conditions and about 
70%− 90% under postprandial conditions [62–64]. Therefore, 
exercise-induced increases in muscle mass can augment whole-body 
glucose uptake and lower plasma glucose concentrations, which can in 
turn decrease the need for more insulin [65–67]. In addition, 
exercise-induced energy deficits in individuals with obesity can lead to 
loss of body weight—albeit only to modest amounts in the absence of 
concurrent dietary energy restriction [68]—which in itself can have 
beneficial effects on insulin sensitivity and hyperinsulinemia [57,69]. 
Accordingly, the effects of physical activity on the prevention and 
prognosis of obesity-related cancers can partly be mediated by 
exercise-induced weight loss [14]. 

Besides changes in glucose metabolism, body composition or weight, 
and the availability of circulating insulin, exercise-mediated effects in 
the insulin-like growth factor (IGF) system could be linked to the 
observed reductions in cancer incidence and improvements in cancer- 
related outcomes and survival. The IGF axis is key in the regulation of 
cell proliferation, differentiation and apoptosis. Regular exercise 
training in cancer survivors has been associated with moderate re-
ductions in the concentrations of IGF-1 and IGF-2 and moderate in-
creases in the concentrations of IGF-binding proteins 1 and 3 (which 
binds and further reduces bioavailability of IGFs) [70], although these 
effects vary considerably among different cancer type survivors [71]. 
Similar variability has been observed in otherwise healthy individuals 
[72], but the reasons behind these variable responses are not clear. Thus, 
the degree of involvement of alterations in the IGF axis in mediating the 
effects of exercise on carcinogenesis warrants further clarification. 

1.17. Altered sex steroid hormone milieu 

Female sex hormones have a mitotic effect by promoting cellular 
proliferation, inhibiting apoptosis and increasing DNA damage [73]. 
Accordingly, elevated estrogen—but also androgen—levels in women 
are associated with increased risk of breast and endometrial cancers, 
whereas lower androgen levels in men are associated with increased 
prostate cancer survival [56]. Estrogens, which are crucial in the typical 
development of the breast epithelium, have a pro-proliferative effect at 
high levels [74]. Generally, androgens prevent cell proliferation; how-
ever, androgens also serve as estrogen precursors, and an excess of an-
drogens in women allows for an increased conversion to estrogens in 
adipose tissue and thus, a secondary pro-proliferative effect [75]. 
Obesity is associated with androgen excess, increased amounts of adi-
pose tissue, and hyperinsulinemia—which upregulates aromatase ac-
tivity, i.e. the enzyme that coverts androgens to estrogens [76]— 
resulting in increased risk of these types of cancers [77]. 

Regular exercise has been associated with modest reductions in the 
levels of endogenous estrogens and androgens in women—both pre-
menopausal and postmenopausal—and with increases in sex hormone 
binding globulin which binds and further reduces bioavailability of 
endogenous sex hormones [78,79]. Exercise-induced reductions in sex 
hormone binding globulin are also evident among men [56]. Loss of 
body fat induced by exercise is likely important and exaggerates these 
hormonal shifts, particularly among postmenopausal women [73,80]. In 
fact, large volumes of intense exercise that affect energy homeostasis can 
disrupt the hypothalamic–pituitary–gonadal axis and can result in al-
terations in reproductive function and menstrual disturbances (e.g. 
primary or secondary amenorrhea and oligomenorrhea), which can in 

turn reduce the cumulative lifecycle exposure to sex hormones and 
subsequent sex hormone-related cancer risk [73,81]. In the absence of 
significant deficit in energy availability or weight loss, it is possible that 
other biological mechanisms rather than merely sex hormone shifts are 
primarily important for the favorable effects of moderate-intensity ex-
ercise on cancer risk in both premenopausal [82] and postmenopausal 
[83] women. 

1.18. Resolution of inflammation 

Inflammation has been linked to the cascade of events involved in 
the development and progression of cancer [84]. Elevated levels of in-
flammatory markers—such as C-reactive protein, interleukin-6, 
tumor-necrosis factor-alpha, and monocyte chemoattractant pro-
tein-1—are strongly linked with cancer diagnoses [85–87]. These 
pro-inflammatory cytokines are also elevated in individuals with excess 
weight and body fat and can contribute to the evolution of 
obesity-related cancers [88,89]. Inflammation is associated with normal 
tissue repair after injury, but can also become chronic, as is the case with 
many autoimmune diseases and with obesity [90]. Chronic inflamma-
tion is associated with a second insult to already injured tissue, and may 
be involved in both cancer promotion and progression [90]. As a pro-
moter, chronic inflammation can contribute to the neovascularization of 
tumors and contribute to rapid tumor growth [90]. Exercise in 
conjunction with diet-induced weight loss has a beneficial impact on 
inflammatory biomarkers associated with cancer [91]. Studies have 
consistently shown that regular physical activity reduces 
pro-inflammatory cytokines, though the mechanisms are not yet fully 
understood [56]. This anti-inflammatory effect may be particularly 
relevant for cancer patients undergoing chemotherapy that typically 
induces a pro-inflammatory response [92]. Results from studies in ani-
mal models support a link between physical activity, decreased 
inflammation and reduced tumor burden, although still very limited 
mechanistic insights [93]. 

1.19. Improved immune function 

Systemic immune dysfunction is another feature of cancer, resulting 
in both increased cancer risk, and increased risk of infection in those 
diagnosed [94]. Those with impaired immune systems, as is the case 
with organ donation recipients and those with diseases like human im-
munodeficiency virus/acquired immunodeficiency syndrome 
(HIV/AIDS), are at increased risk of cancer likely due to suppressed 
immunosurveillance that would otherwise identify, target, and elimi-
nate damaged tissue [95]. Furthermore, cancer itself is associated with 
altered immune function [96]. Among other tactics, cancer can halt the 
production of bone marrow-associated macrophages and of neutrophils, 
creating a tumor microenvironment that further propagates tumor 
growth and favors metastasis [96,97]. Obesity is also associated with 
impaired immune function [98]. Not only does the low-grade inflam-
mation impair immune function, excess adiposity is associated with 
reduced antibody response post-vaccination, as adipose tissue is poor in 
immune cells that are found commonly in lean tissues including M2-type 
macrophages, regulatory T cells (Treg), T-helper (Th)2, and type 2 
innate lymphoid cells (ILC2) [99]. 

Exercise has immunomodulatory effects that could alter multiple 
critical phases of immune system–tumor cross-talk in both tumor initi-
ation and progression [100]. Regular exercise causes reprogramming of 
tissue-specific immunometabolic regulation that enhances resistance to 
tissue-specific events linked to tumorigenesis [97]. It significantly alters 
the number and function of circulating cells of the innate immune sys-
tem (e.g., neutrophils, monocytes, and natural killer [NK] cells) and, to a 
lesser degree, of the adaptive immune system (e.g., T and B cells) [101]. 
Exercise favorably modifies the immunological composition of the 
tumor microenvironment, decreasing the proportion of innate immune 
cell populations (macrophages and myeloid-derived suppressor cells) 
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and increasing CD3+ T cells and NK cells, the ratio of CD8+ T cells to 
Treg, and the activation of CD8+ T cells (CD69+) [97]. Moreover, 
moderate to vigorous physical activity performed for 60 min or less has 
been showed to improve immunosurveillance—the same immune 
function whose lack increases cancer risk [102]. This happens through 
increased recirculation of immune system components, including im-
munoglobulins, anti-inflammatory cytokines, neutrophils, NK cells, 
cytotoxic T cells, and immature B cells [102]. This again demonstrates 
that beyond the energy deficit and associated mild weight loss, physical 
activity has the potential to provide immune system support to lower 
cancer risk and improve immune function in those with cancer. 
Accordingly, it has been suggested that exercise treatment could be used 
to improve responses to cancer immunotherapies including immune 
checkpoint inhibitors, dendritic cell vaccines, NK cell therapies, and 
adoptive T cell therapies such as chimeric antigen receptor (CAR) T cells 
[103]. 

1.20. Secretion of myokines with pleiotropic effects 

The skeletal muscle is, among other things, an endocrine organ that 
produces and secretes a variety of proteins and peptides—collectively 
referred to as myokines—which can affect multiple metabolic and 
physiological pathways in the same tissue, adjacent tissues, or remote 
tissues and organs [104,105]. Myokines allow not only for communi-
cation within the muscle itself, but also for crosstalk between the muscle 
and other organs such as the brain, adipose tissue, bone, liver, gut, 
pancreas, vasculature, and skin [105]. Accordingly, they are thought to 
mediate, at least in part, many of the physiological adaptations to reg-
ular exercise training and its beneficial effects on a variety of chronic 
diseases, including cancer [106]. The type of exercise (aerobic/endur-
ance or strength/resistance), its frequency, duration, and intensity in-
fluence the mixture and amount of myokines that are being released 
from skeletal muscle [107]. Since the characterization of the “proto-
type” myokine (interleukin 6), a number of other peptides have been 
identified as myokines, including interleukin 5, interleukin 8, inter-
leukin 15, irisin, oncostatin M, secreted protein acidic and rich in 
cysteine (SPARC), decorin, brain-derived neurotrophic factor (BDNF), 
fibroblast growth factor-21, and more [105,107]. These myokines can 
hinder cancer development and progression either directly by inhibiting 
proliferation, inhibiting epithelial-mesenchymal transformation (i.e., 
metastasis), or promoting apoptosis; or indirectly by attenuating the 
tumor-promoting microenvironment than is often accompanying 
obesity (i.e., hyperinsulinemia, insulin resistance, hyperlipidemia, 
low-grade inflammation, impaired immune response) [107,108]. 

1.21. Modulation of intracellular signaling 

AMP-activated protein kinase (AMPK) is a protein kinase expressed 
in muscle (and other tissues) that is considered a master regulator of 
metabolism [109]. When cellular energy homeostasis is disturbed (e.g., 
because of ATP depletion or low glucose levels due to exercise), AMPK is 
activated via phosphorylation by upstream kinases (e.g., liver kinase B1 
and calcium/calmodulin-dependent protein kinase), and in turn phos-
phorylates a wide array of downstream enzymes and effectors [110]. 
The net result of AMPK activation is the inhibition of pathways that 
consume ATP (e.g., gluconeogenesis and most other anabolic processes) 
and the activation of pathways that generate ATP (e.g., glucose uptake 
and fatty acid oxidation) [109,110]. Accordingly, it is believed that 
AMPK activation has a critical role in mediating exercise-induced ad-
aptations in various tissues and organs that promote health and prevent 
disease [110]. 

The relevance of AMPK to cancer is obvious: cancer is a state of 
altered cellular energetics, where the energy demands of the cell are 
increased due to rapid growth and division, whereas activation of AMPK 
inhibits essentially all anabolic pathways that promote cell growth 
[111]. Data from in vitro, preclinical and clinical studies have revealed 

potentially beneficial effects of genetic or pharmacological AMPK 
upregulation against lung cancer, colorectal cancer, liver cancer, but 
also other cancers, including breast cancer, prostate cancer, ovarian 
cancer, melanoma, and leukemia [112]. For example, metformin, one of 
the most commonly used antihyperglycemic agents in the management 
of type 2 diabetes, is associated with a 20–30% reduction in total cancer 
incidence and mortality [113], and the main mechanism behind this 
beneficial effect is thought to be its ability to activate AMPK in various 
tissues [114]. 

There are many cellular targets for AMPK, of which several are 
relevant to carcinogenesis. The most important downstream event is the 
AMPK-mediated suppression of the mammalian target of rapamycin 
(mTOR), a protein kinase that regulates cell growth, cell proliferation, 
cell motility, cell survival, protein synthesis, and transcription [111]. 
Activation of mTOR is tumor-promoting because it increases anabolic 
processes, cell growth, cell proliferation and cell survival, whereas 
suppression of mTOR is tumor-suppressing because it inhibits trans-
lation and protein synthesis and eventually, cell growth [111,112]. 
Other cellular events that are likely involved in the antitumorigenic 
effects of AMPK include: i) the suppression of cyclooxygenase-2, an 
enzyme responsible for the formation of pro-inflammatory mediators 
that promote tumor growth; ii) the activation of tumor suppressor p53, a 
protein that prevents tumor development by enabling the cell to respond 
to a number of stressors (e.g., DNA damage, oncogene activation) and by 
inducing cell cycle arrest or senescence; and iii) the induction of auto-
phagy (partly through mTOR inhibition), which is a catabolic process 
that degrades and recycles cellular components and organelles and 
maintains overall homeostasis [111,112,115,116]. 

2. Conclusions 

There is a wealth of observational data supporting a link between 
high levels of regular physical activity and lower incidence and/or 
recurrence of various types of cancer. Despite abundant epidemiological 
evidence, the mechanisms responsible for the apparent anti-cancer ef-
fects of exercise remain poorly defined. It is entirely possible that mul-
tiple exercise-induced factors contribute to these beneficial outcomes, 
and the relative importance of each varies depending on the charac-
teristics of the exercise regimen, the characteristics of the individual, 
and the type of cancer in question. We also still lack a clear under-
standing of how different exercise modalities (e.g., aerobic or resistance 
exercise) and amounts (e.g., duration and intensity) interact to 
improving disease outcomes. Although a deeper understanding of how 
exercise can help against cancer and of the exercise parameters that can 
be tweaked to optimize exercise prescription is necessary and should be 
the subject of future investigation, knowledge of the mechanisms and of 
the optimal exercise parameters is clearly not a prerequisite to promote a 
more physically active lifestyle among patients at risk of cancer and 
among cancer survivors [117]. Accordingly, understanding barriers to 
exercise among those individuals, educating those involved in cancer 
care about the benefits of regular exercise and providing guidelines to 
clinicians on how to effectively and safely incorporate physical activity 
in the day-to-day treatment of their patients is also of paramount 
importance. 
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